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Abstract: Quantum phenomena are notoriously difficult to grasp. The present paper first
reviews the most important quantum concepts in a non-technical manner: superposition,
uncertainty, collapse of the wave function, entanglement and non-locality. It then tries to
clarify these concepts by examining their analogues in complex, self-organizing systems.
These include bifurcations, attractors, emergent constraints, order parameters and non-local
correlations. They are illustrated with concrete examples that include Rayleigh-Bénard
convection, social self-organization and Gestalt perception of ambiguous figures. In both
cases, quantum and self-organizing, the core process appears to be a symmetry breaking that
irreversibly and unpredictably “collapses” an ambiguous state into one of a number of
initially equivalent “eigenstates” or “attractors”. Some speculations are proposed about the
non-linear amplification of quantum fluctuations of the vacuum being ultimately responsible
for such symmetry breaking.
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1. Introduction

Quantum mechanics is a theory notorious for the fact that the phenomena it describes are highly
counterintuitive. What makes it particularly difficult for us to imagine what happens is that these
phenomena belong to a microworld that we can never hope to perceive with our senses. Moreover,
their description uses a highly abstract mathematical formalism (operators in Hilbert spaces) that has
no clear counterpart in other, more intuitive theories of the physical world. Nevertheless, we may be



able to understand these quantum phenomena better if we could find analogues of them in the
macroworld in which we live. One recently developed example of this approach is quantum
cognition (see e.g. Aerts, 2009; Bruza, Wang, & Busemeyer, 2015; Busemeyer & Bruza, 2012):
establishing a correspondence between cognitive processes in our brain and the mathematical
structure of quantum mechanics. But the brain is an extremely complex system of which we as yet do
not understand too much. Therefore, it is not yet clear in how far the apparent similarities between
cognitive and quantum structures will help us to elucidate either the one or the other.

The present article proposes to examine the analogies between quantum systems and systems
that are still complex, but not as complex as the brain, and to which we have a more direct access,
both empirically and theoretically. I am referring to what is known as complex systems, complex
adaptive systems, or self-organizing systems (Ball, 2012; Heylighen, 2009). These are systems that
consist of many interacting components, typically modeled as “agents”, that are distributed in space.
Agents can be molecules, people, insects, or neurons. Local interactions between agents commonly
give rise to globally coordinated behavior, as exemplified by the movement of birds in a swarm, ants
in a colony, or fish in a shoal. Such emergence of order or coherence is called self-organization
(Ashby, 1962; Haken, 1977; Heylighen, 2001). This is a non-linear process that tends to amplify tiny
fluctuations into macroscopic differences. As a result, such complex processes are typically
unpredictable and difficult to control—a property they share with quantum systems. But, as I will
elaborate in the remainder of this paper, the similarities go much deeper.

I will first briefly review the most characteristic and poorly understood concepts of quantum
mechanics, such as non-locality, entanglement and collapse of the wave function, in a non-technical
manner. [ will then review related concepts in complex systems theory. Using examples, I will try to
establish a correspondence between each of the core quantum concepts and its counterpart in
complexity. Finally, I will make some suggestions about how this correspondence may help us to

understand the counterintuitive aspects of quantum theory.

2. Core quantum concepts

Probably the most fundamental difference between a quantum theory and a classical theory of some
physical system is that the quantum model obeys the superposition principle (Dirac, 1981;
Heylighen, 1990). This means that for any two states |a> and |b> of the system that can be
distinguished there exists some third state |a> + |b>, called a superposition of |a> and |b>. This
superposition state has properties that somehow combine the properties of |@> with those of |6>. In
other words, this state is not in between |¢> and |b>, it is somehow both |a> and |b>. For example,
suppose that the possible states of your system are |[black> and [white>. Classically, you might expect
that there exists a separate, “in-between” state, such as |grey>. But in a quantum theory, there would
always be a superposition state |black> + |white>, which would sometimes appear as black and
sometimes as white, but not as grey. (For simplicity, we here ignore the constant normalization factor
that is normally added to the sum of two states)

The name “superposition” comes from the representation of quantum states as wave
functions. Here, quantum systems (typically particles) are viewed as waves that spread out over
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space, with different intensities (ultimately determining the probabilities of finding the system) in
different positions. Superposing two waves means that you add the intensities for each of the
positions to get the total intensity of the combined wave for that position. If one wave would have a
non-zero intensity only in region a (meaning that the probability to find it outside that region is nil)
and the other in region b, then the superposed wave would be present in both a and b, but nowhere
else—no matter how far apart these two regions are. This means that the particle is in a sense
distributed across these two regions, somehow being in both at the same time.

This operation of addition of wave functions is straightforwardly generalized to the addition
of vectors, which form an equivalent mathematical representation of quantum states. The
superposition principle can then be expressed by the fact that the set of all states of a quantum system
defines a particular type of infinite-dimensional vector space, called “Hilbert space”. This means that
any linear combination of states (vectors) defines another possible state (vector) in the state space of
the system. Still, we do not need the Hilbert space formalism to understand the core concept of
superposition: for any two distinct states of the system there exists at least one other state that is
neither the one, nor the other, but that somehow has the properties of both, in the sense that either
property can potentially be observed on that state. This ambivalence creates an intrinsic
indeterminacy at the heart of any quantum theory.

How can something be both black and white at the same time? Ultimately, the ambiguity is
resolved by the process of observation. When an experiment is performed to ascertain what the color
of the system is, the result can only be one of the colors. That means that the superposition state
|black> + |white> will give either the result “white” or the result “black”. However, we cannot
predict beforehand which result it will be. This brings us to another core feature of the quantum
theory: uncertainty or, more precisely, indeterminacy. A state such that the property to be observed
has a determinate value is called an “eigenstate” of the observable property. If the system is not in a
superposition state, but in such an eigenstate (e.g. it is in the state |black>), then the probability of the
result “black™ will be 1. However, since there are many more superpositions than eigenstates, in the
most general case, a quantum system will be in a superposition state for the particular feature we
want to determine. Therefore, we cannot say which result the observation will produce. Given the
specific form of the vector or wave function, we can at most calculate the probabilities of the
different outcomes. The outcome of the observation is uncertain or indeterminate.

On the other hand, if an observation is repeated on the same system, the result will not
change: black remains black. This is explained in the quantum formalism by the projection postulate.
The vector |black> + |white> is orthogonal neither to the |black> vector nor to the |white> vector.
When the observation is made, it is somehow projected onto one of its orthogonal component
vectors, the eigenstates [white> or |black>. Once projected onto, say, |black>, the state has effectively
become identical to the one it was projected upon (because a state only depends on the direction of
the vector, not its length). So now it is 100% black, without ambiguity.

This process is traditionally called the collapse of the wave function. Suppose that the wave
function (which is a representation of a state equivalent to the vector representation) is spread out
over two separate regions, one corresponding to black, one to white. Performing the operation of
observation forces the wave to choose one of the two possible outcomes, white or black. That means



that after the observation it is fully concentrated in one region, say black, while it has vanished from
the other region. The wave has “collapsed” from a wider region, covering both black and white, to a
smaller one, covering only black.

This “projection” or “collapse” is presented in standard quantum mechanics as an abstract
mathematical operation, not as a concrete physical process. Therefore, the collapse is assumed to
happen instantaneously—even though in practice the experiment needed to make an observation will
of course need some time to take place. Yet, standard quantum theory says nothing about what is
supposed to happen during that time; it only describes the state before (superposition state) and after
(projected state) that operation. Thus, the collapse of the wave function is another highly mysterious
and counterintuitive quantum property: it is as if the wave “jumps” instantaneously from one region
to another one without passing through any intermediate regions. This will lead us to another bizarre
quantum feature: non-locality.

Entanglement is a quantum property that follows straight from superposition (Horodecki,
Horodecki, Horodecki, & Horodecki, 2009). Assume that you have two quantum systems (typically
particles), x and y. Each of them can be in a particular state, e.g. |x -black> and |y -white>. The state
of the compound system is then the product state |x -black> [y -white>. But this product state,
describing the system consisting of both x and y, also obeys the superposition principle. Therefore,
the compound system can be in the superposition state:

Ix -black> |y -white> + |x -white> |y -black>.

This means that if you observe x and find the result black, the product state will have collapsed to the
first part of the sum: |x -black>|y -white>. Therefore, any further observation of y will necessarily
produce the result “white”. However, if the first observation of x had found “white” as result, the
collapse of the wave function would have forced the observation of y to produce “black” as outcome.
In this case, we say that the components x and y are entangled, because the observation of the one
cannot be separated from the observation of the other. Before the observation, both x and y could
have produced the result “white” or the result “black”. But once a result for one of the components is
determined, the one for the other is determined as well. The results mutually determine each other,
and cannot be disentangled.

A final quantum concept we need to introduce is non-locality (Wiseman, 2006). Suppose that
components x and y are separated by a distance in space. For example, x might reside in Brussels, and
v in Tokyo. Assume that both systems are entangled, i.e. their compound state is a superposition of
two states each characterized by different individual values (black, white) for each of the
components. An observation of x in Brussels will determine the value of its property (say, “black™).
But because the collapse of the wave function is instantaneous, this means that at the same time the
value of y in Tokyo will become determined (in this case to “white”). The outcomes of the two
experiments are correlated: whenever the one results in “black”, the other one will necessarily result
in “white”. The distance between the two components of the system is completely irrelevant to this
process. Therefore, it does not depend on their locality: the collapse is non-local. It is as if quantum
observation processes ignore distance or space. The state of the compound system is simply smeared



out or distributed across different locations, no matter how far or how near the locations are from
each other.

At first sight, non-locality contradicts the basic principle of relativity theory, which says that
signals cannot travel faster than the speed of light. The instantaneity of the collapse implies that the
state of y is reduced to |black> the very moment the one of x is determined to be |[white>. This leaves
no time for a signal to travel from Brussels to Tokyo that would “tell” the particle y that it should
collapse to its black state. Yet, numerous experiments with entangled systems that are observed
simultaneously have confirmed that such a collapsed outcome indeed results before any signal
traveling with a speed not faster than light could have reached the second component (Aspect, 2007).
Does quantum theory then prove relativity theory to be wrong? Not at all, because whatever is
transmitted between the two components is not a “signal”, in the sense that it cannot be used to
transfer information from the one location to the other. This has been proven mathematically using
different versions of the quantum formalism (Eberhard & Ross, 1989; Ghirardi, Grassi, Rimini, &
Weber, 1988).

We can understand this result more intuitively by noting that an observer in Tokyo cannot
determine whether the component on that side has collapsed because of some measurement in
Brussels. When the Tokyo observer measures the property of the component, s/he will find “black”
with 50% probability, no matter whether a previous measurement was or was not performed in
Brussels. Finding “black” in Tokyo may mean that the Brussels observer found “white” and thus
collapsed the Tokyo component to its “black” state just before the Tokyo experiment. But it may
equally mean that the Tokyo observer collapsed the system to its “black™ state in Tokyo, before any
Brussels experiment took place. The local experiment in Tokyo or Brussels cannot ascertain whether
an experiment in the other location has or has not taken place. Only after we bring together the
results of several such experiments in both locations will we be able to infer from the correlations
between their results that the components were entangled. And that bringing together still requires
the transmission of information with a velocity not higher than the speed of light, meaning that
relativity theory is not contradicted.

In summary, what we need to remember from quantum theory is that systems can be in some
indeterminate superposition state, which is neither one thing or its opposite, nor something in
between, but in a sense both things at the same time. Moreover, the result from observing such a
superposition state is fundamentally uncertain, and can only be predicted statistically. After the
observation, the superposition state “collapses” to the eigenstate that corresponds to the value
measured, and remains in that state when the observation is repeated. This collapse is instantaneous,
even when the components of the system observed are arbitrarily far apart. The components of a
system in a superposition state are said to be entangled. The collapse means that entangled
components instantaneously influence each other’s state, independently of the distance between

them, a feature called non-locality.



3. Core concepts of complex dynamics

The theory of complex systems is as yet much less developed than quantum mechanics. Thus, its
concepts are more diverse, less clearly defined and less integrated into a coherent theory. There is in
particular no unitary formalism, like the one defined for quantum mechanics by the axioms
formulated by von Neumann. Therefore, I will here merely present a selection of what I consider to
be some of its most fundamental ideas, with a focus on those that seem most similar to quantum
concepts. Complex systems consist of many components that undergo many, non-trivial interactions,
so that they are impossible to separate or reduce to independent aspects or properties (Heylighen,
2009; Heylighen, Cilliers, & Gershenson, 2007). Therefore, it is in general not possible for an
observer to collect complete information about the state of the system.

Statistical mechanics, on the other hand, has developed dependable methods to model
systems, such as gases, that have many components but that lack such intricate, non-linear
interactions and dependencies. Since it is impossible to measure the position and velocity of each
individual gas molecule, we cannot determine the full “microstate” of the system. However, since a
gas is statistically homogeneous, a large array of such molecules can be accurately described by
macroscopic properties such as volume, temperature and pressure, together determining the
“macrostate” of the system. A macrostate is simply a class of microstates that are considered
equivalent, in the sense that e.g. the average velocity of the molecules in each of the microstates
composing a macrostate is the same. Thus, a macrostate may not provide full information about the
details of the system, but it is not ambiguous, in the sense that it can normally be clearly established
in which of two macrostates the system resides. Macrostates do not overlap, and a particular
microstate unambiguously belongs to either one or another of the distinguishable macrostates.
Therefore, there is no equivalent of superpositions for macrostates.

This assumption of independence of observable states can no longer be made for complex
systems. This is because we not only cannot observe the microscopic properties of each component;
we also cannot determine their macroscopic interactions. This is a general feature of non-linear
systems, which is technically known as “sensitive dependence on initial conditions”, and more
informally as “the butterfly effect” (Hilborn, 2004). Non-linearity means that the effects of
interactions are not proportional to their causes: effects may be much larger or much smaller than
what caused them. Sensitive dependence means that microscopic differences in the initial conditions
that are too small to be observed (such as the change in atmospheric pressure caused by a butterfly
flapping its wings) can be amplified by the dynamics of the system so as to produce huge,
macroscopic differences (such as either calm weather or a hurricane). Thus, we may have two states
of the system that initially are indistinguishable at the macrolevel (they belong to the same
“macrostate’), but that are still observed to produce macroscopically distinct results.

Another example is the prediction of election results through polls: when the differences in
percentage of vote intentions are small enough, it becomes impossible to predict which of the
candidates will get a majority. This is not just because the polls do not collect enough data: the
collection and publishing of the data itself may affect the result, which is why in most countries it is
forbidden to publish poll results just before the election. Even without this “observer effect”, the non-



st

bifurcation

So

Ay

>
T. T

Fig. 1: the equilibrium state s of a system as a function of an order parameter 7. As T reaches the critical
value 7., the number of possible states bifurcates into s; and s,, while the original state sy becomes unstable.
This instability implies that beyond the bifurcation point, s, must “collapse” into either s, or s,, thus breaking
the symmetry between the options.

linear interactions between voters can magnify tiny fluctuations into swings large enough to carry the
majority, e.g. by some voters influencing other voters’ preferences so that they change the intentions
they expressed during the poll.

In such cases, we can say that the properties of the macrostate (as determined by polls) are
indeterminate: a further observation (e.g. an actual election) can produce one of several results (e.g.
either candidate @ or candidate b is elected). Initially, the system is in the equivalent of a
superposition state: |[a> + |b>. After the observation, the state has collapsed to one of the possible
outcome states: |a> or |b>. Before the observation, we were uncertain about the result, and able at
most to estimate a probability for each of the possible outcomes. But once the result is produced, it is
definite and irreversible.

This intuitive example can be made more precise using the mathematical notion of a
bifurcation (Nicolis & Prigogine, 1977). Assume that you have a dynamic system governed by a
differential or difference equation that describes the state s as a function of time # s(¢). The
equilibrium solutions of the equation are the ones for which s is constant: s(¢ ) = s, for all z. Assume
that these solutions depend on a parameter 7' (commonly called “order parameter”) that characterizes
the dynamics. In typical non-linear systems, like the Bénard convection that we will discuss further,
there is a single solution for low values of 7 (see Fig. 1). However, as the value of T increases, you
reach a point where the equation has two stable solutions: s; and s,. The point in parameter space
where the number of solutions changes is called the bifurcation point. The equilibrium solution s
still exists beyond that point but it is no longer stable: the tiniest perturbation or fluctuation away
from the state 5o makes the system shift immediately to one of the stable solutions, s; or s,, where it

then remains.



This shift from the unstable equilibrium sy to one of the stable states s; or s, can be seen as a
“collapse” of a superposition state s; + s», “projecting” it to one of its component states s; or s,. The
increase of the order parameter 7' beyond the bifurcation point plays the role of an observation, which
forces the system to make a choice between one of the “eigenstates” of this observation. Assuming
that s; and s, are equivalent solutions, this choice for the one over the other can be seen as a
symmetry breaking (Castellani, 2003). It is as if the system when arriving at the bifurcation is forced
to decide whether to go left (s;) or right (s2), since it cannot continue straight on its sy course (which
would be the only way to maintain the left-right symmetry). Like in the quantum case, this process is
both unpredictable in its result and irreversible, in the sense that once the choice for one of the states
s1 or s, is made, the system remains in that state for any similar “observation”.

More generally, a dynamic system is characterized by a number of attractors: regions in its
state space that it can enter but not leave, and that do not contain smaller such regions (Heylighen,
2001; Milnor, 2006). Stable states like s; and s, are zero-dimensional, point attractors. Limit cycles,
which commonly occur in non-linear, far-from-equilibrium systems, are one-dimensional attractors.
But attractors can have any number of dimensions, including fractal. An attractor 4 is surrounded by
its basin of attraction B(A). This consists of all the states in the state space whose trajectory ends up
in the attractor 4. The boundaries between basins correspond to bifurcation points (such as the
unstable state s¢): a system on such a boundary has to make a choice about which of the two adjacent
basins B(4,) or B(4>,), and therefore attractors 4; or A», it will enter.

A system that has reached an attractor is constrained in its further evolution, because its
trajectory by definition cannot leave that attractor and move to a different attractor or basin. It has
lost part of its freedom. If the state space has dimension 7, and the attractor dimension k < n, then the
system has lost n — k of its degrees of freedom. If the system consists of different components, this
means that the components in general can no longer move independently of each other. For example,
assume that the system consists of two components, each with m degrees of freedom. Then the
system as a whole has n = 2 X m degrees of freedom. After reaching the attractor, it has £ <2 X m

degrees of freedom, implying that its components can no longer fully use their own m degrees of
freedom: the movement of one component through its state space will constrain the movement of the
other: their movements can no longer be separated.

As an example, consider two billiard balls, each able to move on a 2-dimensional billiard
table. The two-ball system thus has 2 x 2 = 4 degrees of freedom. Assume that the balls are magnetic,
so that they attract each other. After some independent movements across the table, they are likely to
come so close together that they can no longer resist the attractive force and end up sticking together.
This produces a two-ball assembly, with a shape resembling the figure 8. This stuck together
configuration is an attractor for the system, as the balls no longer can separate and thus recover their
independent movement. This shape-8 configuration can still move as a whole on the billiard table: 2
degrees of freedom. Moreover, it can still rotate around its axis: 1 degree of freedom. However, the
balls have lost the freedom to vary the distance between them. Thus, the system now has only 3
degrees of freedom. Using quantum terminology, we could say that the balls have become entangled.
Whenever we observe the position of one of the balls, we can deduce that the other ball is at a fixed



distance of that position. If we were uncertain about the position of the two balls, a measurement of a
single ball not only reduces our uncertainty about that ball, but also about the other one.

Thus, quantum entanglement corresponds to the complex systems phenomenon of a global
constraint. This constraint on the whole forces the components of the system to behave in a coherent
manner (downward causation (Campbell, 1974)), while defining an emergent property (in this case
the angle of rotation). Such an emergent property characterizes the way the components cohere or
depend on each other, while being undefined at the level of the separate components. Therefore, it
cannot be reduced to the properties of these components (Bedau, 2002; Heylighen et al., 2007).

Let us consider an example that more clearly illustrates the non-local aspect of such an
entangled system, by considering two balls that are not in direct contact. Imagine two billiard balls
that repel each other, e.g. because they have the same electrostatic charge. Let us assume for
simplicity that the billiard table has a round, circular shape. When the two balls are dropped at
random positions on the table, the repulsive force will make them move away as far as possible from
each other, until they reach the circular border of the table, where they will remain at opposite ends
(Fig. 2). The balls can still move along the circle, but because of the continuing repulsion when the
one moves the other one must move too, so that the distance between them remains maximal. That
means that they are “entangled” in such a way that together they have only a single degree of
freedom left: their position along the circle. An observer who would examine the upper half (T) of
the circle, and find ball x there would be able to deduce that another observer examining the lower
half (1) at exactly the same instant would find the ball y there. Vice versa, if the first observer would
find y in the upper section, it would follow that the second observer would find x in the lower section.

We could describe this situation as a superposition of the eigenstates of this observation:
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Fig. 2: a system consisting of two mutually repelling billiard balls on a round table. The system has one
degree of freedom: the position of one of the balls along the perimeter (the other ball is always on the
opposite side). Observing one ball to be in the upper or left half of the circle “collapses” the state of the
second ball to the lower or right half.

xT>pl>+pxd>pT>

The discovery of x in the top section T would collapse this superposition to the first part of the above
sum, thus also collapsing the state of y to being present in the lower half. Note that if instead we had
measured the presence of ball x in the left half of the circle, [x<—>, then we would be certain that ball
y would be in the right half: [y —>. The reason is that the constraint upon the two-component system
merely says that the one component must be opposite to the other, so that their centre of mass always
remains in the middle of the circle. This is similar to the classic example of quantum entanglement
(Wiseman, 2006), where the constraint is that the total spin of the system consisting of x and y must
be zero, meaning that spin up for x implies spin down for y, while spin left for x implies spin right for
». Such a global constraint creates a coherence or correlation between the parts of the system.

Since x and y are spatially separated, the correlation between their states is non-local. Of
course, the correlation was created by a local interaction (between electrostatic forces). Yet, the same

applies to non-local correlations in quantum systems, where the components first need to interact
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locally before their states can become entangled (e.g. particles with opposite spins are created from
the decay of a single spin zero system).

This example may still be too simple, given that the correlation still appears to be maintained
by a localizable electromagnetic force. Moreover, it seems that an observer could in principle
observe the positions of both balls at the same time. Let us then investigate a more complex system,

where macroscopically observable properties emerge from non-observable, microscopic interactions.

4. Rayleigh-Bénard convection

Rayleigh-Bénard convection (Bodenschatz, Pesch, & Ahlers, 2000; Nicolis & Prigogine, 1977) is a
classic example of self-organization in which a complex system reaches a bifurcation point, after
which it settles in a new, coherent regime in which its initially independent components have become
non-locally correlated. The phenomenon appears in a liquid that is heated evenly from below while it
cools down evenly at its surface. The heat added to the bottom layer of the liquid must be transported
to the top layer in order to be dissipated at the cool surface. Initially, this heat transport can take
place by conduction, in which the molecules in the warmer liquid at the bottom pass on their kinetic
energy to adjacent molecules, until it reaches the surface. But as the heating is increased, the gradient
or temperature difference 7 between bottom and surface eventually becomes too large, and
conduction is no longer sufficient. Transport of the heat can now only happen by convection: warmer
(and thus lighter) liquid from the bottom floating up to the surface where it can release its heat to the
cooler air above, while cooler (and thus heavier) liquid sinks down to the warmer bottom, where it
collects heat.

These opposite movements at first sight create a conflict: the cool liquid moving down
obstructs the warm liquid moving up. The “solution” to the conflict is that the flows of liquid
coordinate so as to produce a circular flow: warm liquid moves up in one spot, cools down at the
surface, moves sideways to a different spot where it now joins a cool, downward flow that reaches
the bottom; there it warms up again, moves sideways in the opposite direction, back to the spot
where it joins the initial upward flow, and so on (Fig. 3). This produces a “roll” of liquid that
circulates between surface and bottom. If the container is sufficiently large, the liquid will self-
organize into a series of such parallel rolls, or, depending on the shape of the container, hexagonal
cells. For simplicity, we will here examine the case of the rolls, so that we can depict the whole
system in two dimensions: vertical, representing the temperature gradient, and horizontal,
representing the points where rolls start and end. A roll rotating in a clockwise manner will normally
be followed by a roll that rotates counterclockwise, and vice versa. Thus, the liquid spontaneously
subdivides into a series of coordinated, parallel rolls.

First, we can note that the flows in the different regions of the container are correlated. If we
know the standard width of a roll (which will depend on the properties of the liquid and the
container), then it suffices to know the direction of flow in one position to derive the direction of
flow in any other position. The self-organization of this correlated configuration can be conceived as
follows. Initially, a single roll may form somewhere in the liquid, but as its upwards and downward
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flows rub against the adjacent liquid, this part of the system too will start to move in the same
direction, creating a parallel roll, which in turn will pass on its direction of movement to its
neighboring region, until the whole container is filled with coordinated rolls. Thus, the correlation
between neighboring regions propagates until it covers the whole system. This feature of self-
organization in which a local order spreads can be expressed by the variable of correlation length:
the average distance over which parts of the system are still correlated. As self-organization
propagates further, correlation length increases until it reaches the full size of the system. At that
moment, the order is no longer local, but global or distributed. Using quantum terminology, we
might say that the correlation has become non-local: if we know the direction of flow in one region,
then we can instantly deduce the direction of flow in any other region, no matter how far apart these
regions are.

A second crucial feature is that the direction of flow is not determined by the initial state of
the system. The temperature difference 7 plays the role of an order parameter: as its value increases,
the system moves from an equilibrium state |so> without convection flows to a bifurcation (Fig. 1),
with two possible outcomes: a clockwise flow |s;> and a counterclockwise flow |s>>. The state |so>
without flow becomes unstable after the bifurcation point. Therefore, the system will have to
“choose” one of the two options |s;> or |s;>. This is normally caused by an unobservably small,
microscopic fluctuation, which makes that perhaps a few more liquid molecules move up rather than
down in one particular spot. Because of the instability caused by the temperature gradient, this
fluctuation is magnified into a macroscopic flow, driven by the heat energy that is continuously
added to the liquid from below and that maintains the system far from equilibrium. As a result, the
symmetry between clockwise and counterclockwise—or up and down—is broken: the system has
opted for the one and rejected the other.

Let us represent this using a simplified quantum formalism. Consider a single convection roll,
which we divide into a left-hand side (x) and a right-hand side (). If the liquid is in the clockwise

regime |s;>, then it moves upward on the left of the roll: |x T>, and downward on the right: |y {>
(Fig. 3):

s> = T> [y >
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XT> yd> + bed> [y T>

xT> | y\L>

Fig. 3: The Rayleigh-Bénard instability. As the temperature difference between bottom (light, yellow) and
top (dark, blue) of a liquid increases, heat must be transported by a convection flow (arrows). There are two
possible solutions to this problem, a clockwise flow (bottom-right picture) and a counterclockwise flow (top-
right). In the first, cold liquid moves down on the left side (x) of the container, and up on the right (y) side:
Ix T> |y {>, and vice-versa for the second. The original, unstable configuration can be seen as a superposition

of both states that must collapse to one of them.

Vice versa for the counterclockwise regime:

s> =[x I> [y T>
Let us go back to the unstable regime |sp> where the convection flow has not yet started and the
symmetry between left and right has not yet been broken. We argued earlier that this “undecided”
state on the border between two basins of attraction could be seen as a superposition of the two
attractor states at the center of these basins:

50> = s>+ s> =|x T> >+ x > |y T>

This superposition describes an entanglement between the two regions x (left) and y (right). When the
value of the order parameter 7 is increased, this state will collapse to either |s;> or |s,>. That means
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that the two separate regions x and y simultaneously opt for a certain flow direction, but such that the
one is always the opposite of the other.

Note that this is similar to the classic Einstein-Podolsky-Rosen (EPR) experiment in which
the spin of two entangled particles x and y is measured (Wiseman, 2006). Because their total spin is
0, any measurement establishing that the one has spin up |x T> instantaneously collapses the other
one to its spin-down state |y {>. However, what creates the true “paradox” in this EPR set-up is that
the observer could as well have measured a different property, such as the spin in the left-right
direction. Here too a result of “left” for the one would have implied a collapse to “right” for the
other, and vice versa. The paradox is created by the fact that the measurement along the up-down
direction cannot be done in the same experiment as the measurement along the left-right direction:
therefore we cannot claim that the spin already was “up” or “left” before we did the experiment, and
that our uncertainty about the outcome of the measurement is merely a question of ignorance. A

3

particle that was found to be “up” in one measurement actually collapses to “left” in a next
measurement. If it had been “left” all the time, the first experiment could not have found “up”.
Complementary properties are properties, such as up-down and left-right, that cannot be
observed simultaneously. For example, the set-up necessary to measure the wavelike properties of an
electron (such as its momentum p) is incompatible with the set-up necessary to measure its particle-
like properties (such as its position x). Therefore, the wave and particle aspects of quantum systems
are said to be complementary: whenever we see the one, we cannot see the other, yet both are
necessary to fully understand the behavior of the system. A precise observation result for one of a
pair of complementary properties (like position and momentum, or spin in the vertical and in the
horizontal directions) implies that the result for the other one becomes completely indeterminate.

This is a more general formulation of the famous Heisenberg uncertainty principle (where Ax
represents the uncertainty in the measurement of position x, Ap the uncertainty in momentum p, and
h the Planck constant):

Ax. Ap = h/A

Can we find an equivalent of complementary properties that describe the emergence of a
convection roll? Up to now, we distinguished the flow directions: clockwise |s;> and
counterclockwise |s,>. But the system is also characterized by the temperature difference between the
lower layer of the liquid and the higher layer. This difference is driven by the parameter 7
(temperature difference between heated bottom and cool surface). However, it also depends on the
state of system. In the state |so> without convection, there is a large temperature difference, because
heat cannot travel easily from bottom to top. In the states |s;> and |s,>, on the other hand, there is a
small temperature difference, because warm liquid from the bottom is continuously transported to the
cool surface, and vice versa (Fig. 3). The greater the heating and thus 7, the faster the warm water
will move to the surface to mix with the cooler water there. Thus, in the convection states there is a
constant mixing of temperature layers that compensates for any increases in 7. If an observation

consists in registering the temperature in the lower and higher layers of the liquid, then we might say
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that the size of 7 is not observable in the convection state, while its value is clearly determined in the
equilibrium state |so>. Let us for simplicity distinguish two “eigenstates” of the observable T:

|7-large> and |7-small>

(where “small” T is still large enough to sustain convection). In that case, the convection state |s;>,
which is an eigenstate for the observable “direction of flow”, becomes a superposition state for the
observable T:

|s;>=|T -large> + | T -small>

Bringing back the convection state to the equilibrium state |so> would in a sense “collapse” the
superposition, because in this state we find either |7-large> or |T-small>. This might be achieved as
follows. We could temporarily interrupt the convection flow by inserting parallel horizontal plates
that stop the liquid from moving in the vertical direction. (note that this type of measurement is more
invasive of the system). After the plates have been inserted, we can measure the temperature
difference between upper and lower layer, and determine whether the result of this observation is |7-
large> or |7T-small>. But in this state we can no longer determine the result of the complementary
observation |xT> or [x>, because there is no flow. After the removal of the plates, the state will
collapse again to one of the two flow states |s;> or |s»>, but the result will be uncertain. Thus, the two
observations of flow direction and temperature gradient are complementary, and a determinate result
for the one implies an indeterminate one for the other. It would be an interesting exercise to check
whether such a system could be made to violate the Bell inequalities that are the classic way to
characterize quantum non-locality (Wiseman, 2006), similar to the Bell-violating macroscopic
situations proposed by the group of Aerts (Aerts, 1991; Aerts, Aerts, Broekaert, & Gabora, 2000;
Aerts & Sassoli de Bianchi, 2016).

5. Other examples of complex phenomena

There are many similar examples of self-organization in complex systems that exhibit quantum-like
properties. A straightforward analogue to Bénard convection can be found in the lanes that
spontaneously form in pedestrian traffic (Helbing, 2001; Helbing & Molnar, 1998). Assume that a
crowd of people needs to pass through a relatively narrow space, such as a street or square, but that
half of the people move in one direction (say, north to south) and half in the opposite direction (south
to north). Initially, we are in a state of friction or mutual obstruction, as people will constantly need
to change course in order not to bump into others. However, after a while their movements become
more coordinated, as people moving in a given direction will start to follow each other, while staying
out of the way of the people moving in the opposite direction. Thus, the available space self-
organizes into two or more parallel “lanes”, so that people in one lane all move in one direction,
while those in the adjacent lane move in the opposite direction. This is similar to the liquid splitting
up in parallel upward and downward flows, albeit it with the difference that individuals reaching the
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end of a lane/flow do not change direction and come back via the adjacent lane. Still, the initial
separation between the lanes exhibits a similar kind of bifurcation dynamics, given that the same lane
could have been used for either north-south or south-north traffic.

Initially, both options are equally likely, and it is some unpredictable fluctuation that will
break the symmetry, making that in a given lane a few more people move in one direction than the
other. As people tend to follow others that move in the same direction in order to avoid collisions,
this chance fluctuation will be amplified until it dominates the length of the lane. Again, we could
say that the initially uncoordinated movement corresponds to an indeterminate superposition state,
which then “collapses” to one of several possible eigenstates characterized by a determinate flow for
a given lane. The order parameter that forces the collapse in this case is the density of pedestrian
traffic: the more people try to cross a given area, the more friction will be caused by people bumping
into each other, and therefore the more people will tend to follow others moving in the same
direction.

Such self-organization through the non-linear amplification of microscopic fluctuations is
what Prigogine called “order through fluctuations” (Nicolis & Prigogine, 1977). The symmetry
breaking that it forces can be understood through what is called a “winner-takes-all” dynamics. This
describes a situation in which several possible configurations are competing to take over a given
assembly of components (such as molecules, drops of liquid, or people). The amplification is
typically caused by a positive feedback or chain reaction in which the number of new “recruits” to
the spreading configuration is proportional to the number that is already there, so that its growth is
exponential. Components are typically recruited the moment a majority of their neighbors has been
recruited. The first configuration to start growing will recruit most components, and thus extend the
neighborhood in which it can make more recruits. Thus, it will encroach upon any configuration that
started later and that therefore was able to recruit only a smaller number of neighbors. As a result, the
first configuration (or the one that for some other reason managed to grow more quickly) will
eventually overtake and erase any rival configurations. Thus, there will be a single “winner” that
takes over all the components.

A classic example of this type of dynamics is opinion formation in a social group. Suppose
that initially people have different opinions, but that they are inclined to conform to the opinion of
their neighbors. If by chance, a small group of neighbors have the same opinion, their influence on
their neighbors will be larger than the one of other neighbors that all have different opinions. Thus,
the group will grow. Because of the positive feedback dynamics sketched above, eventually they will
overtake the whole group so that everyone will settle on the same opinion, a process called
“conformist transmission” (Henrich & Boyd, 1998). Such social dynamics can be modeled using
some classical methods in physics (Sen & Chakrabarti, 2014), and in particular the Ising model for
magnetization, in which spins tend to align to the direction of spin (up or down) of their neighbors.
Depending on how sensitive spins are to random fluctuations and to the influence of their neighbors,
this may lead either to irregular zones in which molecules locally have the same spin, which is
different from the one in other zones, or to a completely homogeneous outcome in which spins are
globally aligned. In all these cases, we start from an indeterminate state where spins or opinions are

randomly distributed, which then “collapses” to a single direction or opinion, thus breaking the
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symmetry of the initially homogeneous distribution, while creating a global correlation between all
the regions.

A similar dynamics seems to occur in the brain. According to the global workspace theory,
which is increasingly supported by empirical evidence (Dehaene, 2014; Sergent & Dehaene, 2009),
we become conscious of some perception or thought when it manages to win the competition for
attention from rival stimuli. It thus comes to dominate the “global workspace”, which is a kind of
central neuronal crossroads from which commands are broadcasted to other parts of the brain. Many
subconscious processes go on in parallel, but from those that reach the global workspace only the
“winner-taking-all” can dominate consciousness. That is why consciousness is sequential: we can
only be fully conscious of a single thought at a time, even while the subconscious activity in our
neural networks outside the workspace is massively parallel.

This is illustrated by a classic example that has clear similarities to both quantum processes
and self-organization: Gestalt perception (Kruse & Stadler, 2012; Stadler & Kruse, 1990). Our
consciousness does not see images as detailed arrays of pixels, parts or nuances, but as coherent
wholes: clear figures with an unambiguous interpretation that are called “Gestalts”. When an image
is ambiguous, in the sense that it can be interpreted in more than one way, we are normally aware of
only a single interpretation at a time. Well-known examples of such ambiguous figures are a shape
that looks like either a rabbit or a duck, or one that resembles either a vase or two people’s profiles
facing each other. While we are able to perceive both Gestalts, we cannot do so simultaneously. Only
one Gestalt can win the competition for global workspace domination. This is sometimes called
“bistability” as there are just two stable states, and any neuronal state in between is highly unstable
(Kornmeier & Bach, 2012).

The initial perception of such an ambiguous figure could be seen as a superposition state, e.g.
[rabbit> + |duck>. But consciousness functions like a quantum observation that can only perceive
eigenstates: |[rabbit> or |duck>. The process of reaching a conscious interpretation “collapses” the
superposition state to one of the eigenstates, and this in an intrinsically unpredictable manner. This
analogy between the complex dynamics in the brain and quantum phenomena has been pointed out
by several authors (e.g. Basios, 2005; Basios & Gunji, 2017; Bruza et al., 2015; Conte et al., 2007)

The implied symmetry breaking is perhaps illustrated most clearly by another ambiguous
figure, the Necker cube (Fig. 4). This is a two-dimensional geometrical figure consisting of two
connected squares, which the brain tends to interpret as a view on a three-dimensional cube.
However, there are two ways of “seeing” the cube, one in which the left square appears as the front
side of the cube (implying that the right square represents the back side), and one in which the right
square appears as the front. The two interpretations are perfectly symmetrical, and there is no reason
why the one would be preferred to the other. Yet, the winner-takes-all dynamics implies that only
one can be present in consciousness at a given time. Thus, the initial symmetry must be broken, in a
way that is intrinsically unpredictable.

This example also illustrates non-locality. Suppose we decompose the figure into left and
right squares. Because of their connecting lines, the squares are “entangled”. The initial state of our
perception, before it reaches consciousness, is as yet indeterminate as to which square will appear as

“front” and which as “back”. Thus, we might describe it as a superposition state:
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|left-front> |right-back> + |left-back> [right-front>

The operation of reaching consciousness collapses this state to one of the two eigenstates. Thus, the
perception of the left square as being “front” forces the state of the right square to instantaneously
collapse to “back”. But left and right are separated by a finite distance, so this process is in a sense
“non-local”.

f.-r}."."ilﬁ_l,-t- lefi-front=|right-back>

Left-bac k= rnght-front=

Fig. 4: The Necker cube perceptual instability. The figure with the two connected, parallel squares on the left
is interpreted by the brain as a view on a cube. However, there are two ways to “collapse” the ambiguous
figure: either into a cube where the left square represents the front of the cube (top-right picture), and the
right square the back, or a cube where front and back are switched (bottom-right picture).

6. Symmetry breaking and quantum field theory

The above examples seem to make a good case for a parallelism between complex processes of self-
organization and quantum observation processes. The question is whether this correspondence points
to a fundamentally shared dynamics. Let us therefore examine the differences between the two
domains, and see whether these can be eliminated. A first difference, the instantaneity of collapse in
the quantum realm vs. an extended process of self-organization, is perhaps less fundamental than it
appears. We noted earlier that a quantum observation is only instantaneous as a mathematical
operation, but that its physical realization always has a finite duration. We also noted that at no point
is information transmitted from one part of the system to another at a speed faster than light. The
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same applies to self-organization, where correlations between distant regions may emerge very fast,
because of non-linear amplification, but the propagation of order or alignment still uses local
interactions and therefore needs a finite time to reach all regions. Yet, once the correlation is global,
the system behaves as a coherent whole with emergent properties, similar to the coherence that
characterizes an entangled quantum system. That means that we can forget about the finite process
that produced it, and immediately deduce the state of one component from our observation of another
one.

Another difference between the two types of processes is that the one is induced by an
observation, while the other happens spontaneously—albeit typically driven by the change in value
of an order parameter affecting the system. An observation implies an interaction between the
quantum system being measured and some apparatus or set-up that necessarily affects the system
being measured. In that sense, an observation can be seen as an external dynamics imposed by some
observer on the system that forces the system to “collapse” and thus make a choice between the
eigenstates that make up its initial superposition state. This does not look fundamentally different
from the dynamics externally induced by the change of an order parameter that forces it to choose
between attractors.

This point is confirmed by the more recent interpretation of wave function collapse as a
process of “decoherence” (Joos et al., 2013; Zurek, 2003), in which the noisy interactions between
the quantum system and its environment gradually erase the coherence that existed between the
different parts of the superposition state or wave function. However, such “decohering” interactions
merely dilute the superposition, without sudden collapse. Another approach, known as “continuous
spontaneous localization” or “dynamic reduction” (Bassi, 2007; Ghirardi, Pearle, & Rimini, 1990;
Tumulka, 2006), proposes that collapses of the wave function occur continuously, stochastically and
spontaneously, with no need for interaction with any observer or environment—albeit sufficiently
rarely that we do not notice them in quantum systems that are not being observed. Yet another
approach combines both aspects, picturing quantum measurement as a deterministic decoherence-
like process followed by an indeterministic collapse-like process (Aerts & Sassoli de Bianchi, 2016).

All of these processes and models beg a fundamental question: what causes the system to
choose for one eigenstate or option rather than another? If we assume perfect symmetry between the
options, in the sense that none of the solutions is in any way preferable to the others, then there does
not seem to be a cause. Such spontaneous symmetry breaking (Castellani, 2003) appears like a
fundamentally indeterministic, uncaused process. I have previously called this a “distinction
creation” (Heylighen, 1989, 1990; Heylighen et al., 2007) since it distinguishes between options that
were a priori indistinguishable. In self-organization, the cause is normally assumed to be some
fluctuation too small to be observed (Nicolis & Prigogine, 1977)—such as the random distribution of
molecular movements that cause Brownian motion in a liquid. The equivalent in quantum mechanics
would be a hidden variable, a microscopic property that we cannot observe but that affects the
outcome of the observation. However, the Bell theorem has established that if hidden variables are
responsible for the paradoxes of entanglement, then these hidden variables must be non-local
(Wiseman, 2006). This would contradict some of the deepest principles underlying physical theories.

Therefore, hidden variables are generally rejected as an explanation for quantum indeterminacy.

19



Aerts has proposed an elegant hypothesis to resolve the problem: the hidden measurement
approach (Aerts, 1998; Aerts & Sassoli de Bianchi, 2015a, 2015b). It assumes that the unobservable
properties that determine the outcome of an observation are not hiding in the quantum system, but in
the interaction between the quantum system and the measuring apparatus. This makes sense, given
that a microscopic quantum system, such as an electron, hardly offers any “room” to hide anything,
while an observation apparatus constitutes a complex, macroscopic system of which we can never
determine the full microstate. Since the outcome of the measurement depends on both system and
apparatus, it seems reasonable to assume that different, albeit non-distinguishable, microstates for the
same apparatus would result in different outcomes.

To make things more concrete, (Aerts, 1998) proposes a toy model that illustrates how the
hidden measurement approach might give rise to some of the probability distributions predicted by
quantum theory. In this model, the (deterministic) state of the quantum system is somehow registered
on a particular spot along an elastic string that is extended inside the apparatus. This can be
visualized with the set-up in Fig. 2, where we imagine that the upper ball, representing the system,
would “fall” onto the horizontal line that represents the “string”. But the apparatus can only register
two possible outcomes (eigenstates), “spin-left” or “spin-right”. This happens when the string breaks
in two. If the spot (where the ball fell) is found on the left piece of string, the registered outcome is
“spin-left”, and vice versa. The indeterminacy is introduced by the fact that we do not know where
along its length the string will break: in principle a ball that fell 20% of the distance from the left end
of the string could still be counted as “spin-right” if the string broke at 10% of the distance from the
left end, so that the ball would be carried away by the 90% part of the string that moves to the right.

This model actually provides a beautifully simple illustration of our initial problem of
symmetry breaking. When the tension on a string is increased, there will inevitably come a moment
when the string will break, thus creating a distinction or separation between the two parts. Let us
assume that the string is homogeneous: every segment is as solid as any other segment. Therefore,
there are no a priori “weak spots” that would break under a lower tension than the other regions.
Because the string is elastic, no matter where the tension is exerted, this tension will spread evenly
across all segments. Indeed, imagine that the tension would be higher in segment 4, so that 4 would
be extended more. That means that 4 will pull harder on its neighboring segment B which is as yet
less extended, and thus has more elastic capacity to absorb the tension, until it is equally tense as A.
Thus, any local inhomogeneity would immediately be globally diffused, so that the tension remains
homogeneous. But that means that any segment of the string is just as likely (or unlikely) to break as
any other. Yet, as the tension is increased, the string has to break in a particular spot, which therefore
is selected out of a continuum of equivalent spots. This is similar to the symmetry breaking during a
bifurcation, with the increasing tension playing the role of the order parameter forcing the system to
make a choice. The only difference is that in this case the number of possible choices is continuously
infinite, rather than finite.

In an actual macroscopic experiment, we would explain the symmetry breaking by some
microscopic inhomogeneity in the rubber of the string, or perhaps a thermal fluctuation in the
distribution of molecular forces in the string. In quantum mechanics, we attribute it to some

peculiarity of the observation process, perhaps explainable by the way the apparatus perturbs the
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system. But there is a deeper theory suggesting that the symmetry breaking is truly spontaneous, and
does not need any external factors: (relativistic) quantum field theory (Mandl & Shaw, 2010). The
mathematics of this theory is so complex that no one really seems to have dared to propose a
systematic or intuitive interpretation of its results. Yet, these results are so amazingly wide-ranging
and empirically accurate that it is probably the most reliable theory in the whole of science. But we
do not need to understand the mathematical derivation to appreciate some of the phenomena it
explains.

Perhaps the best-known illustration is radioactive decay: a radioactive atom is by definition
unstable, which means that it may disintegrate into smaller particles at any moment in time.
However, it is impossible to determine at which time such decay will happen. We only know that
there is a fixed probability for an atom to decay during a given time interval. The half-life of an
isotope denotes the interval for which that probability is exactly 50%. That means that after that
period, about half of the atoms in a sample will have decayed. Yet, these atoms were absolutely
identical as far as the forces responsible for radioactivity are concerned. The initial homogeneity or
symmetry between the atoms has been broken: some have decayed, others have survived. But here
we cannot find any internal or external cause responsible for this difference: no observation, no order
parameter, no microscopic inhomogeneity, no perturbation... has affected the atoms. Each atom on
its own, independently of outside influences, has decided at some random moment to either fall apart
or remain.

A less well-known, but actually more common, example of such an intrinsically
indeterministic process is the “quantum jump” through which an excited atom or molecule falls back
to a lower level of energy. Any energy level higher than the ground state is unstable, and will
eventually fall back to its ground level while emitting one or more photons to carry away the excess
energy. However, the time of this decay and the direction in which the photon is emitted are
fundamentally unpredictable. Ironically, although the emission of such “quanta” of energy is what
gave quantum mechanics its name, the process cannot be explained within standard quantum
mechanics. Indeed, the evolution of a quantum state as described by the Schrodinger equation is
intrinsically continuous, while discontinuities only appear when an observation collapses the state to
an eigenstate. But the discontinuous emission of a photon by an excited state happens spontaneously,
without any observation taking place. Indeed, the emission of light from lamps or fluorescent tubes is
the result of many such photons emitted by atoms that were excited by the input of electrical energy.
While we may observe the light long after it has left the atoms, and therefore deduce that emissions
have taken place, we did not actually observe individual processes of emission, and therefore had no
control over when the “collapse” of any particular atom to its ground state would take place. Since
the standard account of the quantum measurement process cannot explain this process we need to go
down to the underlying quantum field theory (Milonni, 1984, 2013).

The only “cause” for such symmetry breaking this theory suggests is a so-called quantum
Sfluctuation of the vacuum. In field theory, a vacuum is the zero-energy state of the field. Any positive
energy injected into the field creates an “excitation”, which classically takes the form of a wave, but
quantum mechanically can be interpreted as a particle (e.g. a photon). Now, the Heisenberg
uncertainty principle for the complementary properties of time and energy states that when time
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intervals become arbitrarily small, the uncertainty on the energy present in that time interval becomes
arbitrarily large. That means that if we consider the vacuum across a sufficiently short interval, the
energy present during that interval can take on values large enough to produce “virtual particles”.
These are excitations of the field that are so short-lived that we cannot directly observe them,
because they decay almost as soon as they appeared. But during their brief life, they can interact with
a system such as an atom in an excited state, and trigger the decay of that state. Thus, quantum field
theory suggests that even emptiness or nothingness (i.e. absence of any energy, matter or other
differentiating feature) can temporarily fluctuate by randomly producing virtual particles or waves
that affect unstable systems, and may force them to “collapse”.

How does this relate to self-organization? A typical self-organizing system, such as a liquid
or an array of spins, consists of many interacting components distributed across space. Through local
interactions, a change in the state of a component tends to propagate to its neighboring components,
thus spreading like a wave across the medium. Examples of such waves are the “phonons”, which are
particle-like vibrations propagating in a solid medium. This medium is discrete, consisting of
separate components, such as molecules. A field is a continuous medium, but that can be seen as the
limit of such a discrete medium when the distance between the components goes to zero. For
example, it has been shown that the classic Ising model, which is used to illustrate the self-
organization of magnetization via the propagation of magnetic alignment between neighboring spins,
becomes isomorphic to the quantum electromagnetic field in such a limit. Thus, fields and complex
dynamic systems appear like different ways to model a dynamics of fluctuation and propagation,
where fluctuation plays the role of the initial event that precipitates the symmetry breaking, while
propagation across a medium is the mechanism that amplifies this random change, and creates a new
coherence or coordination between remote regions. A classic application of this in physics are phase
transitions, such as the transition from (disordered) liquid to (coherent) solid, which can be modeled
using both non-linear statistical mechanics and an equivalent of QFT (Zinn-Justin, 1996).

It is clear, though, that this account leaves open many questions about how “something” (a
distinct, coherent configuration, such as a particle) can emerge out of nothing (a homogeneous,
“empty” medium, such as the vacuum). Resolving these questions will be necessary to tackle what is
perhaps the deepest problem of all: cosmogenesis, or the origin of the universe out of nothing
(Krauss, 2012; Petrovic, 2018). Both theories of self-organization and of self-stabilizing quantum
fluctuations may help us to advance in that direction (Heylighen, 2010; Tryon, 1973).
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Quantum phenomena Complex dynamics/self-organization
Superposition state Indeterminate state

Uncertainty Bifurcation

Wave function collapse Descent into attractor

Entanglement Downward causation/emergence
Coherent whole Coherent whole

Non-locality Non-local correlations

Observation Order parameter

Symmetry breaking Symmetry breaking

Fluctuation of the vacuum Microscopic fluctuation

Table 1: some correspondences between quantum and self-organizing phenomena.

7. Conclusion

We have investigated the correspondence between fundamental aspects of quantum theory and
related phenomena in the emerging theory of complex, self-organizing systems (Table 1). On the one
hand, this helps us to better grasp the often-counterintuitive behavior of quantum systems, because
we can now see how they are analogous to macroscopic phenomena with which we have more direct
experience. It also suggests new methods to possible analyze that behavior at a deeper level. Vice-
versa, the analogy with quantum mechanics suggest new ways of looking at complex phenomena,
such as the self-organization of cognitive or social structures, thus extending the modeling of
quantum cognition (Aerts, 2009; Aerts, Gabora, Sozzo, & Veloz, 2011; Bruza et al., 2015), and of
self-organization as a process of (quantum) decision making (Yukalov & Sornette, 2014).

Quantum phenomena are characterized by the superposition principle. It implies that for any
two states with determinate characteristics there exists a superposition state for which these same
characteristics are indeterminate, meaning that an observation may produce either the one or the other
result, in an intrinsically unpredictable manner. This uncertainty is reflected in complex systems by
the phenomenon of bifurcation: as the value of an order parameter increases, the number of stable
solutions may increase, forcing the system to “choose” one of a number of a priori equivalent
solutions. In both quantum and complex dynamics, the initially indeterminate state appears to
“collapse” into one of the determinate outcomes, where it then remains. This means that the outcome
is a stable state, attractor or eigenstate of the process that precipitated the collapse. The choice of
one among several equivalent outcomes in both cases defines a symmetry breaking. In complex
dynamics, this symmetry breaking appears to be initiated by an unobservable fluctuation, while in
quantum mechanics it may be caused by the unobservable perturbation induced by the interaction
with the observation apparatus, or more fundamentally by the fluctuations of the vacuum implied by

the Heisenberg uncertainty principle.
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In self-organizing systems, the “collapse” into an attractor state produces a global or emergent
constraint that induces a correlation between the components of the system, thus turning them into a
coherent whole. This is similar to the “entanglement” that can occur between the components of a
quantum system, when the system as a whole is constrained to obey a global condition, such as
having a total spin of 0. Such correlations are non-local, in the sense that the states of spatially
remote components depend on each other, and a determinate observation outcome (collapse) for the
one forces a complementary outcome for the other, even when their individual states are initially
indeterminate, and there is no local interaction between the components. It is to be expected that well
designed experiments exploiting the correlations in self-organizing systems will allow for the
violation of the Bell inequalities in ways that are similar to the violations in the macroscopic classical
situations considered by (Aerts et al., 2000). Another promising issue for further research is how
quantum fluctuations of the vacuum may trigger symmetry breaking, and thus ultimately the

emergence of structure out of a homogeneous medium.
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