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Discreteness Induced Transitions in Autocatalytic Systems

Abstract

To study effects of the discreteness of molecules, first we numerically inves-
tigated an autocatalytic reaction system with a small number of molecules by
stochastic particle simulations. We adopted an autocatalytic reaction loop over
k chemicals (X1, Xs,- -+, Xg), which is X; + X;11 — 2X,;11 (Xpa1 = X;). We

assumed reactions in a container which is in contact with a chemical reservoir.

When the number of the molecules in the container is small, and the interval
of the inflow of molecules is long, a novel state due to fluctuation and discrete-
ness in the number of molecules is found, which is characterized as extinction

of molecule species.

We found switching of the molecule distributions by a single molecule in the
state, thus we call the state “switching state”. We studied phase transition
to this switching state with change of the system size and molecular flow, and
found it necessary for the switching state that the inflow interval of molecules

is longer than the typical time-scale of the reactions.
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Probability Density
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Alteration of Macroscopic Properties by the

Discreteness Induced Transitions

Abstract

In the preceding chapter, we reported discreteness-induced transitions to

novel “switching states” in a small autocatalytic system.

We also studied whether the discreteness-induced transitions may alter
macroscopic properties such as long-term averaged concentrations of the chem-

icals. We adopted the same autocatalytic reaction loop.

In case the inflow intervals of molecules or the reaction constants are species-
dependent, the long-term averaged concentrations alter from the continuum
limit (rate equation) case. The average concentrations, which should not
change in continuum limit, drastically change with decreasing the system size

(volume).
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Discreteness Induced Steady States in Reaction-Diffusion Systems

Abstract

To study reaction-diffusion processes numerically, differential equations
(reaction-diffusion equations) are often employed. When the concentration of

chemicals is small, its fluctuations can not be ignored.

Since 1970s, Kuramoto studied effects caused by the fluctuations, and de-
fined the length over which a molecule diffuses in its lifetime, as an index of
the effect of diffusion (so called Kuramoto Length). Still, in his discussions, the
average distance between molecules is assumed much smaller than the system
size or the Kuramoto Length, so that the actual discreteness of the molecules

is ignored.

We investigated effects of the spatial discreteness of molecules, by stochastic
particle simulations. When the Kuramoto Length of a chemical X is smaller
than the average distance between molecules of another chemical A which pro-
duces the chemical X, the chemical X is localized around the A molecules.
Such discreteness-induced localization of the chemical X may accelerate the
second or higher order reactions of chemical X, resulting in novel steady states

that do not exist in reaction-diffusion equations.
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Discreteness Induced Pattern Formation

Abstract

In the preceding chapter, we investigated effects of the spatial discreteness of
molecules in a reaction-diffusion system. We found alteration of steady states

by discreteness-induced localization of chemicals.

Here, we investigate effects of the spatial discreteness of molecules on pattern
formation. We report that both the alteration of steady states investigated
in the preceding chapter and discreteness-oriented limitation of the area over
which molecules diffuse may lead to novel patterns. We adopted stochastic
particle simulation again, and found spot-like patterns in a system which shows
no pattern with reaction-diffusion equations.
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Switching of Reaction Network by Discreteness of Molecules

Abstract

To study the effects of the discreteness of molecules in complicated reaction
networks such as biochemical pathways, we adopted two reaction network mod-
els and investigated the effects of the discreteness on the reaction dynamics.

First, we adopted a simple autocatalytic network with four chemicals, in-
cluding autocatalytic loop of three chemicals, in a container contacted with
a chemical reservoir. In the continuum limit, this system has a steady state
(stable fixed point). When the number of the molecules is small, we found
two more states, characterized by extinction of chemicals. The system sponta-

neously switches between the states.

Next, we adopted randomly connected networks of catalytic reactions. We
investigate the response to addition of molecules, and found some switching

behavior with small number of molecules.
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Alteration of Network Structure by Discreteness of Molecules

Abstract

In this chapter, we introduce our present trial to apply the discussion on the

discreteness-induced effects to complicated reaction networks.

We investigated a model of catalytic reaction networks. We adopted bit-
strings as a model of molecules; concatenation and separation of the bit-strings
as reactions, such as A+ B — A|B*, A|B* + C — A+ BC between bit-strings
A, B, and C.

We found that the properties of the network structure is altered by change of
the system size or the environment (change of the composition of the supplied
chemicals, or attack on the dominant species). The discreteness of molecules
may be crucial for the change (adaptation) of the network structure.
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