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Abstract In this paper we describe a class of stochastic biochemical systems exhibit-
ing bistable behavior, in the sense that the invariant measure associated to the system
is concentrated near two different classes of states of the system. We develop meth-
ods that allow us to describe the behavior of the invariant measure in some suitable
asymptotic limits, as well as the switching times for the transitions between the states
close to each of the states with high probability. Due to the discrete character of the
problem, switching times cannot be computed using the classical Kramers’ formula,
and alternative methods are required.

Keywords Stochastic chemical system - Bistable behavior - Switching times -
Markov processes

1 Introduction

A remarkable property of the biochemical systems already noticed in [43] is the fact
that they behave in a deterministic manner even if some of the mechanisms driving
the whole biochemical machinery are made of few molecules. A natural question
that arises is that how the biological systems manage to behave in a deterministic
manner under a very noisy environment, where the molecules involved are affected by
Brownian motions as well as the stochasticity induced by the probabilistic character
of chemical reactions.
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On the other hand, there exist many biological processes where stochastic events
seem to play a crucial role. There is strong experimental evidence indicating that
cellular variability is due in some cases to the stochastic character of gene expression
(cf. [9,17,49]). In particular, stochasticity plays a role in cell fate decision of stem
cells (cf. [37,44]). It has also been suggested, being motivated by the analysis for
stochastic models of biochemical reactions, that the random variation observed in
some pathogenic organisms could be due to the fluctuations of the chemical reactions
(cf. [2]) in their regulatory circuits. The variability of pathogenic bacteria has several
important functional consequences, for instance helping them to evade host defenses
(cf. [25,50]). The role of stochastic cell behaviour in the generation of collective
oscillatory behaviours has deserved a lot of attention both from the experimental and
theoretical points of view (cf. [16,27,32]).

There are some biological examples where multistable biochemical networks seem
to play a role in the functionality of the system. The best documented system seems
to be the MAPK cascade in Xenopus oocytes (cf. [24]). It is also widely accepted
that there are cases in which cell fate can be determined by stochastic choices
among the different equilibria of a chemical system, and that cells can change their
state due to fluctuations of molecular concentrations. The best known example is
probably the choice of lisis—lisogeny decision in A-phage where computer simu-
lations support the stochastic origin of the choice (cf. [2]). Other candidates for
bistable behaviour in biological systems can be found in the review paper [24].
Bistable behaviour is more clearly established in engineered genetic systems. The
first example constructed was the so-called genetic-toggle switch in Escherichia
coli and its construction was described in [28]. The first bistable engineered sys-
tem in eukariotes was an artificial genetic circuit built in Saccharomyces cerevisiae
(cf. [7D).

Due to the importance of stochasticity in biochemical processes it is relevant to
develop mathematical techniques for the analysis of stochastic biochemical networks.
Stochastic chemical systems have been studied long time ago (cf. [10]) and numerical
algorithms to simulate these processes were introduced in the seventies (cf. [3,31]).
In particular Gillespie’s algorithm has become increasingly popular in order to sim-
ulate the dynamics of stochastic chemical processes. Some examples of the study of
stochastic chemical networks that use both analytical and numerical methods can be
found in [19,20,36,42,52-54].

Most of these papers describe the dynamics of molecular chemical reactions assum-
ing that these take place by means of independent Poisson processes (cf. [31]). The
evolution of such a system is modeled using a master equation. The resulting mathe-
matical model is a linear system of infinitely many differential equations for the prob-
abilities of having a given number of molecules for the different chemicals involved
in the process. A stochastic simulation algorithm is suggested in [30,31] in order to
approximate such probabilities. Some numerical studies of molecular dynamics based
on the methods of Gillespie can be found in [20,29,54].

There are relatively few analytical studies of the master equations describing the
evolution of the number of molecules in a chemical system. Such analysis can provide
meaningful results only in some specific asymptotic regimes, due to the increasing
complexity of the equation with the growth of the number of chemicals involved.
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Several such studies have been made in the limit of many molecules, beginning with
the seminal work in [40]. (cf. for instance [4]).

On the other hand, several papers have considered the study of master equations
with different time scales. Roughly speaking, in such analysis, it is assumed that the
chemical reactions can be split into a group of fast reactions and a group of slow
reactions. Fast reactions reach equilibria very quickly and this allows us to define
a reduced system for the set of variables that do not reach equilibria rapidly. This
reduction of the system allows us to introduce more efficient simulation methods for
molecular systems since it reduces the complexity of the system under consideration.
Some works in this direction are for instance, [11,12,33,42,41,45,46,48]. Meanwhile,
many works use the fact that stochastic chemical networks with first order kinetics
can be solved explicitly by iteration or using the formalism of generating functions
(cf. [5,6,10,15,26,51]).

There have been several studies on the connection between the topological prop-
erties of the biochemical network and the dynamical behaviour of the network.
A paradigmatic example of this approach is the so-called “Zero Deficiency Theorem”
(cf. [22,35]). This Theorem states that a large class of chemical networks satisfying
some topological constraints can have only one nontrivial steady state in each stoichio-
metric class. The constraints are easy to check in each specific example. The original
result was proved for deterministic systems (cf. [22]), but it has been also proved that
mass action reaction networks with zero deficiency have invariant measures which
can be written as convex combinations of products of Poisson distributions for each of
the chemical concentrations (cf. [1]). On the other hand, the articles [13,14] contain
necessary and sufficient conditions in order for a network to have multiple quasi-
steady-states. We remark that the aim of these studies is not to derive conditions for a
given chemical reaction to ensure a particular type of behaviour, but to obtain condi-
tions for the topology of the network which allow possible behaviours of the chemical
system with a choice of reaction coefficients, or its impossibility with any choice of
coefficients.

Our goal is to study conditions on the network structure and on the distribution of
chemical coefficients for ensuring that a molecular system behaves in a deterministic
manner. More precisely, we intend to obtain molecular systems which evolve according
to stochastic dynamics and exhibit multistability with large switching times between
the different steady states of the system.

In this paper as well as in the companion paper [34] we will describe some sim-
ple examples of biochemical networks yielding bistability, where we compute long
switching times in some suitable sense that will be precised later. We will not intend
to study existing molecular systems, but we will concentrate on the study of abstract
systems of stochastic chemical reactions that could help to clarify the underlying
principles yielding deterministic behaviour. The systems under consideration will be
studied using classical asymptotic methods and it will provide some insight on how
the network structure and the choice of the coefficients can influence multistability
and switching times.

We will focus on the study of stochastic biochemical networks containing large
(or small) parameters. The large parameters considered in this paper will be the rel-
ative size of some of the chemical coefficients. In [34] a different type of limit will

@ Springer



1346 J Math Chem (2013) 51:1343-1375

be considered, namely, the number of chemical species involved in the reactions.
Among all the possible quantities that can be computed, we will focus on the switch-
ing times between different multiple states. There are several reasons for studying
switching times. First, they are intrinsically interesting by themselves. On the other
hand, their size provides a measure of how deterministic is the behaviour of a bio-
chemical system, since the switching times provide an estimate of the time required
to switch to another steady state among the possible ones of a system. A detailed
computation of switching times in some asymptotic limits can provide insights on the
factors (like chemical coefficients, network structure or others) that can yield more
deterministic or more “random-like” type of behaviours. In particular we will focus in
this paper on finding examples of biochemical networks that could give deterministic
behaviour.

The study of the computation on the rates of chemical reactions which take place
to overcome an activation energy has deserved a lot of attention. Usually in these
cases the switching times rescale exponentially with the activation energy. The first
results in this direction were obtained in one-dimensional models by Eyring (cf. [21])
and Kramers (cf. [39]). Kramers’ formula has been often used to compute switching
times in biochemical systems (cf. for instance [18]). Kramer’s formula will not be
considered in this paper, but it will be shortly discussed in [34].

A large part of the approach in this paper is based on asymptotic methods. We will
use repeatedly the asymptotic symbols ~, < to denote the following:

Fgasx— xoifandonlyif lim L0 1,
X—> X0 g(x)
f < gasx — xpif and only if lim S ) =0

xX—=>Xx0 g (x)

The plan of the paper is the following. In Sect. 2 we describe the general frame-
work of problems considered in this paper. Section 3 studies a particular chemical
system made of few molecules, yielding bistable behaviour due to the different orders
of magnitude of their coefficients. This section contains also the study of this system
if one particular parameter ¢ is set to be zero. Section 4 derives the reduced system
that describes the evolution of the system in Sect. 3 if ¢ — 0. This section includes
also the description of the (bistable) steady states in that particular regime. Section 5
computes the switching times between the two stable states of the system under con-
sideration for small ¢ by means of an asymptotic analysis of the corresponding master
equations. Section 6 contains a technical computation of some transition probabili-
ties which has been used in Sect. 4. Last section summarizes the main results of the

paper.

2 General framework: discrete stochastic processes
The type of stochastic molecular dynamics considered in this paper is similar to the one

previously considered in the literature (cf. [1,4,11,26,31,40-42,45]). We summarize
here the main assumptions.
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We will assume that the systems under consideration consist of N different types of
chemical substances. The number of molecules of each chemical species is a random
variable that might change in time as a consequence of the chemical reactions. We are
interested in understanding the dynamics of these stochastic systems in suitable limit
regimes: (1) for the number of molecules of some of the chemical species, in the limit
of large numbers of molecules, or (2) for the number of chemical species, in the limit
of large numbers of species or (3) for suitable choices of large or small coefficients
for some of the reaction rates.

The chemical reactions will be assumed to be due to at most binary collisions
between molecules and with a maximum number of two products in each reaction.
We will not assume that the number of molecules is conserved in the reactions, as it
is common in many of these studies (see for instance [22]). In particular this means
that we will accept the possibility of having reactions not preserving the molecules
like A - @ or @ — A. We will suppose that in the reactions including the empty set
& only one molecule is involved. This does not lose much of the generality because
similar reactions involving more than one molecule could be described by means of
sequences of very fast reactions involving intermediate molecular complexes.

It will be assumed that the environment where the molecules react is well stirred.
Therefore, the spatial dependence of the molecules will be ignored. We will suppose
that the chemical reactions take place according to independent Poisson processes.
Correlation effects between the different reactions will not be taken into account.

The variables needed to describe this type of systems are the number of molecules
of each of the chemical species {ng}?’zl. Let us denote as Ay, £ = 1,..., N the
different chemicals in the system. The restrictions imposed in the reactions means that
they are of one of the following types:

@ — Ay, Ky; Ap—> O, A 2.1
Ag+Aj — Ag, ogj; Ax—> Ae+Aj, Bre,j (2.2)
Aj— Ar, ik (2.3)

More general forms for the reactions that include also arbitrary collisions have been
considered for instance in [1]. We will consider one specific example in the paper [34]
where one of the reactions contains three molecules on the right hand side. We have
written to the right end of each equation the parameters characterizing the rates of the
chemical reactions for each group of molecules written to the left. More precisely, if
the state of the systems is characterized by the set of numbers {n g}?’:l the probability
for unit of time of having each of the five types of reactions in the Egs. (2.1)-(2.3) is
given respectively by the numbers

K, Ang, agjiane (nj—8ej), B jnk, Wjknj 24

where the term Jy ; is just a combinatorial factor that plays a role only if £ = j. The
basic function which will be described throughout the paper is the probability of each
of the states of the system and it will be denoted as
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P ({nl}?’:l s t)

Notice that from the mathematical point of view p € C (R"’; My (NQ’ )) , where from
now on

N, = N U {0} U {00} 2.5)

and M (NY) is the set of probability measures in NY¥. Notice in particular that this
implies

pEnN=0for g Ny and > pE.0) =1
geNY

As we indicated in the Introduction we will study in this paper very particular criteria
for deterministic behaviour, namely the existence of long switching times in molecular
systems. In particular, systems that tend to just one equilibrium distribution will be
left completely outside of the consideration in this paper.

3 A system with few molecules but with highly specific kinetic coefficients:
general properties

In one of the systems mentioned above, namely the genetic toggle described in [28]
the detailed biochemistry of the system is well known. It turns out that such a system
is not composed of many different chemical species. There are not many molecules
of each of the species either. Nevertheless, this chemical system is able to produce a
clearly distinguishable bistable system.

In this section we will describe a simple abstract example of biochemical network
which illustrate how to obtain bistable systems with long-lived states and with a rel-
atively small number of both chemical species and molecules. This will be achieved
with a choice of chemical reactions acting in very different time scales. This means
that the long lives of the molecular states are built in the chemical coefficients and
characteristic lifetimes of the chemicals involved. In spite of the fact that this mech-
anism may not require the analysis of many molecules it could often be the way in
which biological systems with several molecular states manage to work in a determin-
istic way. Roughly speaking deterministic behaviour would be a consequence of the
high specificity of the molecules involved in the process. More precisely, very large
chemical rates could produce bistability and very long switching times.

3.1 Description of the model

We assume that there are two substances (they could be for instance genes, although
the specific biology of their characters will not be made precise), X1, X» that can be
activated by a molecule Z in the background. The activation of a molecule X; triggers
the production of a repressor R that can be attached to a free molecule X ;, j # i and
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inhibits it. Therefore the molecules X; can be in the three states, namely free (X;),
activated (X;Z) and repressed (X; R). We will denote the activated and repressed
states as Z; and R; respectively for brevity. The system of reactions that we will use
to describe the system is the following:

b=7 (K;})
Xi+Z=2Z;, (a;p)
Zi — Zi + R, f
R — 0, d
&
X, + R = R, (%;a) G.1)

The coefficients are the stochastic reaction rates for the direct and inverse reactions
respectively. In reactions where only the direct reaction takes place only one constant
rate has been written. A small rescaling parameter ¢ > 0 has been introduced. The
meaning of this parameter is that some of the reactions associated to the repressor R
are much faster than the others. All the numbers K, A, «, 8, g, i, ¥, o will be assumed
to be positive and of order one. Nevertheless, in order to have a probability density
concentrated in two types of states, we will need some smallness assumption on 8. The
reactions in (3.1) are reactions between individual molecules that take place accord-
ing to independent Poisson processes with the rates indicated there. Let us denote
as nz,ng,nx;,nz;, ng, the number of molecules Z, R, X;, X;Z, X; R respectively.
Notice that ny;, = 0 if the molecule X; is activated or repressed. We then have the
following relations

nx, +nz, +ng, =1,i=172 (3.2)
On the other hand we have
nx;,nz;,ng; €{0,1} (3.3)

The main consequence of (3.2), (3.3) is that the three numbers ny,, nz,, ng, can be
replaced by just one variable of the set

&={Ri, Xi, Zi}

The remaining variables characterizing the system are the numbers nz, ng that can
take any nonnegative integer. Therefore, the space of states that characterizes the
system is

X =N2x§&2
where N, is as in (2.5).
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In order to write the master equation defining the evolution of the probabilities
associated to the reactions in (3.1) we define some auxiliary operators as follows. Let
us denote & € X as

&= (nz,ngr,n1,m)
withnz,ng € Ny, n; € € fori = 1, 2. We define the following operators by
T/ XX, T,:X>X, T{ :X>X, Tp :X—>X
AZ,,'ZX—>X, DZ,,‘ZX—>X, AR,,':X—>X, DR,I‘ZX—>X

TZ+ (nz.ng.m1.m) =@z +Lng.n.m), T, (nz.ng.n.m) = (nz —Dy.ng.n1.m)
T; (nz.ng.m1.m) = (z.ng+1L.n.m), Tg (nz.ng.n,m) = (nz.(ng —y.n1.m)
Ap 1 (nz.ng. 01, m) = (nz,ng, Ap,1 11). M), Aw2 iz, ng.m.m) = (nz,ng. 0, Ay2 (12))

Do i (nz,ng, 1, m) = (nz,ng, D1 11).m2), Dy (z.ng.n1,m) = (nz,ng, 01, Dy (12))
(3.4)

where the operators A, ;, Dy,; are defined in € for w € {Z, R} by

Azi (Xi)=2;, Azi(Zi)=Z2;, Az (R)=R;, i=1,2
ARi (Xi) =Ri, ARi(Z) =Z;, ARi(R))=R;, i=1,2
Dz (Xi) =X, Dz, (Z;)) =X;, Dz;(R))=R;, i=1,2
Dgri(Xi) = Xi, Dri(Zi) =Z;i, Dr;i(R)=X;, i=12 (3.5)

Given & = (nz,ng, n1, n2) € X we define the following functions
nz: X —>N,; npg: X—->Ny, n:X—=8& m:X—->=¢& 3.6)

They are defined by means of the corresponding components of £. We will also use the
notationnz; nx;, ng; to denote functions that have the value 1 if n; is Z;, X;, R;
respectively, or 0 otherwise.

Let us denote as p (&, t) the probability of the state & at the time 7, assuming that
the initial probability distribution is p (&£, 0) = po (§).

Using the operators defined in (3.4), (3.5) we can write, using standard proba-
bility methods (cf. [23]), the master equation that characterizes the evolution of the
probability p (&, t) in the following way

3
B_It) (§,1) = fracleLip (§,1) + Lap (§,1) = Lep (§,1) 3.7
LIP &, 0=- (g (n21 +n22) + ,bLnR) p &,0+ (g (”Zl +n22) p (TR_%_s t)
2
+u(ng + 1) p (TFE 1)) = D ynrnx;p (€, 1)
j=1
2
+> "y (g + Vg, p (T5 Dr . 1) (3.8)
j=1
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Lap (6,0) = — (K +Anz) p (&, 1) + Kljuy=1yp (T &, 1) + X (nz + 1) p (TS E, 1)

2 2
= > lanznx;+pnz | p .0+ e (z+1)nz,p (T Dz, j&. 1)
j=1 Jj=1

2 2

+Bnx,p (T; Az & 1)]=D ong,p & D)+ onx;p(Tg Ar €. 1)
j=1 j=1

(3.9)

Notice that we have included in L; all the fast chemical reactions and in Ly the
reactions that take place in times of order one.

In (3.8), (3.9) we denote as nz;, Nz, NR, nx;, Ng, the corresponding values of
these functions evaluated at the state £.

Notice that the system (3.7)—(3.9), although it is linear, can not be solved explicitly
and we will derive information about it using a perturbative method. This analysis will
provide as well information about the structure of the steady states.

3.2 Steady states: the limit case ¢ = 0

Multiple scale methods for the analysis of stochastic systems with two different scales
have been developed in [11,41,42,45,46]. We will use the type of methods in these
references adapted to the particular problem (3.7)—(3.9).

Our first goal is to study the steady states of (3.7) as ¢ — 0. Since reactions
associated to the part L of the operator L, are much faster, it is natural to begin by
considering the steady states associated to the operator L1, more precisely, we will
describe the solutions of the equation

Lip¢)=0 (3.10)

Notice that, since all the reactions involving change in the value of nz are contained
in the operator L; it follows that the variable nz just plays the role of a parameter in
(3.10). The problem then reduces to a finite system of discrete equations in the variable
ng for the different choices of 11, n2. Most of the resulting discrete equations in ng
are decoupled due to the fact that the operators Dg_; only change the values of 7; if
they take the value R;.

We then consider the different choices of (11, 72) € &2,

(1) The case (11, n2) = (Z1, Z3). The element (Z1, Z») is not connected to any
other element of £2 by means of the fast reactions. Therefore for§ = (nz, ng, Z1, Z»),
(3.10) becomes

— Qg +ung)p(nr)+Q2gp(ng — ) +pmr+1)pnr+1) =0 3.11)

where we do not write the dependence of p on the variablesnz, Z1, Z; just for brevity.
As a rule we will not write in the following the dependence on the variables that just
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play the role of parameters if they are not relevant to the equation under consideration.
Notice that (3.11) can be rewritten as

—Jmn+1D)+J(n)=0 (3.12)
with

J(n)=—unp(n)+2¢pmn—-1), n>1
J(0)=0

and where ng = n. Then J (n) = 0, whence

1 [2g\"®
pnz,ng, 21, 22) = — | — p(nz,0,Z,7Z) (3.13)
ngrR!: M

This yields the solution of (3.10) if (91, 12) = (Z1, Z2)

(2) The case (11, n12) = (Z1, R>). These states are also disconnected from the other
equations by means of the reactions in L. Therefore for § = (nz, ng, Z1, X2),(3.10)
becomes

—(g+ung)pmp)+(@gpmnrp— ) +umr+1)phnr+1)—yngpnr)=0
(3.14)

The solutions of (3.14) cannot be computed in a closed form due to the fact that this
equation cannot be written as a conservation law. However (3.14) is a second order
difference equation whose solutions can be studied easily. The main properties of its
solutions are in the following lemma.

Lemma 1 For any set of positive numbers g, |, y there exists a unique solution
¢ : Ny — R of the difference equation

—(gt+tumem+@gem—-—D+pumn+en+1)—ynp®) =0,

n=1,2,... (3.15)
such that
p0)=1 (3.16)
lim ¢ (n) =0. (3.17)
n—>oo

Moreover, ¢ (n) is decreasing and there exists K = K (g, iu, y) > 0 such that

( )n
as n 0.
n! \u+y

o @n)~—
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Proof Equation (3.15) can be written as an iterative equation

1
<p(n+1)=m[—g@(rz—1)+(yn+g+;m)(p(n)], n=12,...

This can be solved uniquely in terms of the values of ¢ (0), ¢ (1). Therefore the space
of solutions of (3.15) is two-dimensional. The methods of computing the asymptot-
ics of the solutions of second order linear difference equations are well established
(cf. [8]). It turns out that there exist two linearly independent solutions of (3.15) that
will be denoted as ¢ (n), ¢z (n) with the following asymptotic behaviours respectively

1 g o _ye
1 (m) ~ — ( - ) n U’ as n— 0o (3.18)
n\p+y
wHy\' -1y
@2 (n) ~ ( ) n G+w? Ut 99 n > 00 (3.19)
"

Since only one of the asymptotics (3.18), (3.19) yields decay of the solutions asn — oo
it follows that there is at most one solution of (3.15)—(3.17). Notice that, assuming
(3.16), the value of ¢ (1) determines uniquely the function ¢ (n). In order to prove the
existence of one value of ¢ (1) yielding (3.16) and (3.17) we use a shooting argument.
To this end, we rewrite (3.15) as

(um+Deon+1)—gp )] —Iung () —gp(n—1)]=ynpn) (3.20)
Suppose first that ¢ (1) > &fo) = £ We then claim that lim,,_, o ¢ (1) = oo. Indeed,
using (3.20) with n = 1, we obtain [2ue (2) — ge (1)] > 0 whence ¢ (2) > 0. An
induction argument then yields u (n + 1) ¢ (n + 1) — go (n) > O for every n > 0 and
the corresponding solution ¢ (n) satisfies u (n + 1) (n + 1) — gp (n) > yne (n).
Then ¢ (n) > ¢ (n) as n — oo and therefore ¢ (n) ~ K¢, (n) asn — oo for some
K > 0, whence the claim follows.

Let us assume now that ¢ (1) < 0. We claim that in such a case lim,, o ¢ (n) =
—o0. Indeed, our assumption on ¢ (1) implies [ue (1) — g@ (0)] < 0 and (3.20)
yields [2ug (2) — g (1)] < 0 and ¢ (2) < 0. Arguing by induction we obtain
[ung (n) — gp (n — 1)] < Oforanyn > 1, whence[u (n + D)o (n+1) — gp (n)] <
yne (n). Then |¢ (n)| > % (%)n for some C > 0. Due to (3.18), (3.19) we can have

lim sup,,_, o l¢ (n)| bounded if ¢ (n) = C*¢p; (n), but since this is not the case, it then
follows that lim,,— ~ ¢ (n) = —00.

Therefore, by continuity there exists a value of ¢ (1) € [O, ﬁ] such that
¢ (n) ~ Kgi (n) asn — o0 (3.21)

for some K € R. We now want to show that K > 0. We first notice that K # 0, since
otherwise ¢ (n) = 0. Suppose that K < 0. Then we would have
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J)y=umn+Den+1)—gpn)]

K n 7
= _g( 8 ) [ K _1},1 v+? (140 (1))
n! \u+y w+y

as n — o0. Since K < 0 we then have J (n) > 0 for large n. On the other hand
J (0) < 0. Then, there exists at least one value ng > 1 such that J (ng — 1) < 0 and
J (nop) > 0. Due to (3.20) we would have ¢ (ng) > 0. Therefore ¢ (ng + 1) > 0 and
it would follow by induction that J (n) > O for any n > no, whence (3.21) would not
take place. This contradiction implies that K > 0. O

Remark 2 Tt is possible to find an explicit formula for the solutions of (3.15 )—(3.17),
but this involves an integral expression of hypergeometric functions that are not par-
ticularly illuminating. Therefore, we prefered to prove Lemma 1 with the argument
above which could be used for more general classes of coefficients.

Remark 3 Notice that Lemma 1 and (3.14) yield
pnz,ng,Z1,X2) = p(nz,0,Z1, X2) ¢ (ng) (3.22)

(3) The case (11, n2) = (R1, Z3). It can be studied exactly as the previous case by
symmetry. Moreover, we have also

p(nz,ng, X1,22) = p(nz,0, X1, Z3) ¢ (ng) (3.23)

(4) The case (11, 12) = (X1, X»). In this case (3.10) reduces to

2y +u  ngR
pr+1) = p(ng), ng 20 (3.24)
ng+1
The only solutions of (3.24) with finite mass are
p(nZ,nR7X17X2)=p(nZ,OyX17X2)5nR,O (3'25)

(5) The case (11, 12) = (X1, R>). Equation (3.10) takes the form

—(u+y)ngp (ng, X1, R) + u(mr+1) p(mg + 1, X1, R2)
+ymrp+1)phrg+1,X1,X2)=0 (3.26)

Taking into account (3.25) we obtain p (nz, ng + 1, X1, X2) = 0 and (3.26) becomes
—(+y)ngp (g, X1, R2) +u(ng+ 1) pnrg+1, X1, R2) =0
The only solutions of this equation with finite mass are

p(nz,ng, X1, R) = pnz,0, X1, Ry) Sug0 (3.27)
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(6) The case (171, 12) = (R1, X»). A completely symmetric argument yields
p(nanRsRhXZ) :p(nZvO» R11X2)5nR,0 (328)
(7) The case (11, 12) = (R1, Ry). In this case (3.10) becomes

—pungp (ng) + p (g +1) p (g + 1) +y (g + 1) [p (T4 Dr.1£)
+p (Tg Dr2&)] =0 (3.29)

Using the fact that p (T Dg1&) = p (TF Dg2£) = 0 [cf. (3.27), (3.28)] we
obtain

nR

+1) =
p(g+1) P

p (ng)

The general solution of this equation has the form

K>
p(ngr) = Kiduzo0+ wr (1 = 8n.0)

for suitable constants K1, K;. Therefore, the solutions of (3.29) with finite mass have
the form

p(nZ,VLR,Rl,RZ) zp(n270» R11R2)8n1¢,0 (330)
(8) The case (11, 72) = (Z1, R2). Equation (3.10) becomes

—(g+ung) p&) + (gp (T &) +n(r+ 1) p (TFE)) +y (ng + 1)
xp (Tg Dr2E) =0

Then, using p (T Drp2€) = p(z.ng+1,Z1,X2) = pnz,0,Z1,X2)¢
(ng + 1) [cf. (3.22)] we obtain

—(g+unr)p(mr, Z1, R2) + (gp (nr — 1, Z1, R2)
+u(ng+ 1) pnr+1,Z1, Ry)) (3.31)
+ymr+1D)pnz,0,Z1,X2)pmg+1)=0

We can rewrite (3.31) as

Jmr)—Jmr+D+ymr+1)pnz,0,Z1,X2)png+1)=0, ng>0
(3.32)

where
J (ng) = —ungp (ng, Z1,R2) +gp (ng — 1, Z1, R2) ,ng > 1
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Equation (3.32) must be solved with the boundary condition J (0) = 0. Adding
(3.32) for ng > 0 we obtain

(0.¢]
0=yp(nz,0,X1,22) D nge (ng)

ng=1
and since Zﬁiz (nre (ng) > 0, it then follows that
pnz,0,Xy,2Z2)=0 (3.33)
(9) The case (11, 72) = (R1, Z>). Similarly, we obtain by symmetry
pnz,0,Z1,X2) =0 (3.34)

The system of equations (3.13), (3.22), (3.23), (3.25), (3.27), (3.28) provides the
most general solution of (3.10) having probability one.

4 On the dynamics of the process given by (3.7) for ¢ — 0: reduced system

We recall that our goal is to describe the evolution of the stochastic process described
by means of (3.7) for small . The key idea of our (formal) analysis is the following. The
operator L, consists of two pieces. The part %Ll acts in times of order ¢. Therefore,
the corresponding distribution probability in the space of states A is then driven in
times of order ¢ to one of the quasi-steady-states associated to the operator L. Such
a set of equilibria is a convex set given by (3.13), (3.22), (3.23), (3.25), (3.27), (3.28)
and it will be denoted as M 1.

On the other hand, the part L, of the operator L acts in times of order one. Since the
part of the evolution induced by %L 1 is much faster we can assume that the dynamics
induced by L, produces transitions between the quasi-steady-states in M, 1. Notice
that this approach allows us to deduce a reduced dynamics much simpler than the
original one. This approximation, however, is valid for times 7 of order one. A similar
idea of computing reduced dynamics for two scale stochastic processes has been used
in [45].

We describe in Fig. 1 the transitions that can take place between the different
elements of £2. Notice that in Fig. 1 we have classified all possible transitions in three
possible classes. The transitions represented by continuous arrows take place in times
of order ¢. The transitions represented by dashed arrows take place in times of order
one. Finally, the transitions represented by dotted arrows, take place in times of order
one, but they are extremely unlikely, because they have as starting point a short lived
state, with a lifetime of order ¢.

The set of quasi-steady-states M 1 is a convex set generated by convex com-
binations of the following eight functions, which are concentrated only on the sets
St = {(nz, n1, 12)}. We just write the terms of the functions P that are different
from zero [see (3.13), (3.22), (3.23), (3.25), (3.27), (3.28)]
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Fig. 1 Solid arrow fast, dashed Zo@Z— — — — >0 R > 9
arrow slow, dotted arrow slow Al Al Al
and extremely unlikely I [

a

o

1

Y Iy '
X0 " " " e___"Zo0
A A A

| | |

| | |

| | |

| | |
Roe_ — — —“>e____"_=e®
Ry X1 Z1

1 g\"* _e
(nz,Ri,Z2) : P(ng) = =) er
(np)! \
(nz, Ry, X2) : P (nR) = 8ng.0
(nz, R, Ry) : P (nR) = 8np,0
(nz,X1,X2) : P(nR) = dugz0 4.1
(nz, X1, R2) : P (nR) = 8ug0

1 [2g\"F _2
(nz.Zy,Zy): P(ng) = E) o

(np)! \ u

1 g\"* _e

(nz,Zi,Ry) : P(ng) = —— (—) e n.
(np)! \

Notice that the family of states for the reduced system is
(A,ng) € F x Ny
where
AeF={(R, 22, (R, X2), (R, R2), (X1, X2), (X1, R2) , (Z1, Z2) , (21, Rp)}

Notice that  is smaller than £2 due to the fact that the states with (X1, Z») , (Z1, X»)
disappear in times of order €. On the other hand, in the subset of F given by
{(R1, R2), (R1, X2), (X1, R2), (X1, X2)} it is possible to have only np = 0, since
otherwise the R’s would combine with X; or desintegrate in times of order ¢ too. In
other words, the fast transitions indicated in Fig. 1 having as starting point the states
(R1, X2), (X1, X2), (X1, Rp) can take place only if ng # 0. Therefore, the state of
the system can remain during times of order one at the states labeled by those elements
of Fifng =0.

We now compute the transition probabilities between the states given in (4.1) in time
scales of order one, or more precisely in times §¢ satisfying ¢ < 6¢ < 1. During these
time scales we can have with probability very close to one only one slow transition
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Fig. 2 Dashed arrow one slow ° Wf ————————— T
transition and arbitrarily many VAEREEN |
N
fast /o0 \ I
N
I N ‘
N [
[ ib\, ——— e ‘
N

(AN LN [

~ N
oY NN | N I
SN AN AN
@. zZ= T A ‘ 7z = \‘\2

v~ — - _ 7
~N e

combined with arbitrarily many fast transitions. The list of admissible transitions, with
the corresponding probabilities, for the reduced Markov process is the following

RiZ) any Z1Ry: B X1R2:%
XIXZ_) [Z]RQ:OH’ZZ ’ ZIZZ_) IR]ZQS,B ’ RIRZ_) RlXQSIfTMV
RiZy :any Z1Ry any
. _OK . oK’
RiX, —» { X1X2: w2y » Xi1Ry— X1X2: 2y
. _9Y . oy
X1R2 © w2y R1X2 Ty
Ri Xy : B’ X1Ry: BT
R\Z) — , Z1Ry — 4.2
142 [Rle:,B(l—I‘) 12 RiRy: B(1—T) *2)
where

ngR _8
r-3 o &) - (43)

We have represented in the Fig. 2 the set of states in F, as well as the possible
transitions between them in time scales of order one. The details of these computations
are included in Sect. 6. The computation of some of the probabilities in (4.2) requires
some care, because all possible ways of combining a slow transition with many fast
transitions must be taken into account. The details of these computation are given in
Sect. 6. It is relevant to remark (cf. Sect. 6) that I' < 1. It is also important to remark
that in time scales where ¢ is of order one, the state ZZ, is transient, because there
are no transitions which can bring the state of the system to it.

The equation describing the evolution of the probabilities f (11, n2,nz,1t), the
solution of the reduced model, which evolve according to the transition probabilities
(4.2) are the following ones

. 20 1L
Jt (R1, Ry,nz) = L(f)(R1, Ra,nz) —
n+y

+B (A —=D)[f (R, Z2,nz) + [ (Z1, Ry, nz)]

f(R1, Ry, nz)

@ Springer



J Math Chem (2013) 51:1343-1375 1359

o(u+y)
w2y
oy

ou
f (R, X2,nz) + ——f (R1, Ro, nz)
n+2y nw+y

+ BTy, =1yf (Z1, R2,nz — 1)

St (X1, Ra,nz) = L(f) (X1, Ra,nz) — (Otnz-i- )f(Xl,Rz,nz)

+

o(u+y)
w2y

ou
f (X1, Ry,nz) + ——— f(R1, Ra,nz)
n+y

St (R, X2,nz) = L(f) (R1, X2,n7) — (Omz + )f (R1, X2,nz2)

oy
w2y

+ BT =1y f (R1, Za,nz — 1)

Jt(Z1, Ry,nz) = L(f)(Z1,Ra,nz) — Bf (Z1, Ry,nz) +a(nz + 1) f (X1, Ry,nz +1)
+ Bl f (Z1, Zo,nz = D) +a(mz+1) f (X1, X2,nz+ 1)

Ji (R1, Za,nz) = L(f) (R1, Za,nz) — Bf (R1, Za,nz) +a(nz + 1) f (R, X2,nz + 1)
+ Bl 1y f (Z1, Za,nz — D) +a(nz+1) f (X1, X2,nz +1)

fi (X1, Xa,nz) = L(f) (X1, X2,nz) = 2anz f (X1, X2,nz)

+

+ 28 [f (X1, Ry.nz) + f (R, X2, n2)]
n+2y
£ (Z1, Zaunz) = L(f) (Z1. Za.nz) — 2B (Z1. Za.nz) (4.4)

where

L) m,m,nz) =— (K +irnz) f(n,m,nz) + 2z + 1) fOn,n.nz+1)
+K 1, =1 f (m,m,nz — 1) (4.5)

4.1 Equilibrium distribution for the reduced system in the limit 8 — 0

There are no well defined peaks for the stationary solutions of the reduced system (4.4)
if all the transition probabilities are of order one. Therefore, we will assume that one
of the coefficients is small, in order to obtain a clear bistable system. More precisely,
we will assume that 8 > 0 is sufficiently small. In the original chemical system this
just means that the deactivation reaction for the complex Z X; is slower than the other
reactions.

Therefore, we will study asympotic behaviours for the bistability in the regime of
& — 0 and B — 0 in the following subsections.

We will need a general solvability result for a class of problems that will be used
repeatedly in the following arguments.

Lemma 4 Suppose that A > 0 and that the operator L (f) is defined as in (4.5).
Assume that

{g(nz)|n,=0,1,2,...}is a sequence satisfying 22:0 lg (nz)| < oo. Then, there
exists a unique solution of the equation
L(f)(nz) —Af (nz)+gnz)=0, nz=0,1,2,3,.... (4.6)

satisfying 3> _o | f (nz)| < oo.
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Proof Equation (4.6) is a difference equation with a one-parameter family of solutions
which can be parametrized using f (0), since f (1) is determined by the equation in
(4.6) with nz = 0 due to the definition of £ (f) in (4.5). The operator L (f) can be
written in the divergence form fornz > 1:

L(fHnz)=¢nz+1)—¢nz)

where

omz)=Ainzf(nz) —Kf@mnz—-1)

We can then argue as in the proof of Lemma 1 to show that f (nz) — 400 as
nz — oo if f(0) is positive, sufficiently large and f (nz) — —ooc asnz — oo if
f (0) is negative and | f (0)| are sufficiently large. We can then argue as in the proof
of Lemma 1 to show that there exist a value f (0) such that the corresponding solution
f (nz) remains bounded. A detailed analysis of the asymptotics of f (nz) using the
methods in [8] shows ZZZ:O | f (nz)| < oo. The uniqueness of this solution follows
from Maximum Principle Argument. O

We now proceed to study the steady states of (4.4) with B > 0. We first notice that,
since Z;ﬁ:o L(f)(Z1,Zy,nz) =0, the steady states satisfy

f(Z1,Z2,nz) =0 4.7

for any 8 > 0.

In order to compute the asymptotics of the steady states of (4.4) we compute first the
steady states with 8 = 0. Itis possible to have such steady states with f (Z1, Z2,nz) #
0, but, since any positive 8 implies (4.7) we will restrict our analysis to the steady
states satisfying this identity. The steady states satisfying (4.7) are:

fGn,m,nz) =0for (n,n2) ¢ {(R1, Z2), (Z1, Ry)} (4.8)
A (K\"% _« B (K\"* _«
fo(Ri,Zo,nz)=—\—) e * folZi,Ronz)=—\—) e *,
nz! LA nz! LA
A+B=1,A>0,B >0, “4.9)

where A and B will be determined in the analysis that follows.

We now compute the steady states associated to (4.4) using a perturbative argument
for B — 0. We obtain that f (R, R, nz) is of order 8 and it can be computed to this
order solving the equation

201
0=L(f)(R1,Ry,nz) — ——f (R1,R2,nz)
nt+y

+B (A =T)[fo(R1, Z2,nz) + fo(Z1, Ra, nz)] (4.10)
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where the functions fy are as in (4.9). Notice that (4.10) has a unique solution due to
Lemma 4. Moreover, since

1 (K\"? _k
[fO(Rla ZZ’nZ)+fO(Z1’R27nZ)]:—' — e
nz! LA

it follows that f (Ry, R», nz) is independent of the specific values of A, B, at least
to order 8.

On the other hand, we can compute the functions f (X1, Ry, nz), f (R1, X2,nz)
to order B using the equations

+ .
0=L(f) (X1, Ronz) — (anz + M) F X1, Ronz) + —2— f (Ry, Xa.nz)
w2y w2y
+ 28 £ Ry, Raunz) + BT V=1 fo (Z1, Raonz — 1) (4.11)
H+y
+ .
0=L(f) (R, Xa.nz) — (anz + M) £ Ry X2.nz) + —L— [ (X1, Ry, nz)
w2y w2y
+ 28 F Ry, Raunz) + BTz fo (R1, Zanz — 1) (4.12)
n+y

Adding (4.11), (4.12) we obtain

n+2y

2
+ 27 TRy Ryng) + Ty, oy Lo (Z1. Raonz — D + fo (Ry. Zaonz — DI,
uw+yB
(4.13)
where
o (nz) = f(X1,Ra,nz)+ f (R, X2,nz7) (4.14)

Using the fact that f (Rq, Ry, nz) can be solved to order 8 using (4.10) we can
obtain also a solution ® of (4.13) using Lemma 4. Since neither f (R1, Ry, nz) nor
[fo(Z1, R2,nz) + fo (R1, Z2, nz)] depends on the specific choice of A, B the same
happens for the function ® (nz).

We can now compute a closed equation for f (X, Ry, nz) eliminating f(Ry,
X5, nz) from (4.11) using (4.14). Then

o
0=L() (X1, Ranz) = (anz +0) f (X1, Roonz) + +y2y ®(nz) (4.15)
on
+——f (R, Ry,nz) + BI'ly, >0 fo (Z1, Ro,nz — 1)
w+y

and we have a similar equation for f (Ry, X2,nz). We can then prove existence
and uniqueness of f (Ry, X», nz) using again Lemma 4. Notice that the functions
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f(X1,Ry,nz), f(R1,X2,nz) depend on the choice of the values A, B. More
precisely, we can write these functions to order 8 as

f (X1, Ra,nz) = Blo1 (nz) + Box (nz)],  f(R1, X2,nz) = Blo1 (nz) + Apz (nz)]

(4.16)
where @1, ¢> are the unique solutions of
o o (R1, Ro,nz)
L(p1)(nz) —(anz +0) @1 (nz) + Y @ (ny) + n o f z) _ )
nw+2y w+y B
4.17)

1 K\"Z271 &
L(px)(nz) —(anz +0) ¢y (nz) + Fl{nzzl}m (7) e =0
(4.18)

We can now compute f (X1, X3, nz) to order S solving

oup
w+2y

0=L(f)(X1,X2,nz) —2anzf (X1, X2,nz) + ®(nz) (4.19)

where @ is as in (4.14). Since @ is independent of the specific choice of A, B the
same happens for f (X1, X2,nz2).

Finally we can use the equations for f (Z1, Ra,nz), f (Ry, Z2, nz) to determine
the values of A, B. Adding these equations with respect to nz we obtain up to order

0=—8 D fo(Zi,Ro,nz)+a D nzf(X1,Ra,nz)+B D f(Z1,Z2,nz)

nz=0 nz=1 nz=0

o0
+o Z nz f (X1, X2,nz)

nz=1

0=—B D fo(Ri.Zo.nz)+a D nzf (R, Xa.nz2) +B D f(Z1,Z2,nz)

nZ:O nZ:l nZ:O

oo
+a D" nzf (X1, X2, nz)

}1221

Using now (4.9), (4.16) we obtain

00 _K n 00
e » (K\"?
> =) -« D nzpnzy) |B=D (4.20)
nz! \ A
_nz=0 nz=1 _
B 00 _K n 00 ]
e » (K\"?
E - (7) —a E nzga(nz) |A=D 4.21)
| nz= nz=1 i
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where

D=a Y nzgi(n)+ Y. f(Z1.Z2.nz) +% > nzf (X1, Xa.nz)

nz=1 nz=0 nz=1

is independent of the specific choice of A, B. Adding in (4.18) with respect to nz we
obtain

>

aanwz(nz)JraZm("z)—Fz ( )Z )

nz=1 nz=0 nz= 1

whence, using that I' < 1

“znz¢2(nz)<r‘zn'( ) e < Z_:%(_)Z—’.j

I’lzl z

Therefore it follows from (4.20), (4.21) that

A=B=-
2

Itis worthwhile to remark that a similar selection of the probability % has been obtained
in the alignment models studied in [47] for a different type of model, namely a kinetic
model, and where the term responsible for the selection is the nondeterministic char-
acter of the alignment mechanisms. The results in [47] contrast the ones in [38] where
the deterministic character of the dynamics there does not provide any selection mech-
anism among the two states of the system.

5 On the computation of the switching times

As we have seen in Sect. 4.1 the equilibrium distribution for the system described by
the system of reactions (3.1) is concentrated in two different peaks that correspond
to two different states of activation of the molecules involved, if ¢ and 8 are small.
In systems with many molecules it is common to use Kramers’ formula in order
to compute the switching times between two different regions of high probability.
Kramers’ formula, however cannot be used to compute switching times for systems
of molecules described by means of (3.7), (3.8), (3.9). Nevertheless, the methods to
compute the probability distributions for the escape times of transient states of Markov
chains are well established (cf. [23]). We recall them with a simple example and adapt
it later to the study of our specific problem.
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5.1 Analysis of a simplified model

We consider the following simple model with three molecular states
A=%B>,C 5.1)

More precisely, we assume that the system described by means of (5.1) can be just in
one of the three states A, B, C, with probabilities pa, pp, pc respectively. Suppose
that the system (5.1) is initially at state A and we define a stochastic variable ¢ as
the time that it takes for the system (5.1) to change its state to C. Notice that C is an
absorbing state for this Markov chain. The evolution of such transition probabilities
is given by the system of equations

dpa

_— = —)\,

a1 PA + ppB

dpp

L2 —Apa —

ar pa— (p+w)psp

dpc

= = 5.2
ar wpp (5.2)

with p4 + pp + pc = 1. We then have
p{s>1) =1-pc()
p{¢ =1t}) = pc @)

Therefore, the probability density ¢ associated to the stochastic variable t is

T

= wpp (1), P({aSTSb})=/¢(S)dS

a

_ dpc (D)

@ (1) I

where (pa, pp, pc) (t) is obtained by solving (5.2) with initial data (pa, pp, pc)
(0) = (1, 0,0). Then we have

Ao+t
A _ exp(‘—z ’ ) Th—w—p+A) exp _g)
pB (1) A —A 2
_()»+w+p)t)

exp (2552 sh—w—p—2) At
—s G ) (3)

A =22 =270+ 2Ap + 0? + 2wp + p2

with

It then follows that
exp (_ (A+a£+p)t)
pc®)=1—pa@®)—pp®) =1~ A

h At 5+ A)sinh At N At
[(a)—l—p)cos (7)4—( + A)sin (7)— exp (—7):|
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Therefore, we obtain that

dpc (7)
drt
(A+w+p)
exp (- gt N
=—————— 2 | (=A(A—=3w+ p+ A))cosh >

¢ () =

2A

. At At
+(A(A+w+p+A))smh(7) —)\()»+w+,0+A)exp(—7):|

5.2 Switching times for the reduced system (4.4)

We now use a similar argument in order to compute the switching times for the reduced
system (4.4). Since the number of variables involved (and possibilities) is much larger
amore precise definition of the switching time is needed. We will develop a procedure
to compute such switching times in the limit 8 — 0, something that will allow us to
use asymptotic methods.

Ithas been obtained in Sect. 4.1 that for B close to zero the steady states distributions
are concentrated near the two states (Z;, Ry) and (R, Z;) with the values of n; at
equilibrium. We define a switching time variable T by means of the time that it takes
for the distribution of molecules to arrive for the first time to the state (11, 72) =
(R1, Z») assuming that the initial distribution of molecules is given by the probability
distribution

1 K\"* K
f(Z1,Ry,nz) = ] (7) e+, f@,n,nz)=0if (1,m) # (Z1, R2)
(5.3)

It would be possible to assume other initial distributions for f (Z1, Ry, nz), for
instance f (Z1, Ry, nz) = 8,,,¢ for some fixed £. Since the characteristic time scale
for the variation of n 7 is much shorter than the switching time scale all these definitions
would give similar results for small § — 0. We will then assume that the initial
molecule distribution is given by (5.3).

In order to compute the switching time we need to solve the system (4.4) with
f (R1, Z2,nz) = 0 that amounts to assuming that the state (R, Z>) is an absorbing
one for the system. Moreover, the function f (Z1, Z», nz) is decoupled in the resulting
system, and its effect can be ignored, since in the initial state f (Z1, Z2,nz) = 0.
Then (4.4) becomes

2
fz<R1,Rz,nz)=£(f><R1,Rz,nz)—Mi“yf(Rl,Rz,nz)+ﬂ<1—r>f(zl,Rz,nz>
+
fo (X1, Ry nz) = L£(f) (X1, Ry, nz) — (omz + M) £ (X1, Ry, nz)
n+2y
Y F (R Xaonz) + —L F(Ry, Ry.nz)
M+2)/ 1,A2,17 H+V 1, 2,17

+ BTy, >1f (Z1, Ro,ngz — 1)
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o(u+y)
ft (R, X2,nz) = L(f) (R, X2,nz7) — (Olnz +—
n+2y
oy oun
f X1, Ry, nz) + ——f (R1, Rz, nz)
w2y nw+y

fl (lestnZ) :[,(f) (Zl’sznZ)_ﬂf(ZI’R2an)+a(nZ+1)f(X17R27nZ+1)
+amz+1) f(X1,X2,nz+1)
fr (X1, X2,nz) = L(f) (X1, X2,nz) —2anz f (X1, X2,n7)

T8 f (X1, Ry nz) + f (Ry. X2, n2)]) (5.4)
n+2y

)f(RL Xp,nz)

+

This system must be solved with initial data (5.3). Then, the probability of the state
of the system not reaching (11, 72) = (Ry, Z») at time 7 is

> > fGnmanz, o)

{(n1,m2)#(R1,Z2)} nz=0

This probability is the same as P ({¢ > t}). Then, the probability density that describes
the probability distribution is given by

— 9
e)=— za—{(m,nz,nz,t) (5.5)

{(m,m)#(R1,22)} nz=0

Our goal is to solve the system (5.4) with initial data (5.3) for small 8. Kramers’
formula is not suitable for this problem. Nevertheless, the structure of the problem
suggests to look for solutions depending on two time scales, or more precisely, having
the form

fGn,m,nz, t)y=F@n,n,nz,t,t), ©=Ppt (5.6)
FOn,m,nz, t,t)=Fo(,m,nz, t,t)+pF1 (n,n,nz, t,7)+--- (5.7

where, as usual in problems with multiple scales, the dependence of the functions
Fy, F1 on the variable 7 is made in order to avoid the growth of these functions in the

variable 7.
Keeping the leading order terms (of order 1) we obtain

201
Fo,t (R1, Ry,nz) = L(Fy) (R1, Ry, nz) — ity Fo (R, Ry, nz)

o(u+y)
Fot (X1, Ry, nz) = L (Fo) (X1, Ra,nz) — (Omz + _'_72)/) Fo (X1, Ry, nz)
+ -2 Fy(Ry, Xa.nz) + 2 Foy Ry, Raunz)
0 1. &2,z 0 1. KX2,nz
u+2y n+y
o(n+y)
Fo,r (R, X2,nz) = L(Fp) (R, X2,n7) — (Otnz + 7) Fo (R1, X2,nz)
u+2y
+ Fo (X1, Ro.ny) + —2 Fy (R, Ro.ny)
0(X1, Ry, nz 0(R1, Ry, nz
w2y w+y
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Fot (Z1,Ro,ngz) = L(Fy) (Z1,Ry,nz) +a(nz +1) Fo (X1, Ry,nz + 1)
+ta(nz+1)Fy (X, Xo,nz+1)
Fo: (X1, X2,nz) = L(Fp) (X1, X2,nz) —2anz Fy (X1, X2,nz)

ou
[Fo (X1, Ry, nz) + Fo (Ry, X2,n2)]

+
u+2y

It is readily seen that the functions Fy (R, Ry,nz), [Fo (R, X2,nz) + Fo
(X1, R2,nz)], Fo (X1, X2, nz) decrease exponentially in time scales of order one.
In particular this implies also that Fy (Ry, X2,nz) and Fo (X1, R2, nz) decrease
exponentially. On the other hand Fy (Z1, R»,nz) approaches to a solution of
L (Fp) (Z1, Ry,nz) = 0 for these time scales. Therefore, in the long time scale t
we can assume that Fy (11, n2, nz) = 0 for (n1, n2) # (Z1, R2). In order to compute
the rate of change of Fy (Z1, R, nz) in the time scale T we need to compute the equa-
tions for F| (n1, n2,nz), (n1, M) # (Z1, R2). To this end, we just keep the terms of
order S that result from plugging (5.7) into (5.4). We then obtain

20 1L
Fi: (R, Ry, nz) = L(F1) (R, Ry, nz) —
nty

Fi(Ry, Ry, ngz)

+ (1 —=T)Fy(Zi,R2,nz)
o(u+y)
w2y

1 (R X n )
’ bl

+T',>13F0 (Z1, Ry,nz — 1)

Fi1:(X1,Ry,nz) = L(F) (X1, Ra,nz) — (Olnz + ) F1 (X1, Ry, nz)

+ ) Fi (Ry, Ry, nz)

o(n+y)
w2y
ou
Fi (X1, Ry,nz) + Fi (R, Ry,nz)
n+y

Fi: (R, X2,nz) = L(F) (R, X2,nz) — (Omz + ) Fi (R1, X2,nz)

oy
+M+2V
For (Z1, Ra,nz) + Fi(Z1, Ry, nz)
=—Fy(Z1, Ry,nz) + L(F1) (Z1, Ra,nz)
+a(nz+1)F (X1,Ry,nz+1)
+oanz+1)F1 (X1, X2,nz+1)
Fi (X1, Xa,nz) = L(F1) (X1, X2,nz) —2anz Fy (X1, X2,n7)

ou
[F1 (X1, Ra,nz) + Fi (R1, X2,nz)] (5.8)
n+2y

+

Since the time scale for stabilization of the functions Fi (11, n2,nz), (01, 1) #
(Z1, Ry) is of order one, we can assume that all these functions are in the steady regime
for relevant changes of the time scale . On the other hand, since Fy (Z1, Ry, nz)
reaches the equilibrium in times ¢ of order one we have

Fo(Z1, Ra,nz) = A(t) Yo (Z1, Ry, nz) (5.9
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where A () > 0, A(0) = 1 and Yo (Z1, Ro.nz) = 757 (X)" e % Notice that
an:O Yo (Z1, Ry, nz) = 1. Due to the linearity of (5.8) there is a linear mapping

Fo(Z1, Ry, nz) — {F1 (1, n2,nz), (n1,n2) # (Z1, Ro)}

which can be written as follows. We define functions ¥{ (n1, n2,nz), (1, n2) #
(Z1, R») as the solutions of

2
0= L) (R, Ry.nz) — %wl (R1, Ry.nz) + (1 — D) Yo (Z1, Ry, nz)

o(n+y)

0=£(W1)(X1,R2,nz)—(omz+ P

)Wl (X1, Ro,nz)

oyB
Y1 (Rl,Xz,nz)—f- 101 (R1, R2,nz)
w+2y
+ T, =190 (Z1, Ro,nz — 1)
0( + )

+2 Y1 (X1,R2,nz)+ xlfl (R1, Ra,nz)
0= E(lﬂl) (X1,X2,nz) — ZOlnzllfl (X1, Xo,nz)
+ [¥1 (X1, Ry, nz) + 1 (Ry, X2, n7)] (5.10)

o
n+2y
Existence and uniqueness of these functions follow from Lemma 4. In the case of
Y1 (X1, R2,nz), ¥ (R1, X2,nz) we must consider first the equation satisfied by

[V (X1, Ra,nz) + Y1 (Ry, X2, nz)] as in the analysis of (4.11), (4.12).
Taking into account (5.9) we obtain

Fir(mi,m,nz) =A@ Y1 (1, m,nz), (1,m) # (Z1, Ry) (5.11)

On the other hand we must determine Fy ; (Z1, Rz, nz) that imposes a compatibility
condition in order to avoid linear growth of the solutions of the fourth equation of
(5.8). This condition reads as

o0 o0 o0
> For(Zi.Rynz)=— > Fo(Zi.Ranz)+a D (nz+ 1) Fi (X1, Ry.nz + 1)

nz=0 nz=0 nz=0

+a > (nz+ 1) Fi (X1, X2,nz +1) (5.12)

nz=0
Using (5.9), (5.11), as well as the initial distribution (5.3) we obtain

dA (1)
dt
A0) =1

= —xA®D) (5.13)
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where

o0 oo
Xx=1—a > nzyi (X1, Ra,nz) —a D nzyn (X1, X2,nz)  (5.14)

nz=1 nz=1

We now claim that y is strictly positive. This would imply that A (7) approaches
asymptotically to its equilibrium value A = 0 as t — oo. In order to prove this we
must study the properties of the solutions of (5.10). Notice that these equations have
many analogies with the steady state equations analyzed in Sect. 4.1. Actually they
can be analyzed along similar lines. Notice first that

Y1 (R1, Ra,nz) = f(R1, Ry, nz)

with f (R1, Ra, nz) asin (4.10). On the other hand the equations for y| (X1, R2,nz),
¥1 (Ry, X2, nz)in(5.10) are the same as the ones for f1 (X1, R2,nz), f1 (R1, X2,n7)
in (4.11), (4.12) with A =0, B = 1in (4.9). Then

Y1 (X1, Ra,nz) =1 (nz) + 2 (nz), ¥1(Ri, X2,nz) =¢1(nz) (5.15)

with 1, ¢ asin (4.17), (4.18) with w replaced by ¥ (R1, R, nz). A similar
argument yields

f1 (X1, X2, nz)
B

with fi (X1, X2,nz) asin (4.19) and @ (nz) = ¥1 (R1, X2, nz) + Y1 (X1, Ra, nz).
Using all these identities it follows that

Yy (X1, X2, nz) =

x=1l—a D nzlpi(nz) + 2 ()] —a D nzy (X1, Xa,nz) (5.16)

nz=1 nz=1

We notice that x > 0. To check this we argue as follows. Using (5.15) and (4.14)
we obtain

D (nz) =291 (nz)+¢2(nz) (5.17)

On the other hand, adding (4.19) with M replaced by ¥ (X1, X2,nz) and
using also (5.17) we obtain, after dividing by 2

o o0 oo
on oun
o nzyi (X1, Xo,nz) = 5——— ®(nz) = @1 (nz)

nz_ll 2(u+2y) Z_:() n+2y Z_:()

z= nz= nz=

on ad
o5 2L v (nz) (5.18)
2(n+2y) HZZ::O

@ Springer



1370 J Math Chem (2013) 51:1343-1375

On the other hand, adding (4.17) with M replaced by V1 (R, R2, nz) we
obtain

oo oo o0 oo
oy on
a nzei(nz) +o ¢1(nz) = D (nz)+ Y1 (R, Ra,nz)
Z Z M+2y Z H+J/ nZZ::()

nz=1 nz=0 nz=0

and using (5.17) we obtain

a D nzei(ng) =— °r D o)+ ke > ¢ (nz)

nz=1 IJ«"FZV nz=0 M+2]/ nz=0
O~
+ Y1 (R, Ry, nz) (5.19)
m+ Y nzzzo
On the other hand, adding (4.18) over nz we obtain
o o0
a D nzgr(nz)+0 D ¢r(nz) =T (5.20)

nz=1 nz=0

Adding the first equation in (5.10) and dividing by 2

-0
2

ou
nw+y

> Ui (R, Ryng) = (5.21)

nz=0

Using (5.21) to eliminate the last term in (5.19) and adding the resulting equation
to (5.18) and (5.20) we obtain, after some simplifications

1+T)
2

o 3 Iz (12) +nz¢2 () +nzyn (X1 Xanp)l = =2 3" @2 (nz) +

nz=1 nz=0

(5.22)

Using the definition of x in (5.14) we finally obtain

1-T ad
X=( 7 )+%Z<pz(nz)

nz=0

and since I' < 1 we obtain x > 0. This gives the desired exponential decay of A (7)
in (5.13).
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6 Computation of the transition probabilities in Sect. 4

In this section, we include the computations of the transition probabilities in Sect. 4.
Since the computations on other transition probabilities are either easy to deduce or
similar to one of the computations below, we will focus on the transitions from R R»
to R1X» and from R Z> to Ry X> just to illustrate the method used.

ey

(@)

To compute the transition probability from Rj Ry to R1 X», we let T = /¢, where
& Kt K 1. Letus denote as 6;, k =1, 2, 3 the following states

0r=mr=0,R;,R2), b=mr=1R1,X2), 63=(mr=0,Ry, X2),

and let f (6, 7) be their probability at 6, at time 7. Since the lifetime of the state
0 is of order ¢, and the molecule R has a lifetime of order ¢ in absence of Z; or
Z> (cf. (3.1) and also (4.1)), the transition from R R> to RjX> can take place in
times of order one, only by means of the transition from 6; to 63. Using (3.1) we
obtain that f (6, 7), k = 1, 2, 3 satisfy, to the leading order, the following ODE
system

a
a—f 01, 7) =yf (61.7)
T

of
8—(92,1) =—(u+y) f,1)
T

9
a—f 03, 7) = nf (03, 7) 6.1)
T

with the initial condition f (61,0) = 0, f (62,0) = 1, f (63,0) = 0. We have
neglected in (6.1) transition probabilities of order ¢, associated to fast transitions.
Solving (6.1), we find

f (6, 1) = e—(M+V)T’ f6,1)= ﬁ [1 _ e-(u+)’)r] , £ (61, 7)

__7 [1 _ e—(u+y)r] (6.2)
n+y

Thus, in time scales of order ¢ < ¢ « 1, the transition probability for unit of time
from R{ R, to Ry X> is the product of the transition probability from 6 to 6, by
the transition probability during such intermediate scale from 6; to 63. The former
probability is o, and the second one is, due to our choice of time scales, f (62, 0c0) =
#. Therefore, the transition rate from Ry R, to R; X> is % The computation
of the transition rate from R R to X{R; is similar. On the other hand all the
transition probabilities starting at the states R1 X7, X1R2, Z1Z>, X1X2, RiR>
can be computed in a similar form.

To compute the transition probabilities starting at the point RjZ, we must take
into account that the number n g must eventually jump to zero after a finite number
of fast transitions. The states accessible from R{Z> by means of one slow tran-
sition and an arbitrary number of fast transitions are Ry X7, R|R;. The first step
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in either of these transitions is a slow transition from the state (ng, R1Z>) to the
state (ng, R1, X2). We now notice that there are two different fast ways for the
state (ng, Ry, X») to lose one molecule R, that are respectively a transition cor-
responding to (ng — 1, Ry, X») or a transition to (ng — 1, Ry, R>). In the second
case, the state of the molecules Ry, R» cannot be modified any longer by means
of fast transitions, and therefore the final state, for times ¢ satisfying ¢ < t < 1
would be (R, Ry) withng = 0. Let us denote as 6 (ng) the transition probability
from (ng, R1, X7)to (0, Ry, X7). Notice, that in order to have a transition between
these two states we must have the following chain of events that takes place by
means of fast transitions

(ng, R1, X2) =" (ng — 1, Ry, X2) =" --- =" (0, Ry, X2)
Arguing as in the derivation of (6.2) we obtain that the following transition proba-

bility for the transitions (k, Ry, X7) — (k — 1, Ry, X2), k > 1is given by uryk'
Therefore

1
(142 k)

Since the distribution of the variable n g in the state R; Z,, intime scalese < t < 1
is the one given in the last formula of (4.1), it then follows that the transition
probability of Ry Z; to R; X7 is BI" with

6 (ng) =

00 00 1 (%)’m 37%
=Y Pur)0(ng) = Y,

I
= a0 (ng)! 1%, (1 + % .k)

_ e 1 < (5)"
- F(1+V)n§0(nR)!r(nR+1+§) ©

The computation of the transition probability from R Z> to Ry R» is similar. Notice

that since 6 (ng) < 1 it readily follows from (6.3) that I' < 1, using the identity
£ 00 1 g nRr
e = 2p=0 ot (e

7 Concluding remarks

In this paper we study a stochastic system of chemical reactions characterized by
different times of chemical reaction. We have shown that in some suitable limit, the
system under consideration exhibits bistability. We have computed also in the same
asymptotic limit formulas for the probability distributions of switching times between
the two stable states of the system. Due to the fact that the number of molecules of
the system remains of order one, such computation cannot be made using the classical
Kramers’ formula. Other chemical systems containing a large number of chemical
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species, but exhibiting also bistability and where Kramers’ formula cannot be used
either, are considered in the companion paper [34].
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