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Summary

Models of stochastic chemical reaction networks (CRN) represent the time-
evolution of the number of molecules of different species reacting with each other.
The system is composed of a finite number of species, reacting according to a
finite number of chemical reactions. Though initially studied in the 70’s through
a determinist setting, considering the concentration of each species, the stochastic
models proved to be more pertinent when one of the species is present with only a
small number of molecules.

The state of the system is given by the number of molecules of each species
at time ¢. Associating to every reaction a velocity that satisfies the law of mass
action, the system is represented by a continuous time Markov jump process, with
transitions given by each possible reaction, whose rates are polynomial in the state
of the process.

The choice of kinetics for the reactions create two specific features for the
system that will be studied in this work: the rates of reactions polynomial in the
state are the source of a variety of timescales in the processes. Besides, when one
of the species is in small number, the rates of the transitions can present some
discontinuities. The combination of both features are the source of interesting time
evolution of the processes.

In this work, we aim to study these time evolutions. Scaling methods such as
averaging principles and time changes are used to study the processes.

Chapter [2| tackles two subjects: first, the Filonov’s criterion, useful to show the
stability of the process associated to the CRN is introduced. We then study several
examples of CRN, with associated process that exhibits interesting time evolutions
starting from states in the boundary of the domain.

In Chapter [3] we study the process associated to a specific CRN. From a par-
ticular type of initial state in the boundary of the domain, we show that after a
scaling, the process converges to a discontinuous Markov process, of the AIMD type
(addition increase, multiplicative decrease).

In Chapter[d we study a class of CRNs for which the different processes present
a hierarchy of timescales. A limit theorem for the scaled processes is shown.

The last Chapter [f] presents a technical result on CRN with only two species,
showing that the process always reaches the boundary of the domain after an inte-
grable time.

Key words. Chemical reaction networks. Stochastic processes. Markov pro-
cesses. Scaling methods. Multiple timescales. Averaging principle. Time changes.
Lyapunov methods.






Résumé

Les modeles stochastiques de réseaux de réaction chimiques (CRN) représentent
I’évolution temporelle du nombre de molécules des especes présentes dans le systeme.
Ce dernier est composé d’un nombre fini d’especes, qui réagissent entre elles via un
nombre fini de réactions chimiques. Initialement étudiés dans le cadre déterministe
en considérant les concentrations de chaque espece, les modeles stochastiques s’ave-
rent plus pertinents quand une des espéces est présente en petit nombre.

L’état du systeme est donné par le nombre de molécules de chaque espece au
temps t. En associant une vitesse a chaque réaction, suivant la loi d’action de masse,
le systeme est représenté par un processus de saut de Markov a temps continu. Les
transitions du processus sont données par les réactions, et leur taux est polynomial
en I’état du processus.

Le choix de cette cinétique est a I'origine des deux spécificités de ces systemes,
qui seront étudiées dans ce manuscrit: premiérement, di aux taux polynomiaux
en l’état, le processus évolue sur plusieurs échelles de temps. Par ailleurs, sur les
frontieres du domaines (une espéce au moins est présente dans le systéme en petit
nombre), les vitesses de réactions peuvent présenter des discontinuités. La super-
position de ces deux particularités est a 'origine des comportements intéressants
de ces processus.

Dans ce manuscrit, nous étudions 1’évolution temporelle de ces processus, en
utilisant des outils de “scaling”, tels que le principe de “stochastic averaging” et
des changement de temps.

Le chapitre [2| aborde deux problématiques : premierement, nous introduisons
le critere de Filonov, utilisé pour montrer la stabilité de ces systémes. Puis nous
étudions différents exemples de CRN, dont les processus associés présentent des
évolutions temporelles intéressantes.

Dans le chapitre [3] nous étudions le processus associé & un exemple de réseau
chimique. Nous montrons que, partant d’un état pres du bord du domaine, le
processus renormalisé converge vers un processus de Markov discontinu, de type
AIMD (croissance additive, décroissance multiplicative).

Dans le chapitre[d] nous étudions une classe de CRNs pour laquelle le processus
associé présente une hiérarchie d’échelles de temps. Un théoréme limite est montré
pour le processus renormalisé.

Le dernier chapitre [5] présente un résultat technique pour une classe de réseaux
a deux especes, et montre que si le processus part du centre du domaine, il retourne
au bord en un temps intégrable, quel que soit le réseau regardé.

Mots clefs. Réseaux de réactions chimiques. Processus stochastique. Pro-
cessus de Markov. Méthodes de scaling. Echelles de temps multliples. Principe
d’averaging. CHangements de temps.
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CHAPTER 1

Introduction
Contents
1. Chemical Reaction Networks| 9
2.  Deterministic models of CRIN| 10
3. Stochastic models of CRN| 12
4. _Mathematical toolsl 15
[E—Contributions| 21
1.A. 'Topologies in the Skorokhod space 29
1.B. roof of the Deficiency zero theorems| 32

1. Chemical Reaction Networks

A model of chemical reaction network represents a system of molecules of differ-
ent species, on which different reactions can occur. For example, Michaelis-Menten
enzyme-substrate model is a chemical reaction network :

(1.1) E+S=FES—~E+P

This system has four species E, S, ES and P, and three reactions, represented by
the arrows. The reaction £ + S — ES uses a molecule of £ and a molecule of S
to create a molecule of E'S.

Chemical reaction network theory aims to give a mathematical framework to
study the time evolution of the quantity of molecules of each species.
Formally, we define a chemical reaction network (CRN) as a triple of finite sets
(S,C,R). The set S is the set of chemical species. For a model with m species,
m > 1, we will usually set S = {1,...,m}, and the species ¢ will often be written
as S;.
C is a set containing linear combinations of species called complexes, which will
represent the reactant and product of the reactions. It is a subset of N, where
N={0,1,2,...} : for y = (y;)1<i<m € C, we will often use the notation

m
Y=y151+ .+ YmSm :Zyisia
i=1

and the notation @) refers to the complex associated to the null vector of N™. For
a complex y, the integer y; is called the stoichiometric coefficient of the species S;
in y.

Finally, R is a finite subset of C2\ {(y,y), y € C} that represents the chemical
reactions. An element (y~—,yT) € R will be written y~ — y*. It basically corre-
sponds to the transformation of ;" molecules of \S; into yj' molecules of S;, for all 7.

The vocabulary of chemistry is traditionally used in the CRN theory (species,
reactions, etc.) but the models do not necessarily represent real chemical systems.

9



10 1. INTRODUCTION

The system is not necessarily closed, and reaction creating or removing molecules
without a mass conservation are allowed, as input reactions ) — y for y € C, output
reactions y — (), or reactions of the form S; — S; + Ss or 251 + S5 — Ss.

It is assumed that each species is present in at least one complex, and each complex
is involved in at least one reaction.

A CRN can be also represented by an oriented graph, called the reaction graph,
whose vertices are the complexes and whose set of directed edges is R.

S14+8 — 51

N

) —— 52
FiGurE 1. Example of a CRN

For the CRN of Figure (1] the set of species is S={1, 2}, the set of complexes is
C={0, S1+S52, 51,5} and the set of reactions is

R = {(@, SQ), (SQ, @), (SQ, 51+SQ), (S1+SQ, Sl), (Sl, SQ)}

The models of CRN can be either studied from a deterministic or a stochastic
point of view, depending on the number of elements of each species present initially
in the system.

When the system has a large number of molecules of each species, it is usually
described by a deterministic model, which gives the time evolution of the concen-
tration of each species. The state of the system is an element of the continuous
space R'"*. These models are historically the first models of CRNs that have been
studied from a mathematical point of view, they are described in Section

However, when at least one of the species is present in a small number, the
time evolution of the system has to be represented by a stochastic discrete model of
CRN,usually a Markov process. In this setting, we study the number of molecules
of each species, and the state of the system is an element of N™. These stochastic
models of CRNs are the models studied in this PhD thesis. A formal definition of
these models is given in Section [3]

2. Deterministic models of CRIN

The deterministic model is usually used to describe systems for which all species
are in large number, of the order of Avogadro’s number (10%3) for example. The
relevant quantity to represent the system is here the concentration of each species.
The non negative real valued vector z(t) € R contains the concentration of each
species at time t.

To describe the evolution of (z(t)), one needs to define the kinetics for the
reactions.

2.1. Mass action kinetic and dynamic. Initially introduced by the math-
ematician Guldberg and the chemist Waage in 1864 in [35], the law of mass action
states that the velocity of a reaction is proportional to the concentration of the
reactant, at the power their stoichiometric coefficient. As an example, a reaction
ry = S1+52 — S3 will have a velocity proportional to zjxs, if x; stands for the
concentration of species S;. The positive coefficient of proportionality is noted k..,
and is called the constant rate of reaction. For the reaction ro = 257 — Ss, the
velocity will be quadratic in x7 : of the form r,,z%.
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Generally, using the notation, for z = (x;) € R and y = (y;) € N,

m
Y — I I Yi
rv = ',
i=1

with the convention 0° = 1, the velocity of reaction » = y~ — y* in state z € R™
is given by:

m —
vp(z) = Kpa¥ =k, fol .
i=1

At time ¢, the velocity of reaction r depends only on the state of the system.
This choice of kinetics is usually chosen when the considered model is well stirred:
the molecules are well mixed in the system, and the spatial dimension does not
have to be taken into account. We will always assume the mass action kinetics for
the models of CRN studied.

To a CRN, we can associate a set (k.,7 € R), where k, is the constant of
reaction of . We will use the notation (S,C, R, k) to designate the CRN with mass
action kinetics.

The ordinary differential equation (ODE) associated to this CRN is deduced
from this kinetic: for t > 0, for all 1 <1i < m,

12 D= Y w6 )= Ym0 G ).

r=y~—yteR r=y~—yteR

We will see later that some properties of mathematical models of CRN do not
depend on the specific choice of k,, as long as they are positive. In fact, part
of the theory aims to find such properties that depend only on the graph of the
CRN (provided that the mass action kinetic is chosen). In the following, when not
mentioned otherwise, we will assume that the x, = 1 for all reactions.

2.2. Preliminaries of CRN theory. The purpose of deterministic CRN
theory is to give some insights on the solutions of ODE : existence, uniqueness
and stability of a equilibrium states are investigated.

First, note that a solution of ODE is not necessarily defined for all ¢ > 0.
As an example, if (z(t)) is solution of the ODE associated to the CRN

251 — 351,
and z(0) = zo > 0,
x(t) = ﬁ, fOr te [07 1/I0),
zo
and (z(t)) goes to infinity in a finite time. The solution is only defined on a finite
interval [0,1/2¢). This is one of the difficulties raised by polynomial ODEs.

The solution (z(t)) of the ODE (1.2) lives in a subspace of R, called the
stoichiometric compatibility class: for t > 0,
z(t) € (x(0) + S) NRT,

where S is the vector space generated by {y* —y~,y~—ytTeR}:

(1.3) g S alt-y), (a) €RR

r=y~ 4\y+ ER

When mentioning the “uniqueness” or the “stability” of an equilibrium, we always

refer to uniqueness and stability within each stoichiometric compatibility class.
One of the goals of the CRN theory is to find some conditions on the graph of

the CRN to ensure the existence, uniqueness and stability of a positive equilibrium
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for the ODE . A condition on the graph is by definition independent of the
constants (K., € R) chosen.

A central result in this field is the Deficiency zero theorem. To state it, we
need first to introduce some definitions of properties verified by the graph of a
given CRN.

The connected components of the graph of a CRN determine a partition of the
complexes into linkage classes. For example, the CRN

(1.4) Si=0, 25 =5,+5 — 8,

has two linkage classes, {S1,0} and {257, Ss + S1, 52}

A path from complex y to complex 3/’ is a finite sequence of reactions that goes
from y to y': it corresponds to a directed path in the graph of the CRN. For example,
in the CRN , there is a path from 257 to So, given by 257 —S5+51—=55. A
CRN is called weakly reversible if for y, 1y’ € C, if there is a path from y to 3/, then
we can find a path from gy’ to y.

The CRN of Figure|l|is weakly reversible. However, the CRN of Relation
is not weakly reversible, since there is a path from 25; to S; but no path from S,
to 251

The deficiency of the CRN is the integer
(1.5) s e —e—s,
where / is the number of linkage classes of the CRN, and s is the dimension of the
vector space S introduced in Relation (L.3). It can be shown (see Section of
the Appendix) that the deficiency is a non negative integer. For example, the CRN
of Figure [I] has deficiency 6 = 4 — 1 — 2 = 1, whereas the CRN given in Figure
has deficiency 0.

K2
Sy — 51455

N

F1GURE 2. A weakly reversible CRN, with deficiency 0.

K12

S

We can now state a simple version of the Deficiency zero theorem.
2.3. Deficiency zero theorem.

THEOREM 1.1. Let {S,C, R} be a weakly reversible CRN with deficiency zero.
For any constant of reactions k, the solution of the ODE associated to the deter-
ministic CRN with mass action kinetic {S,C, R, k} has precisely one equilibrium in
each of its positive stoichiometric compatibility class. Besides, that equilibrium is
asymptotically locally stable.

This theorem has been established by Feinberg in [28] and [25]. Note that the
full statement of Deficiency zero theorem actually says more than what is given
here, see the cited reference for the original theorem.

A sketch of the proof of this theorem is given in the Appendix [I.B]

3. Stochastic models of CRN

As mentioned above, the deterministic model of CRN is well suited when all
species are present in the system in large numbers. However, when at least one of
the species of the system is present in small numbers, its time evolution is usually
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better represented by a stochastic discrete model of CRN. In this configuration,
we study a process (X(t)) on N™ that represents the number of molecules of each
species at time t.

3.1. Kinetic of the reactions. Similarly to the deterministic models, we will
use here the law of mass action to define the kinetics of the model. In the spirit
of the heuristic reasoning of Guldberg and Waage, see Voit et al. |76], we want to
find for each reaction a kinetic that would depend only on the state of the system,
i.e. on the number of molecules of each species at the given time. We give here an
intuitive approach to the definition of the kinetic.

If we are at state x € N, lets focus on a reaction r of the form S; + So—vy,
where y stands for any complex (different from S; 4+ S3). Assume that two given
molecules of S; and S, meet and react after an exponential time with rate &,
(written &£(k,)). Since there are zizs pairs of such molecules in the system, we
would have such a reaction r happening after a time with exponential distribution
E(krr122).

Similarly, for a reaction ry of the form S; — y, one molecule of species S; would
react with this reaction after a time £(ky,,). Since there are x; molecules of S; in
the system, we would have reaction ro happening after a time with distribution
E(x1Kpy).

Finally, if we look at a reaction r3 of the form 2S; — y, since there are only
x1(x1 — 1)/2 such pairs, with the same ideas we will get a reaction after a time
E(kryx1 (1 —1)/2).

We can generalize this principle to a reaction r = y~ — y™: setting
(16) {)\r(x) =k [1in, (rﬁiy'[)' if for all i, x; >y,

Ar(z) =0 otherwise,
the reaction r will happen after a time £(\.(z)) (the division by y; ! is here con-
tained in the constant x,). The following notation is often used :

m 25! . . 4 _
(w7 L) — {Hi:l T if for all 4, x; >y;,

0 otherwise.

Note that if the state 2 € N, is such that z; < y; for some species ¢, i.e. if
there are not enough molecules of species i to do reaction 7, A.(z) = 0 and the
reaction can’t happen. This ensures the non-negativity of the reachable states.

This allows us to define formally the process (X (¢)). Since the rate of the
reactions are only dependent on the state of the system, the process is a Markov
process. It is well defined by a continuous time Markov process on N, with
transitions given by, for r =y — y € R:

(1.8) r oty —y atrate ().

This kinetic is relevant as long as the system is “well stirred”, since the kinetic
of the reactions do not have a spatial dependance.

3.2. Specificity of the stochastic model of CRN. A process associated to
a stochastic CRN with mass action kinetics exhibit several specific features. First,
the rates of transitions being polynomial in the state variable, the time between two
jumps of the process cannot be lower bounded in general and therefore may lead
to explosion for some CRNs. As an example, the process associated to the CRN
257 — 351, represents a pure birth process, and starting from xg > 2, it explodes
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almost surely in a finite time whose distribution is given by
+o00
Ej
= <
¢=2. Rk—1) =%
k=xg

where (E;) are i.i.d. random variables exponentially distributed with rate 1.
In particular, it is not clear if the process (X (t)) is stochastically bounded on
a time interval [0,7T] for T' > 0, and we don’t necessarily have

P <sup | X(®)] < oo) =1
t<T

Polynomial rates will also create different timescales for the different reactions.
For example, in the following CRN,

25’14@45‘1’*52,

when the initial state is of the form (N, N) with N large, reaction 257 — @ is most
likely to happen before the other reactions, and it will even happen O(N) times
before another reaction may happen. The timescales associated to each of these
three reactions are very different.

A second specificity of this choice of transition rates is seen on the boundary
of the space of states. If one of the species has only a few molecules in the system,
some reaction may not happen. For example, if we start from the initial state
(x1,22) = (0,22) in the CRN

0 —S1+S5,—5 —0,

the only reaction that can happen is ) — S; + S, since both other reactions need
a molecule of S;. We will see that this particularity of the stochastic models is at
the origin of very interesting behaviors for the sample paths of the process.

These two features of the models of stochastic CRN with mass action kinetic
are the source of difficulties, in particular to prove their stability.

3.3. Stability of a stochastic CRN. Similarly, as in the study of determin-
istic CRN, one of the main interest is the stability property of these models. Since
the mathematical model is a continuous time Markov jump process, the term “sta-
bility” refers to the positive recurrence of the associated Markov process. Assuming
that the process is irreducible on & C N™, it is positive recurrent if one can find
an invariant distribution g, on &y, solution of the equation, for all x € &,

Y me@ty —y)MEty —y) =7 (@) Y M),

r=y-—yteR reR
and, in this case, the following limit holds :

tlg-nooIP(X(t) EA):ﬂ'gD(A), VA C &.

A lot of studies have been carried out on the stochastic CRN that try to give
a general criterion on the graph of the CRN that would ensure its stability. See for
example Anderson and Kim [8], Anderson et al. [9], [10].

The most famous result on this question is the (stochastic) Deficiency zero
theorem, which is a consequence of the eponymous stability theorem for the deter-
ministic CRNs (see Theorem [I.1]), due to Anderson et al. [7].

The Deficiency zero theorem for stochastic models shows that if the graph of
the CRN verifies the same conditions as in Theorem [I.1] i.e. if the CRN is weakly
reversible and has deficiency zero, then, whatever the (positive) constant rates of
the reactions are, the process associated is positive recurrent, and it even gives an
explicit expression of its invariant distribution. See Anderson et al. [7].
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THEOREM 1.2. Let (S,C,R) be a weakly reversible CRN with deficiency zero
and k a set of reaction constant. Let (X(t)) be the Markov process associated to
the stochastic CRN with mass action kinetic (S,C, R, k), whose Q-matriz is given
by @, irreducible on Eg C N™. The positive measure on &y, defined by

T
(1.9) e, (r) = H g Vo € &,

i=1 7Y

where ¢ is an equilibrium of the determinist CRN with mass action (S,C, R, k), is
an invariant measure of (X (t)).

See Appendix for the proof.

This powerful result applies only to a class of specific CRN, and outside of this
class, almost no stability results stands, though the following conjecture is believed
to be true :

CONJECTURE 1.3. A continuous time Markov jump process associated to a
weakly reversible stochastic CRN with mass action kinetic is always positive recur-
rent.

It has not been proven until now.
However, several weaker results have been shown, and tools have been devel-
oped to try to show this conjecture, all held on the Lyapunov theorem.

4. Mathematical tools

This Section is dedicated to the presentation of several mathematical tools used
to study stochastic CRNs.

In the following, unless otherwise specified, (X (t)) is a continuous time Markov
process on N associated to a stochastic CRN with mass action kinetic (S,C, R, k),
with S = {1,...,m}.

4.1. Stability criterion. To show the stability of the process associated to
a stochastic CRN, and if the Deficiency zero theorem does not hold, the ideas of a
Lyapunov criterion can be useful. It consists in showing that the “energy” of the
system is decreasing: Here, we will call Energy function a non negative function
on the set of states N, that goes to infinity when the state gets large, i.e. that
verifies

lim f(z) = +oo.

llzl|—+o0
The Energy function used the most in the CRN theory community is the Entropy
function, defined as

V(z) = le In(x;) —x; + 1.
i=1

We will also use as energy function the norm L', || - ||1, linear functions of the
form x — a1z + ... + amTm, with a; > 0 for all 4, or polynomials of the form
x = azl + ..+ apxde for ¢; > 1.

The goal is to define the energy of the system such that it decreases with time,
if the initial state is large enough. This method is often used in the literature of
stochastic CRN, with the Foster-Lyapunov criterion. Let A be the infinitesimal
generator of the process with QQ-matrix given by :

(1.10) AP = > M@fe+y"—y) - f(2)),
r=y-—=yter

for any function f: N™ — R and = € N™.
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The Foster-Lyapunov criterion is the following : if one can find an energy
function fy, a finite subset K C N™ and some v > 0 such that

A(fo)(z) < —y for e N™\K,

then the process is positive recurrent.

This criterion has been extensively used in Anderson and Kim [8], Anderson
et al. [9], Anderson et al. [10] to show the stability of some classes of stochastic
CRN, using the Entropy function as an Energy function.

4.2. Scaling analysis.

4.2.1. Motivation. Knowing that a process is stable, or even the explicit ex-
pression of its invariant distribution only gives information on its the long term
behavior, and not on its transient behavior. If we are looking for some results on
the sample paths of the process, or the value of a hitting time (time needed by the
process to reach a set A C N™ from a state x), some other methods have to be
used.

One of the tools to get this kind of information is a scaling approach. The idea
is to take some “scaling parameter” N and study the process (X (¢)) depending on
N. The parameter N can be the norm of the initial state of (XV(¢)), or the volume
of the system... We are looking for some limit results on functions of (X (¢)) when
N gets large.

To find some limit theorems on the sample paths of the process, we will need
to “scale” the process according to the parameter N, in time and/or in space.

Usually, for CRNs, the scaled process will take the form

(XN(t)>:(W, 1§z’§m>,

where 7v,a; € R. The scaling in space can be different for each species. For a
species i, a; is chosen sufficiently large to ensure that the process (X;(t)) stays
bounded, but not too large so that this process does not become trivial when N
gets large. The scaling in time may depend on the regime one wants to investigate
since different timescales can be of interest for the same model.

4.2.2. Stochastic differential equations (SDE). The continuous time Markov
process given by the transitions can be expressed as the solution of a Stochastic
Differential Equation (SDE). This representation is especially useful to establish
functional limit theorems. See Theorem (20.6) of Rogers and Williams [69).

For a Poisson process P on Ri, with intensity measure the Lebesgue measure

on R%, we will use the notation for 4 € B(R),

P(A,dt) = / Pla, dt).
T€A

The use of Poisson process on R? | instead of on R to write the SDE is particularly
useful when the process has time dependent, random intensities. As an example,
the process (X (t)) that represents the CRN S — 25 verify the Relation

X(t)=X(0)+Y (/Ot X(s) ds) :

where Y is a Poisson process on R. This is Kurtz’s representation, see Kurtz
[51] Using a Poisson process P on a 2 dimensional space, the previous equation is
equivalent to

X(t)=X(0)+ /O P((0,X(S-)),ds).
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For a general CRN, the SDE verified by the process (X (t)) whose transitions

are (|1.8)) is :

X = > (-u)P ((0, K(X(f&)_)y'F)J ,dt> :

r=(yr ,yi)ER

where (P,.,r € R) are independent Poisson processes on Rﬁ_ with intensity measure
the Lebesgue measure on Ri.

4.2.3. Classical scaling. This historical example was meant to show some con-
nection between the deterministic and the stochastic model of CRN. The stochastic
point of view is usually used when at least one of the species has a small number
of molecules. Therefore, when all species are in large number, we could expect the
stochastic model to “converge” in some way to the determinist model, solution of
an ODE.

This can be formulated with a scaling according to the volume of the system V.
It has initially been presented in Kurtz [51]. Each species of the system is present
initially with a number of molecules of order V: X} (0) = O(V). The scaling in
space is the same for all species:

—V XV(t)
X (t)= v

The particularity of this system is that the reaction constants are also scaled with
the volume. Defining the reaction rates as in Section we understand them as
a “frequency of meeting” for the molecules needed for the reaction. If the volume
of the system increases, the frequency of meeting should decrease. More precisely,
the more molecules are needed for the reaction, the more it will be hard for them
to meet. Conversely, for the input reactions, if the volume of the system increases,
there are more ways to enter the system, and therefore the frequency of the reactions
) — y, for y € C, increases. We define the scaled constant of reactions as follows:
for a reaction r =y~ — yTER,

-V K/r
= Yy
def. m
where ||y|| =" >0 |yi| for y € R™.
Note that if the reaction needs only one molecule to happen, ||y~ | =1 and no
scaling is done.
This scaling done, all reaction rates are of order of V. Indeed, if the process is

at a state zy = (x1V,..., 2, V), for a given reaction r =y~ — y*,
N (zy) = Ryxi;y ) ~ VHyT*H (V)i =k, Va¥ .
i=1

Since the scaled process needs a number of reactions of order V to change
significantly, and every reaction happens at a frequency of order V', the normal

. . . . —V
timescale ¢ +— ¢ is the right timescale to study the process (X (¢)). Here, no
scaling in time is necessary.

In this configuration, it can be shown that the scaled process (X V(t)) converges
to a deterministic function, solution of the ODE associated to the deterministic
CRN, with mass action kinetic and reaction constant (k. ), stated in . This
result, known as the “classical scaling” of CRNs, has been formally proved in Kurtz
[51]. See also Section [4.1] of Chapter
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4.2.4. Multiple timescales and averaging principle. In the previous example,
the scaling on the k, and the “uniform” scaling in space put us in a very conve-
nient situation, where the processes of each species evolves at the same timescale.
However, in more general scaling situations, this is not always the case and one
single scaling will not always allow us to investigate the behavior of each species.

For example, lets look at the CRN of Figure [2l The process (X(t)) associated
to this CRN has the following transitions :

T — en with rate kKiox129,
zeN? 5+ es — e with rate k121,
T — e with rate koxo,

Starting from a state ¥ = (IV, N) with N >> 1, we would like to see the evolution
of the process scaled in space

Xi'(t) X3 ()

(555

(a) Decrease of (XJ'(t)/N):The process (X2 (t)/N) has a transition zo —
w9 — 1/N with rate O(N?), associated to the reaction S;+Ss — S, there-
fore it evolves at the timescale ¢ — t/N. On the other hand, since both
reactions changing (X" (¢)) have a rate O(N), at this timescale, the pro-
cess (XN (t/N)/N) does not change. Here, (XN (t)/N) is a slower pro-
cess than (X2V(t)/N). The process (X{V (t/N)/N) converges to a constant
equal to 1 when N gets large, and this result leads to the convergence
of (X{¥(t/N)/N), to the function t — e~"12¢. Here the multiplicity of
timescales is not an issue, since both processes are “well known” at the
timescale we chose: one moves slowly, and the other is constant.

(b) Decrease of (X' (t)/N): Once (X2 (t)) has decreased, we can take the
initial state of the process as (N, k), for some k € N, and look at the process
scaled in space (X{V(t)/N, X2 (t)). The process (X2 (t)) has transitions
with rate O(N) and therefore moves on a timescale ¢ — t/N. On the
other hand, the process (X{'(t)/N) has transitions z — x — 1/N at rate
N, and therefore it evolves on the normal timescale ¢ +— ¢t. To have some
scaling results on (X{V(¢)/N), one has to deal with (X2 (¢)) which is here
a fast process. In this situation, we use an averaging principle. The slow
process is expressed in terms of the equilibrium of the fast process. A
convergence of the fast process is obtained for its occupation measure.
Here, the occupation measure (uy) associated to (X3 (t)) is given by

(1N, g) = /g(s,XéV(s)) ds.

The averaging principle consists in proving the convergence in distribu-
tion of the pair “slow process 4+ occupation measure of the fast process”
((XN(t)/N), un), and in finding an expression for its limit. Here, the
limit of (X7 (t)/N) is (e~"1*) and the limit of py is the measure ds @7 (z)
where 7 is a Poisson distribution on N with parameter x1/12.

The limit of the slow process is sometimes expressed as the solution of an ODE
involving the limit of the occupation measure. The proof of the convergences of
this example can be found in Section 6 of Chapter

We review quickly the literature in a stochastic context. It should be noted that
this is also a well-studied topic in (deterministic) dynamical systems. See Verhulst
[75] for example. Early works on the proof of averaging principles are due to
Has'minskil. See Has’minskil [39) [40]. Chapter 7 of Freidlin and Wentzell [31]
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considers these questions in terms of the convergence of Cesaro averages of the fast
component. Papanicolaou et al. [63] has introduced a stochastic calculus approach
to these problems, mainly for diffusion processes. Kurtz [55] has extended this
approach to jump processes by giving convenient (and useful) tightness criteria
for sequences of random measures and a characterization of their possible limiting
points.

Averaging principles have been used in various situations to study chemical
reaction networks. Kurtz and co-authors have in particular investigated several
examples of CRNs with scaling methods. In this approach, some reaction rates may
be sped-up with some power of the scaling parameter and the state variables are
scaled accordingly. See for example Ball et al. [11], Kang and Kurtz [46], and Kim
et al. [50] where, for various examples of CRNs, the choice of convenient scalings of
reaction rates is investigated and limit theorems are derived. The technical analyses
of these references follows the general lines of Kurtz [55].

4.2.5. Random time change. One of the specific features of stochastic CRNs is
the discontinuity of the kinetics on the boundary of the space of states, which can
create discontinuities in the timescale of the process. As an example, lets look at
the following CRN :

f =5 L2 8+ 8,

Ko
Starting from the state (1, N), with N > 1, as long as X{V(t) > 1, XV (t)/N
decreases exponentially at the normal timescale. However, if reaction S; — () de-
creases Xi'(t) to 0, one will have to wait for reaction ) — Sj, i.e. for a time
exponentially distributed to see any new evolutions on X' (¢). (XJ¥(t)/N) is alter-
natively constant, and exponentially decreasing.

This discontinuity can create difficulties to show any limit theorem for the
sample path of the scaled process. One way of dealing with it is to use random
time changes, to separate the two different evolutions. In this example, we can
simply “cut out” the times where X{¥(t) = 0, which does not take any information
away, do the scaling analysis on the process (Y (¢)) that we get once these delays
are taken off, and finally add the delays a posteriori to reconstruct the process.

Formally, we define a time change (7% (¢)), and a process (YV (t))déf'(XN(TN (1))
on which the usual techniques of convergence in distribution can be applied. The
idea is to show the convergence in distribution of (77V(¢)) to (7(t)), and a scaled
version of (YN (t)) to (y(t)). Under some convenient conditions, one can then de-
duce the convergence of the scaled version of (X (t)) to (y(7~1(t))), where (771(t))
stands for the generalized inverse of (7(t)).

In the example presented above, we set

t
N _
T (t)—/o H{X{V(s)21}ds'

We get a convergence in distribution of the process (Y3¥ (t)/N) = (X (¥ (¢))/N)
to (e7%3), and the limit (7(¢)) is here a discontinuous Markov process.

For a technical framework of random changes in time, see Chapter 6 of Ethier
and Kurtz [24] and Section II1.21 of Rogers and Williams [68]. A similar example
is studied in detail in Chapter

4.3. Topologies on the Skorokhod space. When looking at the conver-
gence in distribution of processes, the diversity of phenomena present in the sto-
chastic models of CRN created some difficulties to choose the right topology on the
space of sample paths. Indeed, if the scaled process converges, sometimes, for the
uniform norm (uniform convergence) to the solution of an ODE, as in the classical
scaling of Section we will see later that the combination of boundary effects
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and polynomial rates can create some discontinuities in the limit of the scaled pro-
cess, which prevent uniform convergence of the sequences.

Here, the continuous time Markov jump processes live in the Skorokhod space of
cadlag functions from R, to R (continuous from the right, with left limits at all
t), on which several topologies can be defined.

Four topologies are useful in the study of stochastic CRNs: the uniform topol-
ogy, the J; and M;-Skorokhod topologies and the S-Jakubowski topology. A de-
tailed description of each of the topologies is given in the Appendix [[.A] I will give
here a small survey of the reason we need to weaken the uniform topology.

r\_-____-.-ﬂ
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FiGURE 5. Converges in the S topology

The uniform topology works well when the limit of the process is continuous,
and is most often the topology used in practice. When the possible limit of the
sequence exhibits a jump, this topology is not weak enough. For example, the
sequence of Figure [3| does not converge for the Uniform topology. To cope with
this, Skorokhod introduced the J; topology, that adds some flexibility on the time
instants of jumps, and for which the sequence of Figure [3] converges, to the function
1{[1/2,1);- This topology is usually sufficient to show the convergence of processes
to a process with jumps.

In the framework of stochastic CRNs however, a final jump of a scaled process
can be the consequence of a large number of small jumps happening in a small
time interval, whose length goes to zero when the parameter of scaling gets large.
This situation is not well apprehended by the J;-Skorokhod topology. Indeed, for
this topology, if x,, — = and z has a jump at time ¢, the functions z,, must have
a jump of similar height at a time ¢, — ¢. As an illustration, the sequence of
Figure@ does not converge to 11,21y} for the Ji-Skorokhod topology, since the
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are continuous, and therefore have no jump around ¢ = 1/2. A weaker topology can
be defined to cope with this problem : the M;j-topology, for which this particular
example converges. This topology is constructed using the “extended graph” of the
function, defined for a function x as the set containing the graph {(¢,2z(¢))} and all
the points between (t,z(t—)) and (¢,2(t)). The value of the functions z,, does not
really mater around a instant of jump ¢ of the limit function, as long as it is in the
interval [z(t—), z(t)].

Finally, one last situation can be seen in the stochastic CRNs: the graph of a
scaled process can present a “spike”, whose length goes to zero when the scaling
parameter goes to infinity. As an example, see the sequence of Figure [5| The spike
at t = 1/4 should intuitively converge to a continuous point with value 0, and the
sequence should converge to the function 11,3 1)}. This is not the case with the
M;-Skorokhod topology, since around 1/4 in Figure [5] the graph of z,, always have
points very far from the extended graph of 1[; /2 1)}. To study such a convergence,
one can use a weaker topology, the S-Jakubowski topology.

This last topology is a sequential topology, that cannot be metricized. However,
its criterion for compactness is very simple to use, and the usual properties needed
to study convergence of processes hold for this topology.

From the strongest to the weakest to the weakest, the topologies can be ordered
as follow :

Uniform — J; — M; — S.

A sequence converging for the J; topology converges for the M; and the S-Jaku-
bowski topologies for example, but not necessarily for the uniform topology.
The advantages and drawbacks of each topology are more extensively presented
in Appendix as well as their use in the framework of convergence of processes.
For references on the uniform topology and the Ji-topology, see Billingsley [14].
For the M;-Skorokhod topology, see Whitt [77], and for the S-Jakubowski topology,
see Jakubowski [44].

5. Contributions

Two specific features characterize Markov processes associated to a stochastic
chemical reaction network.

(a) Polynomial rates : the transition rates exhibit a polynomial dependance
on the state variable, and therefore can have different orders of magnitude.
This is reflected in the behavior of the process as a multiplicity of timescales
and/or a multiplicity of order of magnitude of each species. As an example,
in the CRN introduced in Agazzi and Mattingly [4],

(1.11) Sy — h— S1+ S, 5SSy + 25, — 385, — 257,

if both species are O(N) with N > 1, reaction 557 4+ 255 — 355 is by far
the fastest reaction, since it has a rate of order N7, and it is the only reac-
tion to happen until X{¥(¢) has decreased enough. This creates multiple
relevant timescales for the process, as can be seen in the representation of
the sample paths of the processes :

Figure |§| shows on the left the timescale where (X2V(t)/N) decreases,
and on the right a zoom in at time ¢ = 0 to see the decrease of (X{(¢)/N),
which happens at a much faster timescale. These multiple timescales can
be the source of difficulties when one wants to prove a scaling result on
these processes, see the example described in Section [4.2.4

(b) Boundary effects : the dynamical behavior along some boundaries of
the space of states can present discontinuities, referred to as “boundary
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FIGURE 6. Process (X' (t), X2V (t)) associated to the CRN (1.11)),
starting from (N, N), N = 1000.

effects”. This is due to the fact that some chemical reactions require a min-
imal number of copies of some chemical species to take place. Boundary
effects appear when the complexes of the CRN contain different species.
For example, the CRN

0=5 — S+ 5.

have some boundary effects because of the complex S;+.S55. Indeed, start-
ing from the state (0, N) with N > 1, even if the rate of this reaction is
“globally” of the order N, in fact it depends closely on the states visited
by (XN (t)): if X{¥(t) = 0, the reaction is “frozen” and can’t happen, and
when X{V(t) > 1, it has a very large rate and is the fastest reaction.

It is usually a combination of both features that creates the most interesting
behaviors. The work of my PhD thesis aim to study these phenomena using scaling
methods.

As presented in Section [1.2] scaling methods have already been used to study
stochastic CRNs. Until now however, most of the studies, motivated by biological
models, used scalings of the constant of reactions. See Kang and Kurtz [46] and
Ball et al. |11] for example.

Our purpose is to study the process without changing the order of magnitude
of the constant of reactions, given by the mass action kinetic. We study two types
of scalings :

(a) In Chapters [2]and [3] we focus on the boundary effects of the system. The
scaling parameter is chosen as the norm of the initial state of the process.
We study interesting examples of CRN to present these boundary effects,
and undertake a scaling analysis from a large state in the boundary of
the system. We investigate the time evolution of the CRN, in particular
how the process starting from such a saturated initial state returns to
the neighborhood of the origin. See Section [5.1] for more details on the
motivations. If N is the scaling parameter, the initial state x verifies

. x
I
where || — || stands for the norm L' in N™, and for at least one species,
. N
N1—1>r-Ii-lo<> Wi =0

The phenomena observed using this scaling on different specific CRNs
proved to be diverse, and their study with scaling methods quite challeng-
ing.
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(b) In Chapter {4} we study a CRN with fast input : the constant of input
reactions (of the form () — y, for a complex y) are chosen as &, N, where
N is the parameter of scaling. All the other constants of reactions are
unchanged. We study a CRN chosen to have no boundary effects in fact,
by taking only complexes of the form kS;, with & > 1, and focus on the
multiple timescales present in the system, due to the polynomial rates. For
these CRNs, the process studied lives in the interior of the state space,
boundary effects do not play a role.

5.1. Chapter[2} A Scaling Approach to Stochastic Chemical Reaction
Networks. In this first Chapter, two main subjects are developed.

First, we introduce an extended criterion to prove the stability of stochastic
CRNs: the Filonov criterion. Second, we introduce a scaling method with respect
to the norm of the initial state on several examples.

The Filonov criterion for stability. Recall that the Foster-Lyapunov criterion is
often used to show the stability of a Markov jump process. It relies on the definition
of an Energy function fy, i.e. a non negative function on N that verify

lim  fo(x) = +o0,

llz]|—+o0
and the proof of an inequality :
A(fo)(x) < =y, for zeN"\K,

where K is a finite set of N”*, v > 0 and A is the infinitesimal generator of the
process. See Section for more details.

However, this criterion can be in practice very difficult to use. Indeed, for
the Foster-Lyapunov criterion to hold, the system has to see its energy decrease
after one jump of the process. Working with one of the “simple” energy function
presented in Section it is not always the case. For example, the CRN

(1.12) — S +8—~85 —~0

is stable since it verifies the conditions of the deficiency zero theorem, but for any
of the energy functions presented above, one has A(fy)(0,22) > 0. This is due to
some boundary effects of the system: from a state (0,x2) with zo > 1, the only
reaction that can happen is ) — S; + S, that increases the energy, fo being the
entropy, a norm, or polynomial.

A first approach here would be to define the energy function piecewise on a
partition of the state space. This is the approach used in Agazzi and Mattingly
[4], and it raises a lot of difficulties once one needs to “glue” the different parts
together.

Another way to cope with this is to use an extended version of the Foster-
Lyapunov criterion, known as the Filonov criterion, see Filonov [30]. This is the
approach that is presented in the first article. For this criterion, instead of requiring
that the energy of the system decreases after the first jump of the process (X (t)),
we allow a delay before the decrease. The counterpart is that the decrease must
be in some way proportional to the “waiting time”. The criterion is expressed as
follows :

By [fo(X (7)) = f(2)] < —Ee[7], Vz ¢ K,
where as before, fj is an energy function, v > 0 and K a finite set of N and 7 is
an integrable stopping time.

For example, on the CRN , starting from (0, z2) with x9>>1, the first
jump is to the state (1,22 + 1), but then the most likely reaction to happen is
S1 4+ 52 — S, and it happens several times in a row, since its rate is proportional
to x2. Therefore, after the third jump, the process is most likely at the state
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(1,25 — 1). Taking as an energy function f(x) = 1 4+ 2x9, and 7 the instant of the
third jump of the process, we have

E(O,zg)[Xl (7’) + 2X2(7'> — 23;‘2] < —E(()QIQ)[T]

for x5 large enough. This deals with the states at the boundary of the state space.
For the other states, one can define 7 as the first instant of jump of the process,
and show that the inequality holds.

Note that the stopping time 7 is random. It can be chosen as here as the instant
of the n jump of the process, but also as the hitting time of some subset of N,
and can even be deterministic.

This criterion is presented in Section 4 of Chapter [2] and is applied to different
examples in the four following sections. In particular, in Section 7 it is applied to
a specific example of the literature on which it is particularly efficient.

To use this criterion, it is pretty straightforward to see that one has to “know”
the behavior of the system, and more precisely the time evolution of its energy,
to be able to set the “right” stopping time. The key information needed to apply
Filonov’s criterion is to understand how the energy decreases, starting from a given
large state. Because of the definition of the energy function, this is closely related
to the behavior of the process itself, starting from a large state. This encourages
the study of the asymptotic behavior of the sample paths of the system with a
scaling analysis with respect to the norm of the initial state, presented above.

Scaling analysis. This chapter presents also several scaling results, that il-
lustrate the diversity of boundary effects on the sample paths of CRNs, and of
timescales within a single CRN.

One scaling is done for a general class of CRN. It states that if all species are
of order N, with IV large, slowing down the time so that only the fastest reactions
can be seen, the scaled process converges in distribution to a deterministic function
solution of an ODE. This result is quite similar to the “classical scaling” presented
in section but without any scaling on the ..

We then present specific examples of CRNs that, from our point of view, exhibit
interesting behaviors.

Three scaling results are presented for the CRN of Figure 2] On this first
example, we show that depending on the initial state chosen for the process, al-
ready three different timescales are relevant. Starting from (N, N) with N large,
the relevant timescale is ¢ — ¢/N. This is in fact a consequence of the general
result presented above. Starting from (\/N , ), the interesting timescale to see the
evolution of (X2 (t)/N) is here t — t/+/N. Finally, starting from (N,0), using an
averaging principle, we show that the relevant timescale is the normal timescale
t —t.

A part is dedicated to the CRN of Agazzi and Mattingly [4] introduced in
Relation , and a scaling analysis is done to better understand the sample
path of the process starting from (N, 1), to a neighborhood of zero.

Finally, a thorough study of the CRN

SN S1+S5, pS1+52 = pS1+285,
K1 K3

with p>2 is carried out. It has been introduced and discussed in Agazzi et al. [2] for
p=2. Its transient behavior exhibits several unusual scaling properties with respect
to the norm of the initial state. Such a behavior is probably not an exception
in the context of CRNs, but more likely quite common. Additionally, it gives an
interesting example of the use of time change arguments to derive scaling results.
The associated Markov process (X1(t), X2(t)) has several boundary behaviors:
at least p copies of Sy are required for the second reaction to occur, and negative
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jumps of (X (t)) can occur only when (X2(t)) is not null. It leads in fact to a kind
of bi-modal behavior for the CRN.
A scaling analysis of this CRN is achieved for two classes of initial states.

(a) An initial state of the form (V,b), with beN fixed.
Our main result shows that there exists some to,>0, such that the conver-
gence in distribution of processes

. X1 (Nt)

Gl (N,t<too> = (Cltoo—t), t<too),
holds for some constant C'>0.

(b) If the initial state is of the form (a, N), a<p.
The occupation measure of (Xo(NP~1t)/N) converges to the occupation
measure of (V(¢)), where (V(¢)) is an explosive Markov jump process on
(0, 1], with a multiplicative structure, almost surely converging to 0.

Contrary to the first examples, to decrease the norm of the process, one has
to speed-up the timescale by a factor N in (a) and NP~! in (b) and the decay in
(a) is only linear with respect to time. This is somewhat unusual in the current
mathematical literature of CRNs, but these kind of examples are more and more
studied, since they are source of difficulties showing up in the study of the stability
of general CRN, as mentioned in Agazzi et al. [2].

5.2. Chapter Stochastic Chemical Reaction Networks with Dis-
continuous Limits and AIMD processes. In this Chapter, we study a class of
cyclic CRNs, with m species, m > 2:

(1.13) 0 8 B 614Gy 22

Ki Kit1 Kit2
— Si+Sip1 — Sig1+Sipe — -+

o S 1Sy S S, S,

Once again, the CRN presents boundary effects, since the reaction in the middle
of Relation does not occur if either x; or x;41 is null. A molecule of S; may
be transformed into a molecule of S;1o only if there is at least a molecule of S; 41,
even if the (i+1)th coordinates is not changed by the reaction.

We investigate this class of CRNs via the convergence in distribution of its
scaled sample paths. In the spirit of Chapter [2] the scaling we consider in this
chapter does not change the basic dynamic of the CRN, in particular its reaction
rates. It is assumed that the initial state of the CRN is “large”, its norm is pro-
portional to some scaling parameter N. We investigate the time evolution of the
process associated to this CRN, starting from a saturated initial state and its way
back to a neighborhood of the origin.

A first Section is dedicated to the study of the CRN with a general m. Because
of the polynomial rate, if both S; and S;11 are of order N, the reaction S;+S;41 —
Siv1 + Siy2 has a rate of order N2, which is maximal for this class of CRNs. We
show that the process goes “quickly” to a set of states for which the indices of the
coordinates whose value is greater than e N are at distance at least two, the other
coordinates being o(N).

In a second Section we study the CRN with three chemical species. Several
interesting initial states are studied, and for each one, a scaling analysis is carried
out. In particular, starting from a state xny = (1, N, 1), it is shown that the process
(XN (t)/N) converges in distribution to a continuous, but random, process. This
case provides an example of a CRN whose first order is not the solution of a set of
deterministic ODEs.
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The three last parts are dedicated to the study of the CRN with four chemical
species. A class of initial states gives rise to a more complex behavior than what we
have observed when m=3. We did not try a complete (cumbersome) classification of
initial states here, but we do believe that the class of initial states studied exhibits
the most interesting behaviors.

P08 B8+ Sy 2 Gy 4 Sy BB Sa 4§, B g, B g,

The initial states considered are of the type (0, N,0,0), with the convention
that 707, resp. “N”, means O(1), resp. O(N). We show that the process lives
in the subset of the state space of elements of the type (0, N,0,v/N) and that the
decay of the norm of the state occurs on the timescale (\/N t). More important,
this decay is in fact based on a Discrete-Induced Transitions phenomenon (DIT).

DIT have already been studied in CRN models, more precisely in auto-catalytic
CRNE:

Si+S; — 25; D=5 1<i#j<m.

It is characterized by the fact that a limited number molecules of one chemical
species can switch the entire bio-chemical state of a system, see Togashi and Kaneko
[74], Bibbona et al. [13] and del Sole [22].

In our CRN with four chemical species and the initial state of the type

(0,N,0,VN),

it turns out that the growth of the fourth coordinate (X4(t)) occurs only during time
intervals whose duration are O(1/v/N) and during them there is a large number of
positive jumps of this process, of the order of v/N. Recall that this phenomenon
is only due to the law of mass action which drives the kinetics of the CRN. This is
where boundary effects have a significant impact.

The switch effect occurs during these small time intervals, the occurrence of
them is driven by the isolated instants of creation of particles of chemical species
S3. They play a critical role in the kinetics of the system, since this is at these
instants, and only there, that the second coordinate (X2(t)) can decrease.

We prove that (X2 (t)/v/N) converges in distribution to a continuous time
Markov jump process, the jumps being the consequence of the DIT. It is shown
that the limit of the process is in fact an Additive Increase, Multiplicative De-
crease (AIMD) process, with infinitesimal generator given by, for bounded function
feCi(Ry4) and v>0,

(1.14) Q(f)(v) = —%vf’(v) + / - (7 (Vom+285) ~f(v)) e~ s,

for some constants 3, y>0. The fact that a positive jump in the limit is a conse-
quence of a large number of positive jumps of the initial process, in a small time
interval, prevents us to use the classical J;-Skorokhod topology. We prove the con-
vergence in distribution for the M;-Skorokhod topology instead, see Section [4.3

The positive jumps of X} (t) are negative jumps of X2 (¢), and on the normal
timescale, O(v/N) happen. To see the decrease of (X3 (t)/N), we accelerate the
time, and look at the timescale ¢ — tv/N.

THEOREM. If X (0)=(0,N,0,vy), with (vy/VN) converging to v>0, then the

relation
X, (\/Nt) N
lim | ——2 i<t | = (1—) t<too
N —4o00 N too
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holds for the convergence in distribution, with

he—vals [Fip (f”vo)/r (mfm) |
kg \ K3 2K5 2K

where T" is the classical Gamma function.

The quite technical proof of this theorem is done using multiple time changes.
In particular, since the process X2 (¢) basically does not move if X2 (t) = 0, the
timescale (¢1(¢)) defined by, for ¢>0,

t
LY (1) def. /0 ]I{Uév(s)Zl} ds and V(1) def inf{s>0: LY (s)>t}.

proves to be the relevant timescale to see the evolution of (X' (¢)/N).

The process (X (tv/N)/v/N) behaves like a fast process, and we prove that
its occupation measure converges to the invariant measure of the AIMD, defined by
Relation . This invariant measure is calculated explicitly in Section dedicated
to the AIMD process.

5.3. Chapter Analysis of stochastic chemical reaction networks
with a hierarchy of timescales. This Chapter focus on a class of CRNs, that
we call k-Unary CRNs.

k-Unary Chemical Reaction Networks. The only chemical reactions for this
class of CRNs are as follows for 1<i#£j<n,

kiS; 5 kySy, kiSi 0, 0k, S,

provided that, respectively, x;;>0, K;0>0, or ko;>0. The second reaction, resp. last
reaction, is the spontaneous destruction, resp. creation, of k; molecules of chemical
species S;. For 1<i<n, it is assumed that the time evolution of the ith coordinate
is a jump process whose jumps are +k;. Here k;S; is the only complezr involving
the chemical species S;.

The parameters of these networks is a matrix RK:(Kij, 0<i,j<n) and a vector
(ki). They are quite general in fact, modulo an irreducibility property for the
matrix R,. They can be described as transformations of sets of k; molecules of .S;
into k; molecules of Sj, if £;;>0. In state x=(z;), the ith coordinate decreases at
a rate proportional to asgk)

Scaling External Input Rates. The scaling investigated in this paper is as fol-

lows. For all i€{1,...,n} such that ko;>0, the creation of chemical species S; is
scaled by N, it becomes
(1.15) p Nrois g g

The other reaction rates do not change. Rather than starting from a “large” initial
state, this scaling regime assume heavy traffic conditions at the entrance of the
CRNs. A natural question in this setting is of establishing a limit theorem on the
orders of magnitude in N of the coordinates of (X (t))=(X}V(t)). This scaling
has already been considered in Togashi and Kaneko [73] for CRNs and probably in
many other examples.

A basic example of such a situation is the k-Unary CRN with one chemical
species,

025 £y 8.
o

It can be easily seen that, under convenient initial conditions, the scaled process

(1.16) (X{V (tz/vf\lf/‘:”’“))>
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converges in distribution to a non-trivial deterministic function, the solution of an
ODE.

A Hierarchy of Timescales. Coming back to our CRNs, if we assume a kind of
equilibrium of flows in the network, due to the external inputs of the order of N,
the input flow through each node should be also of the same order of N. The case
of the CRN with a single node suggests then that the state variable of the ith node
(XN (t)/N'/*), 1<i<n, should be of the order of N/,

Relation also states that the “natural” timescale of (X;(t)/N'*) is
(t/NU=1/k))  In particular, this implies that, at the “normal” timescale (t), all
coordinates (X;(t)/N'/*) whose index i€{1,...,n} is such that k;>2, are fast pro-
cesses. The CRN exhibits in fact a hierarchy of timescales: The process associated
to (X;(t)/N1/ki) is faster than the process (X;(t)/N/k) if k;>k;. A limit theorem
to establish the convergence of the scaled process

XN ()
(1.17) < N1k
has to handle this multi-timescale feature and the interactions of the coordinates.
Outline of the Chapter. The goal of this Chapter is of establishing a limit
theorem for the convergence in distribution of the scaled process (|1.17]) :
— For the occupation measure of the coordinates of the Markov process whose
indices i€{1,...,n} are such that k;>2;
— For the vector of the other components for the uniform topology.

The proof of this result is done in several steps. The identification of the limit
of the sequence of occupation measures is the most challenging. The difficulty is
to identify simultaneously all the species that evolve at the same timescale, using
only one equation. Relative entropy functions associated to each timescale and
convexity arguments are the main ingredients of the proof.

5.4. On the Recurrence Properties of Stochastic Chemical Reaction
Networks with Two Species. This last chapter focus on a general class of weakly
reversible stochastic chemical reaction networks (CRNs) with two chemical species
S1 and S5. They are referred to as 2D-CRNs.

Our goal in this chapter is of giving an insight on the amount of time required
for the process to return from a state in the interior of the domain to the boundary
of it.

More precisely, we set (X (t)) the process associated to a weakly reversible
2D-CRN, and V the entropy function : for z=(z1,z2)€R?,

Viz) =v(x1) + v(ze) with v:y €N yln(y)—y+1,

with the convention 01n(0)=0.
Starting from a large state in the interior of N2, we show that there exists some

K >0 such that
def. .

Tk = inf{t>0: min(X; (¢), X2(t)) < K}
is integrable and that we can find a constant Cy such that
(1.18) E.(Tk) < CoV (),

for all x=(z1,x2) such that min(xy, z2)>K.

The proof is done with the use of Filonov’s formulation of the Lyapunov con-
dition introduced in Chapter [2| with the entropy function. One has to show that
there exists positive constants v, K and an integrable stopping time 7 such that,
for x=(z1, 22)EN? with min(zy, 22)>K, then

(1.19) B, (V(X(7)-V(X(0)) < =7Eq(7).
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In this case, it can be shown that Relation holds.

Filonov’s approach has already been used for specific examples of CRNs in
Chapter 2] and Chapter [3to prove the positive recurrence of the associated Markov
processes. In this chapter we show that it can also be used in the context of a quite
large class of CRNs.

This result can also be useful to show the stability of such a CRN. The stability
of this class of CRNs, i.e. the positive recurrence of (X (t)), is investigated in Agazzi
et al. [2] by showing that the entropy function V' is a Lyapunov function for the
infinitesimal generator of (X(t)), i.e. it considers essentially the case when 7 is
taken as t;. The proof of Filonov’s criterion in the interior of the state space can
be considered as an alternative to the difficult proof of Lyapunov’s citerion in the
same domain.

To establish Relation (1.19)), a finite partition of the interior of the state space is
used to define a convenient stopping time 7. Ideas related to the notion of endotactic
CRN developed in [10] are used. For some subsets of the partition, taking 7=t; is
enough, where ¢; is the first instant of jump of the process (X (t)). For the other
cases, functional limit theorems for the Markov process on a convenient timescale
are necessary to define the appropriate 7.

1.A. Topologies in the Skorokhod space

I will here give a quick presentation of the four topologies used in my PhD thesis:
the uniform topology, the J;-Skorokhod topology, the M;-Skorokhod topology and
the S-Jakubowski topology. In this order, these topologies are presented from the
strongest to the weakest, meaning that if a sequence converges for one of it, it
converges for all the following ones. The topologies are presented on the set of
cadlag functions from [0,1) to R, noted Djo 1)(R). The extension to Dg, (R™) can
be found in Billingsley [14], Whitt [77].

See Section 11.6 of Whitt [77] for a sum up of this method.

All four topologies that we will present do not verify all the required properties.
The uniform topology is not separable, but its criterion for compactness is very
useful. Both J; and M;-Skorokhod topologies satisfy all these properties, but the
S-Jakubowski topology cannot be metricized. However, it is constructed so that
the Prokhorov theorem still holds. We will give a characterization of the compact
sets for each topologies.

1.A.1. The uniform topology. The topology associated to the uniform norm
|| = | is & priori used for the set of continuous functions C([0, 1], R).

It can be used for a sequence of processes of Dy 1)(R) when its limit is a
continuous process. It is the most commonly used topology when the sequence
converges to the solution of an ODE, as in the classical scaling of Section |4.2.3
For this topology, the criterion for compactness is the same as the one from Arzela-
Ascoli’s theorem:

A set K C Dpp1)(R) of cadlag functions is relatively compact for the uniform
topology if it is uniformly bounded at 0, and uniformly equicontinuous, i.e. if

sup [2(0)] < +oo,
reEK

and defining the modulus of continuity w as
def.
ws(@) S sup |a(t) - a(s)|
[t—s|<d

for 6 > 0 and z € Djp,1)(R), if

lim sup ws(z) = 0.
020 pe K
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It can be shown that a sequence of processes tight for the uniform topology is
indeed converging in distribution, still for the uniform topology. However, the
topological space associated to this topology is not separable: the set of functions
{1{[z,1)}, * € R} constitute an uncountable set of functions all at distance 1 of one
another, which prevents the use the Prokhorov theorem.

When the limit of the sequence of processes presents a discontinuity, this topol-
ogy is not weak enough to be used. Indeed, it lacks a tolerance on the small pertur-
bation of the time. For example, the functions 1(1/2_1/n,1)} with graph in Figure |§|
do not converge to 11,2 1)} for the uniform topology.

The uniform topology is stronger than all the other topologies presented below,
and therefore a sequence converging for the uniform topology will converge for the
three other topologies presented here.

1.A.2. The J;-Skorokhod topology. The J;-Skorokhod topology is the
most commonly used when working on the Skorokhod space Djg1)(R). In this
topology, the sequence 1y1/2_1/n,1)} of Figure |3 indeed converges to the function
1{[1/2,1);- The idea is to add the missing flexibility on the time variable, in par-
ticular flexibility in the location of jumps, using a time change. A distance can be
defined to have a complete, metric space, see Whitt |77].

On this space can be defined a criterion for compactness similar to the Arzela-
Ascoli theorem. We introduce the modified modulus of continuity,

wg(x) = inf {mgxp(x, [ti—17ti)) 0=ty <...<t, =T, inf(ti — ti—l) > 6}

with  p(z,I) = sup |z(s) — z(¢)|
s,tel
for & > 0, x € Dp,1)(R), and I C [0,7] an interval. A set K C Dy 1)(R) of
cadlag functions is relatively compact in .Jy if it is uniformly bounded on [0,1), and
“piecewise uniformly equicontinuous”, i.e. if

sup ||z]|e < 400,
zeK

and if

lim sup wj(z) = 0.
00 pe K

Intuitively, this modulus of continuity allows a finite number of jumps at the
instants t;, but between these, the process must be uniformly equicontinuous. In
particular, this topology requires that the converging functions have jumps corre-
sponding to each jump in the limit function. In particular, the sequence of functions
defined by Figure[d] does not converges in the .J;-Skorokhod topology. In the frame-
work of CRNs, the process studied is often scaled in space as (X (t)/N<), for some
a > 0. Therefore, if we want to show the converges in distribution of this scaled
process to a process with jumps, the jump should be a consequence of a large
number of small jumps, happening in a time interval vanishing when N gets large.
Therefore, this topology is not “weak enough” for our purpose.

1.A.3. The M;-Skorokhod topology. To remedy to this issue, a strategy is
to extend the e-balls around a sample path. Indeed, the e-ball around the function
1{[1/2,1); in the Ji-topology only extends a little the uniform e-ball to the left
and to the right, along the “time dimension”, see Figure [} Adding all the points
connecting the left and right limits of the jumps, we get an e-ball as in Figure [§]
which allows more flexibility to the convergent sequences. This is formally carried
out by introducing the complete graph of x € Djg 1)(R):

A(z) def {(t,z) € [0,1) xR: z=az(t-)+ (1 — @)z(t), «<][0,1]},
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FIGURE 7. e-ball in FIGURE 8. e-ball in
the J; topology the M topology

and setting the distance in M; as some kind of distance between complete graphs
(involving a parametrization and an ordering of the complete graphs). See Whitt
[77] for a formal definition. The topology associated to this distance is complete,
separable, weaker than the Jj-Skorokhod topology, and this time the sequence of
Figure E| converges to 1121y} in this topology.

Besides, one can define a criterion for compactness in this topology, using an-
other modulus of continuity : for x € D} 1)(R), 0 < <1,

def.
ws(x) = sup sup d(z(ta), [x(t1), z(t3)]),
te[0,1—0] t<t1 <ta<tz3<t+d
where d(-, A) stands for the distance to the set A.
A set K C Dpp1)(R) of cadlag functions is relatively compact in M; if it is
uniformly bounded on [0,1), and i.e. if

sup ||zl < 400,
zeK

and if
lim sup wj (z) = 0.
0—=0 zecK

1.A.4. The S-Jakubowski topology. In the example of Figure [5] the func-
tion presents a “spike” at t &~ 1/4, whose length goes to zero when n gets large.
We could hope for the limit of this sequence to be 1[1,2 1)}, but this sequence does
not converges in the M;-Skorokhod topology. However, the S-Jakubowski topology
can be used to study this kind of sequence.

This last topology is the least intuitive one. Indeed, contrary to the others, it
is not constructed on a the definition of a distance, and even cannot be metricized.
This topology has been introduced to match with the following criterion for compact
set : if K C Dy, qj(R) is uniformly bounded, i.e. verify

sup [|z]|ec < C < +00,
zeK

and if for all a < b,

sup N*°(z) < +oo

TEK
where N%®(z) is the number of up-crossing given levels a < b of a function z,
(i.e. as the maximal k& > 1 such that there are 0 < t; < to... < tor < 1 that
verify x(t2;—1) < a and x(t2;) > b for all 1 < ¢ < k), then we want the set K
to be relatively compact for the topology chosen. The construction, and more de-
tails on this topology can be found in Jakubowski [44], we will call this topology
the S-Jakubowski topology. It is a sequential topology, which is separable, and
weaker than the J; and M;-Skorokhod topologies. Even if the topological space
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cannot be metricized, the topology is constructed in such a way that an equivalent
of Prokhorov’s theorem holds, and knowing the tightness of a sequence of processes
still implies its relative compactness. To sum up, to show the convergence in dis-
tribution of a sequence (Y},) of processes for the S-Jakubowski topology, one has
to show
— its tightness, by showing that {||Y;,]lc} and {N®®(Y,,),n > 1} are uni-
formly tight, for all a < b.
— that the finite-dimensional distributions (on a dense subset of [0, 1]) con-
verge in distribution.
One of the advantages of this topology is that, contrary to the J; and M;-Skorokhod
topologies, the sum of two converging sequences still converges to the sum of their
limits, without making any assumptions on the time instants of jumps of the limits.

1.B. Proof of the Deficiency zero theorems
1.B.1. Deterministic theorem. The theorem proven here is the following :

THEOREM 1.4. Let {S,C, R} be a weakly reversible CRN with deficiency zero.
For any constant set of positive constant of reactions (kr,r € R), the solution of the
ODE associated to the deterministic CRN with mass action kinetic {S,C, R,k} has
precisely one equilibrium in each of its positive stoichiometric compatibility class.
Besides, that equilibrium is asymptotically locally stable.

Note here that this is a “weak” version of the Deficiency zero Theorem.
The proof given here essentially follows Lectures 4 and 5 of Feinberg [25]
and Gunawardena [36].

1.B.2. General notations. In the following proof, the set of positive real
numbers is noted P. The number of element of a finite set I is noted |I|.

The concentrations of species are elements of in P$ and the complexes, elements
of NC. The support of a vector € R¢ (or R¥) is the set

def.
supp(z) = {y € C:x, # 0}.
We will need a few standard notations from linear algebra. For a finite set of

indices I (here, I = C or S), R’ is a vector space, on which we define the usual
inner product (-,-): for z,y € R,
(z,y) = Z Ty
iel

The canonical basis of R is noted (w,, y € C).

For a set A C R!, we note Span A the linear vector space generated by A.

The dimension of H a linear subspace of R’ is noted dim H. H* is the set of
vectors that are orthogonal to all elements of H.

If £ and F are two euclidean spaces, and g is a linear map, g : £ — F, we
denote by Ker g the kernel of g, Im g the image of g. The rank theorem states that
dim(Ker g) + dim(Im g) = dim(E).

Finally, the transpose of the linear map ¢ is noted g7 : F — E.

1.B.3. Model. We recall the ODE (/1.2 associated to the CRN (S,C, R, k):
(1.20) e=floo= > m (yt—y).
r=y-—ytTeR

The function f can be decomposed in f = Y A, ¢ with Y the canonical projection
from RC to RS: for all y € C, Y(wy) =y, Ay : P — P defined as
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(1.21) Ay x> Z KXy~ (Wy+ — wy—)
r=y-—yteR

and 1 : P — PC defined as
(1.22) (RN chwy.

yelC

Note that Y and A, are linear.
Finally, we define

(1.23) S =Span {y* —y :y” =yt €R}.
The positive stoichiometric compatibility class of a ¢ € PS is the set PS N (S + c).

1.B.4. The kernel of A,. The following proposition specify the form of the
kernel of A,.

ProPOSITION 1.5. Let {S,C,R,k} be a weakly reversible determinist CRN

with mass action kinetic. Let {A1,...,A¢} be its linkage classes. Then the kernel
of Ay has a basis {x1,...,xe}, and for all 1 <i </,
(1.24) suppxi = A;  and x; € (Ry)C.

The original result, that can be found in Feinberg [25], states that the vectors
of the basis of Ker A, are supported by the strong terminal linkage classes (see
Feinberg [25] for the definition of terminal linkage classes), but with a CRN weakly
reversible, the linkage classes and terminal linkage classes are identical.

The following proof of the proposition is a condensed version of the proof found
in the Appendix of [29].

PROOF. First, lets show that if x € Ker A, then |y| € Ker A,. Let x €
Ker A,. For yo € C, looking at the coordinates in yo of A, (x), we have:

(1.25) Z FrXyo = Z KrXy- -
r=yo—yteR r=y~ —yoER
Hence, for all yy € C,

(126) Z Ry |Xyo| < Z Ry ‘Xy—

r=yo—ytTER r=yT —=yYoER

)

and then summing on the yy € C, we get:

S bl Y. D kel

Yo€C r=yo—yteR Yo€C r=y——yoER

b

but this inequality is in fact an equality (it is just a different partition on the set
of reactions), and for all yog € C, inequality is an equality, and A, (|x|) = 0.

We can now make the assumption that every y € Ker A, we use has non
negative coefficients.

Using Relation , we can show that for x € Ker A,, x non negative, if
y,y’ € C are in the same linkage class and x(y) = 0, then x(y') = 0 (and therefore
X is zero on all the linkage class of y). This specific result is closely linked to the
weak reversibility of the CRN, and therefore of each linkage class.

Setting L; = Span A;, we have R = L1 @ ... ® L; and for all 1 < i < ¢, L; is
invariant under A, (i.e. if x € L;, Ax(x) € L;). We can therefore find a basis of
Ker A, adapted to the direct sum.

Let 1 <4 < (. Seeing that 3° _, wy € (Im A,)*t N L;, we know that

dim((Im A,) N L;) < dim(L;),
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and since L; is invariant under A,;, we have
dim((Ker A,) N L;) = dim L; — dim((Im A,) N L;) > 0,

and therefore Ker A, N L; # {0}. The basis of Ker A, contains at least one vector
for each linkage class.

Remains to show that it contains only one by linkage class, i.e. that for 1 <14 <
£, if x,x’ € Ker A N L; , then x = ax’ for some o € R, which is straightforward
using the the previous statements. U

1.B.5. Another definition of the deficiency. At this state of the proof,
we can show that the deficiency can be understood as the dimension of a linear
space. This proves that the deficiency is always a non negative integer. Note that
the following proposition only holds when the CRN is weakly reversible, when both
terminal linkage classes and linkage classes are identical.

PROPOSITION 1.6. Recall that the deficiency of a CRN is defined (see Sec-
tion|2.9) as

§ =1C| — dim(S) — ¢

where £ is the number of linkage classes of the CRN.
If the CRN is weakly reversible, the following Relation holds:

(1.27) 0 =dim(Ker Y NIm A,).

PrOOF. For this proof, we need to introduce the equivalent of the set S in the
space of the complexes:

(1.28) T Span {wyr —wy-, y~ = y" eR}

where (w,) is the canonical basis of RC.

Straightforwardly, Im A, C T. We want to show that when the CRN is weakly
reversible, Im A,, = T. We will proceed by equality of dimension. Proposition [I.5
and the rank theorem gives dim(Im A,) = |C| — ¢. Lets look at the dimension of 7T'.

First, setting for all 1<i<¢, T} <" Span {wyr —wy—,y” =yt eRy~,yT €A},
it is straightforward to show that
T=T,&...0T,.
It is therefore sufficient to find the dimension of each T;. Let 1<i<l. If |A;| = p;
and A; = {y1,...,Yp, }, then the set
(wyz T Wy Wy — Wy - ’wyyi *Wyl)
is a basis of T}, and therefore dim(7;) = p; — 1. Hence,

4

4
dim(T) = dim(T;) = 3 _(pi = 1) = [C| = £,

i=1

and Im A, = T. To conclude, first we notice that the restriction of Y to T', noted
Y|r, is surjective on S, i.e. that dim(Im Y|7) = dim(S). We then have :

(Ker Y NIm A,) = (Ker Y NT) = Ker Y|
and therefore,
dim(Ker Y NIm A,) = dim(Ker Y|7) = dim(T) —s=n - —s = 4.

The second equation is given by the rank theorem. U
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1.B.6. Existence of fixed points.

PROPOSITION 1.7. If a chemical reaction network has deficiency zero and is
weakly reversible, then for some c € P, the relation Aptp(c) =0 holds.

This is not the strongest result. It can be shown that if the CRN has deficiency
zero, a positive equilibrium exists if and only if it is weakly reversible.

PROOF. We set wp, = ) wy, and the set

yEA;

U< Im YT 4 Span (wp,,...,wa,)-

Lets show that U = RC.

The wy, are linearly independent, therefore, dim (Span (wa,,...,wa,)) = .
Using the explicit expression of Ay, it is straightforward to show that for 1 <
i <l wy, € (Im A,)*. Therefore, Span (wa,,...,ws,) C (Im A,)*, and using
Proposition by equality of their dimensions, we have

(Im A,)* = Span (wa,,...,wa,)-
Using two elementary results of linear algebra and the last Relation, we get
U= (Ker Y)* + (Im A,)* = (Ker Y NIm A,)*,
and since the deficiency § = dim(Ker Y NIm A,) is zero, we indeed have U = RC.

Now lets find a ¢ € P such that A, (c) = 0. The function log on PS (or P°) is
to be understood component wise: for ¢ € P°, log(c) = (log(c;),i € S). For ¢ € PS,
Y(c) € P¢ and

(1.29) log(¢(c)) = YT log(c).
Since U = R¢, we can find some z € R® and ¢ € R such that
l 1
log (Z Xi) =Y 2= Gua,
i=1 i=1

where the x; are the vectors of the basis of Ker A, introduced in Proposition [1.5)
Setting ¢ = e” > 0 (component wise) and )\; = %, and using (1.29)) we get:

l
logy(c) = Y log(e) = D> Y [log((xi>wy)) +log(A:)]w,

i=1 yeA;

I
= log (Z AiXi)
=1

(x:) being a basis of Ker A,, ¥(c) € Ker A, and ¢ > 0 by construction, so
we have found an equilibrium. All the calculus with the log function work because
each complex y € C is present in one and only one of the y;, with a positive
coefficient. O

We will see that knowing the existence of one fixed point helps to show the
existence of the ones in other positive stoichiometric compatibility classes.

1.B.7. Fixed points for which A¥(c) =0.
ProOPOSITION 1.8. We set
Z Y (e e PC 1 Apip(c) =0}
Each stoichiometric compatibility class meets Z on exactly one state.

First, lets show the following lemma :
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LEMMA 1.9. The following equality holds :
Z ={ceP’:logc—logc* € St}
where S is defined by Relation ,

PROOF OF THE LEMMA. Let ¢ € Z, y~ — yT € R, and j € {1,...,¢} such
that y=,y" € A;. We have to show that (log(c) —log(c*),yT —y~) = 0.
Since 1(c), ¥(c*) € Ker A, we can write

! !
Y(c) = Z Aixi and (c") = ZﬂiXh
i=0 i=0
for some (\;), (i) € (R%)%.
Therefore,
(log(c) —log(c*),y* —y™) = (log(c) —log(c*), Y (wy+ — wy-))
= (YT log(c) — YT log(c*),wy+ — w,-)
= <log Y(c) —log¥(c”),wy+ — wy7>
= (log ¥h(c), wy+ — wy- ) — (log¥(c*),wy+ — wy-)
=log(A;j (Xj,wy—)) —log(Nj {xj,wy+)) —log(j (Xj,wy-)) +log(p; (Xj,wy+))

and therefore Z C {c € PS : logc — logc* € S*}.
Let ¢ = c*e® with u € S*+. We want to show that A, (c) = 0. Let yo € C. If
Yy~ — yo € R, then (u,y~) = (u,yo) since u € S=+.

<Anw(c)ﬂwyo> = Z ery7 — Z Kp.cY0

r=y- —yoER r=yo—yteR
= ¥ Ry ()Y elwyT) S k(e etnmo)
r=y-—yoER r=yo—yteR
= elwwo) (A(c"), wyy)
=0
Which gives the other inclusion. O

Proor or ProrosITION [[L8 Lets take two equilibria c¢,¢’ € Z in the same
compatibility class: ¢/ —c € S. We set u,v € S+ such that ¢ = c¢*e* and ¢/ = c*e”.
We have

(e — e u—v) = 0= 3 chfem — ) (uy — v,),
yeS
and each real of the sum is non negative. Therefore, all of them must be null. Since
¢* € P®, we must have u = v, which proves the uniqueness.

We now have to show that Z actually meets every stoichiometric compatibility

class. Let b € PS. We want to find v € S+ such that ¢*e* — b € S. To do so, we

define the function ¢ : z € RS Y ses Cae™s — bsx,. Its gradient is given by:

Vo(x) =c"e® —b
The function ¢ is continuous, and goes to infinity when ||z|| — oo. It is strictly
convex (since the function exponential is strictly convex and y — —y is convex on
R).
Now let ¢ : S+ — R be the restriction of ¢ to S*. ¢ is still continuous and
convex therefore the following set is compact:

C={ze5 :4(z) <(0)}.
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We can find v € S+ such that for all # € S, ¢(u) < é(x). Thus, for all v € S+,
and at 6 = 0:

d -

d
= — 0
75 P(u+07)
= Vo(u) -y
It follows that V¢(u) is orthogonal to S+ and therefore is in S, and c*e® is the
unique equilibrium in the stoichiometric compatibility class of b. 0

1.B.8. Stability of the equilibrium. Let ¢ € Z. We are going to show that
c is stable, using a Lyapunov function. Here, we say that c is stable if it is stable
in its stoichiometric compatibility class only (since a trajectory can only stay in
one stoichiometric class). We will look at the Lyapunov function on ¢ + S. Let
V : PS — R defined as:

V(z) = Zws(log xs —loges — 1) + ¢
sES
With an elementary study of the function V', we can see that V is non negative,
and that h(z) = 0 if and only if = ¢. Besides, Vh(z) = log(z) — log(c).
We have to show that if (x(¢)) is the trajectory coming from zy € S + ¢, then
for all ¢t > 0,

L h(a(t) = (Vh(a(t), F(x(1))) <0

where f is defined in Relation ([1.20). We are going to show that for x € ¢+ 5,
we have Vh(z) - f(x) < 0 with equality only at @ = ¢. We will use the following
inequality: for a,a’ > 0,

(with equality when o = o)

(Vh(x), f@) = Y ma’ ((y" —y) (logz —loge))

r=y-—y*

— Z ﬁrcy’e@ilogx—bg c) <(y+ —y7),(logz — log c)>
r=y~—y*

< Z Hr0y7 (e<y_,log:vflog c> _ e<y+,log ajflogc>)
T:y——>y+

= < Z nrc?f (wy+ — W, )7 Z €<y/,logw710g c>wy/>

r=y- =yt y'eC
=0

We recognize A, (c) in the first sum of the third equality, which is 0. We have
equality in (Vh(z), f(z)) <0 if for all y~ =yt € R, (logx —logec,y™ —y~) =0,
i.e. if logz —logc € S*, and since Z N (S + ¢) = {c}, this is equivalent to x = c.
This proves the function A is a Lyapunov function, and c is a stable equilibrium.

1.B.9. Stochastic theorem. The proof of Theorem[I.2)is based on Anderson
et al. |7]. It consist only on verifying that the probability measure defined by
Relation is an invariant distribution. We check that the probability measure
defined by Relation verify for all z € &,

Yo ms@—ytHy M@yt -y )= D me (@) ().

r=y~—yt r=y——yt
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We start from the left side of the equation, and we part the sum according to the
value of the complex y*. We then apply the complex balanced equation verified by
c. Since c verify A, (1 (c)) =0, for any complex yo,

Z kpc¥ = Yo Z K-
r=y~—Yyo€R r=yo—yT
For z,2’ € N™ and y € C, x > 2/ means that for all ¢, z; > x}, and we will use
the notation
al=[[z! and 2 = 15,
g (z—y! =

For x € &,
Yo omg -yt Hy )@ty —y0)
rey——yt
®=Yo 2(vo) _
= Z 2z Z rc? Lo yoty=>y-}
yo€C ’ r=y- —yoER
®=Y0 1(¥o)
= e XL
Yyo€C ’ r=yo—ytEeR

= Z ey () Ar ().

r=y-—yt
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1. Introduction

This paper investigates the asymptotic properties of Markov processes associ-
ated to chemical reaction networks (CRNs). The state space of these processes is
a subset of N, where n>1 is the number of chemical species. A chemical reaction
is associated to a transition of the associated Markov process (X (¢)) of the form,
for x=(z;)eN"

n
r—> x+z (yi" —v;) e,
1

where, for i€{1,...,n}, e; is the ith unit vector of N* and y*, y~€N" that form the
reaction y~—y*. The kinetics used classically for CRNs is the law of mass action.
This is expressed by the fact that the above transition has a rate proportional to
2. ﬁ 2l _ ﬁx (x;=1) - (zi—y; +1)
($7y7)! Pt (l’z_y;)' Pt i\ L1 i Y; )
provided that z;>y, holds for all i€{1,...,n}, it is 0 otherwise. A chemical reac-
tions requires a minimal number of copies of some chemical species to take place.

An important feature of these processes is that this transition rate exhibit a
polynomial dependence on the state variable. Another important characteristic are
the discontinuities of the dynamics along the boundaries of the state space, like
the condition x;>y; , for 1<i<n in our example. This is referred to as boundary
effects.

The polynomial property of the reaction rates has the consequence that multiple
timescales may drive, sometimes very fast, the time evolution of CRNs. As it will
be seen, in Section [7] for example, the discontinuities of the kinetics can on their
side slow down significantly the time evolution of some of the components of the
Markov process.

39
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In this paper we focus on the transient behavior of these networks. We study
the situation when the CRN starts from a “large” state and investigate how it goes
back to a neighborhood of the origin. Depending on which component is large, the
timescale to return to 0 can be very different. This can be helpful to study the
property of positive recurrence but, more important perhaps, it gives insights on
the time evolution of these complex Markov processes.

1.1. Lyapunov Criteria for Positive Recurrence Property of CRNs. A
classical and important stability result of dynamical systems associated to a class of
deterministic CRNs has been established in Feinberg [26]. It states that if a CRN is
weakly reversible with deficiency 0 then there is a unique positive equilibrium point
(¢;) which is locally stable. See Section of the Appendix for the definitions.
The dynamical system is defined by Relation .

In a stochastic context, Anderson et al. |[7] have shown that an invariant measure
of the Markov process (X (¢)) associated to a weakly reversible with deficiency 0
CRN with n chemical species exists and is expressed as a product of n Poisson
distributions whose parameters are given by the coordinates of the equilibrium of
the associated deterministic CRN.

Outside this class of networks, there are few general results establishing the
positive recurrence of Markov processes associated to CRNs. The use of a Lyapunov
function is a possible tool in this domain. If G is the infinitesimal generator of the
Markov process, it amounts to find an energy function, i.e. a non-negative function
f on the state space S converging to infinity when the norm of the state gets large,
satisfying the Lyapunov condition: there exist K >0 and >0, such that, for any
T€E€S,

(2.1) G(f)(=x) <=,

if ||z||>K. There are several examples of specific CRNs using entropy as a Lyapunov
function, see Anderson et al. |9} [10], Anderson and Kim [8], and Xu et al. [79].
Agazzi and Mattingly [4] use polynomial functions. See also Anderson et al. [6].

Constructing a Lyapunov function is, in general, a tricky problem since the
expression of G(f)(x) involves a summation, depending on x, on, a priori, the whole
state space. It can be easy to derive “local” Lyapunov functions for states x with
some specific coordinates large, for example. The problem is then of having a global
Lyapunov function, i.e. of gluing in some way all these local Lyapunov functions.
The analysis of Agazzi and Mattingly [4] illustrates quite well the difficulty of
constructing a Lyapunov function.

A natural extension of the criterion simplifies significantly this problem
in fact. The original version is due to Filonov [30]. It states essentially that if there
exist an energy function f, an integrable stopping time 7 and constants K>0 and
~v>0, such that, for any €S, the relation

(2.2) E:(f(X(7)))—f(z) < =B (7),
holds if ||z||>K, then (X (¢)) is positive recurrent. See Theorem for a precise
statement.

As it can be seen, if T=t1, t; being the first jump of (X (¢)), then, by Dynkin’s
Formula, provided that convenient integrability properties hold, for €S,

B (f(X(7))=f(2) = Ex (/OT Q(f)(X(S))dS> = G()(2)Eq(7),

so that Condition is in fact the classical criterion for this choice of 7.
We can express Condition as the fact that, starting from a large state, the

energy of (X (t)) decreases right away, i.e. at the first jump of the process. As we

will see, this property does not hold in general for many examples, especially for
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some interesting CRNs. Condition is natural in the sense that if the process,
starts from a large state, it may take some time before its energy decreases. In
some cases considering the instants of the second, or third jump is enough. In
other example, we will have to take instants of jumps with a random index.

With Condition , roughly speaking, starting from xz€S, the choice of an
instant 7 determines, i.e. with a high probability, the type of jump at time 7
and therefore the decay f(X(7))—f(z). The partitioning of the state space is on
the initial state z to define the convenient stopping time 7 on each subset of the
partition. Some intuition may suggest the “correct” variable. Last but not least,
the choice of the function f for Condition is not a problem in general, a linear
function is enough, except in Section where a polynomial function is used. For
Condition , the situation is quite different, one has to partition of the state
space for the definition of f, so that the global quantity G(f)(z) is negative. This
may be in some cases a more obscure procedure even if some intuition may also
help. See Agazzi and Mattingly [4].

One of the goals of this paper is of stressing the potential of Criterion
to study positive recurrence of CRNs. It has been already used for some specific
choices of 7. The general formulation should be considered as a standard tool
in this domain. All positive recurrence results of our paper are established in this
way.

1.2. Scaling Analysis with the Norm of the Initial State. For the study
of the transient behavior of CRNs, we proceed as follows: for a convenient set of
coefficients a=(c;) R’ and SR and if x is the initial state of (X (t)), it is expressed
as the investigation of the convergence in distribution of the family of the sample

paths
. def. 1 t .
X(0) " (X (s ) imteomn)
( ) (||| (e

when the norm of x goes to infinity. In general the large initial states “near” one
of the boundaries of the CRNs are the most challenging ones as it will be seen in
the examples.

The choice of 5 is important to identify the chemical reactions driving the time
evolution on specific timescales and to establish a corresponding functional limit
theorem for the scaled process.

In general there does not exist the notion of fluid limits, in the sense that the
global convergence in distribution of (X, (t)) as ||z|| goes to infinity does not hold in
general. Several choices are in general possible for «€R’} and >0, and this is not a
simple task as it will be seen. The constant S for the timescale and the coefficients
(a;) for the space variable may depend, for example, on how the sequence of initial
states is going to infinity. Worse, for some sequence of initial states, there does not
seem to exist any such constants («;) and j for a convergence in distribution result
of at least a subsequence. This is where the general Lyapunov criterion is useful.
For a quick discussion on fluid limits, see Section [4:4]

The main goal of this paper in this domain is of showing, via the analysis of
interesting examples, how a scaling analysis of this type can give insights on the di-
versity of possible time evolutions of CRNs. The proofs of the associated functional
limit theorems use several classical tools of probability theory: stochastic calculus,
averaging principles, time change arguments, hitting time estimates, ... If they
have been already used in the work of Kurtz and co-authors in a different scaling
framework, their potential seems nevertheless to be generally underestimated in the
literature. This is the reason for which several examples are worked out in detail
in our paper.
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Overview of the Paper. The formal definitions and notations are introduced
in Section [2] Classical results of the literature of CRNs, including the deficiency
zero theorem, are recalled in Section [2:A] of the Appendix.

Lyapunov criteria for positive recurrence of Markov processes are presented and
discussed in a general framework in Section [3].

The scaling with the norm of the initial state is introduced in Section [4 The
scalings used in the literature of CRNs are presented and discussed. The important
feature of this scaling is that, contrary to the existing scalings, it does not change
the reaction rates of the CRN or its associated graph. It is essentially focused on
the time evolution of the CRNs starting from a “large” state.

The rest of the paper is devoted to the investigation of several examples of CRNs
to illustrate the insight that can be obtained on the time evolution of CRNs from
this scaling perspective, and, in addition, of the efficiency of the general Lyapunov
criterion.

Section [5] is devoted to the analysis of some binary CRNs, that are chemical
reaction networks with two chemical species and there are the complexes of reaction
have at most two molecules. Two examples of triangular networks are considered
both of them have the complexes {S1,S2,S1+S2} and, for one of them, also a
sink /source ). The proofs in this section are essentially standard, the main motiva-
tion is to show how Filonov’s result can be useful, and also, that even in this simple
setting, there are cases with three regimes corresponding to different timescales and
different functional limit theorems.

For the sake of completeness, in Section of the Appendix we present some
of the classical technical arguments used, repeatedly, in the proofs of convergence
in distribution of sequence of processes. It includes the proof of functional laws of
large numbers and of an averaging principle.

In Section of the Appendix, a general result for the stability of triangular
networks with arbitrary complexes at the vertices is shown. This is an analogue of
Theorem 7.6.1 of Feinberg [27] for star networks.

Section [0] is devoted to the analysis of an interesting CRN proposed in Agazzi
and Mattingly [4]. The purpose of this reference is of showing that with a small
modification of the graph structure of a CRN, its associated Markov process can be
either positive recurrent, null recurrent, or transient. The main technical part of the
paper is devoted essentially to the construction of a Lyapunov function satisfying
Condition for one graph structure. We show that Condition can be in
fact used with a simple function to prove the positive recurrence. Additionally, a
scaling picture for the time evolution of this CRN is also presented.

In Section [7} a thorough analysis of the following CRN, for p>2,

) == 5145, PS1+Sy == pS1+2S,,
K1 K3

is achieved. In the context of a large class of CRNs with two species analyzed
in Agazzi et al. [2], this is an important example introduced and discussed from
the point of view of its stability properties for p=2. It shows how boundary effects
can complicate significantly the verification of a Lyapunov criterion with the
entropy function used as an energy function.

The analysis of this, apparently simple, CRN is in fact quite demanding. We
investigate this CRN with the general approach proposed in this paper. The anal-
ysis involves a large set of technical tools. It is a good example of the complexity
of the analysis of some CRNs. We show how Condition can be used for posi-
tive recurrence and that a scaling analysis gives an interesting insight for the time
evolution of this CRN.
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Its transient behavior exhibits several unusual scaling properties which we de-
scribe quickly. This is the main motivation of our detailed analysis of Section [7]
Such a behavior is probably not an exception in the context of CRNs. Additionally,
it gives an interesting example of the use of time change arguments to derive scaling
results for multi-timescales models.

The network has a kind of bi-modal behavior due to its boundary conditions.
This property is exhibited via a scaling analysis of this CRN for two classes of initial
states. The corresponding limiting results are:

(a) For an initial state of the form (N,b), with beN fixed.
Theorem shows that there exists some t.,>0, such that the conver-
gence in distribution of processes

X, (Nt t
lim (1()7t<too> = <1—,t<too),
N—+oco N too

holds with
too=1 /Iio (6”2/'{371) .

(b) If the initial state is of the form (a, N), a<p.
For the convergence in distribution of its occupation measure, see Defini-

tion the relation
Xo(NP~ 1t
lim <2( )) = (V(¢))

N—+o0 N

holds, where (V (t)) is an ezplosive Markov process on (0, 1] with a multi-
plicative structure, its infinitesimal generator A is given by

A(f)() = / (f (zu®) — f(2)) du, € (0,1],

for any Borelian function f on (0, 1), with d;=r3(p—1)!/k;1. This process
is almost surely converging to 0.

1
Pl

In this example, to decrease the norm of the process, one has to use the timescale
(Nt) in (a) and (N?7't) in (b) and the decay in (@) is linear with respect to time.
This is in contrast with the examples of Sections[f|and [6] where the “right” timescale
is of the form (t/N?) with 3€{0,1/2,1}. Note also that the limit of the first order
of @ is a random process, instead of a classical deterministic function solution of
an ODE as it is usually the case.

General Remarks.

(a) CASE STUDY.
If we are stressing the interest of using of Condition in a general
situation for CRNs. The analysis of the examples we have chosen, in
Section [7] especially, are, in our view, representative of the challenging
problems to derive limit theorems on the transient behaviors of these net-
works. There are other types of difficulties, like the interaction of more
than two timescales for example, which are not represented. There is a lot
of work ahead !

(b) WEAKLY REVERSIBLE EXAMPLES.
It should be noted that several of our examples in Sections [f| and [7] for ex-
ample, are weakly reversible CRNs with deficiency 0, and thus are positive
recurrent by a result of Anderson et al. [7]. See Section for the defini-
tions. Our main point in this paper is on the interest of using convenient
Lyapunov criteria and scaling ideas to investigate CRNs. We have chosen
simple examples for this purpose. The fact that some of them are weakly
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reversible with deficiency 0 is not really important, their simplicity is, to
avoid additional technical complications essentially.

In the examples of Sections [f] if some chemical reaction are added to
the CRN, then the assumption of the stability result of Anderson et al.
[7] will break down, but the method used here is still valid. It should be
also noted that if the example of Section [7] is positive recurrent by the
deficiency 0 theorem, the scaling properties we prove for this CRN give,
in our view, a quite interesting insight on the time evolution of this CRN.

2. Mathematical Models of CRNs

2.1. General Notations. For z=(z;)eN", we denote
def. def.
(2.3) 2= Z\Zﬁ and [|2]|oc=" max x|zl

We define the generalized factorlals, for z=(z;)eN"™ and y=(y;)€C,

n n

def. det. 2! z;!
(2.4) 2l = Hz,-!, W) = |:H< :

i=1 (z=y)! i=1 zi=yi)!

with the convention that z()=0, if there exists some io€S such that y;,>z;,.

2.1.1. Markov processes. A real-valued function (z(t)) on N™ is cadlag if it is
right continuous and it has left-limits everywhere on Ry, for ¢>0, z(t—) denotes
the left limit at ¢.

If (X(t)) is a cadlag Markov process on N™ | it is assumed that on the prob-
ability space, there is a semi-group of shift operators (6;) so that the relation
X (t+s)=X(t)obs holds almost surely for all ¢, s$>0. See Chapter I of Sharpe [72]
for a general presentation of this formalism for Markov processes.

We will denote by

(2.5) t; = inf{s>0: X (s) # X(s—)},
the first instant of jump of (X(¢)) and for n>1,
tnt1 = inf{s>t, : X(s) # X(s—)} = tp,+ti00; ,

the sequence of the instants of successive jumps of the process. The Markov process
is non-explosive if and only if the sequence (t,) is almost surely converging to
infinity. There is no reference to (X (¢)) for the notation of the sequence (t,), for
the sake of simplicity, as long as there is no ambiguity.

2.1.2. Random measures. If A is a positive Borelian measure on Rﬁ_ and A

is a Borelian subset of Ry, AeB(R,), we will use the following notation for the
differential term

A(A,dt) Z/]l{seA}A(dS,dt),

i.e. if f is a non-negative Borelian function on R,

FONA D) = [ 101 enAds,d)
Ry L

2.2. General Definitions for CRNs. We now give the formal definitions
for chemical reaction networks.

DEFINITION 2.1. A chemical reaction network (CRN) with n chemical species,
n>1, is defined by a triple (S,C,R),
— S={1,...,n} is the set of chemical species;
— C, the set of complexes, is a finite subset of N";
— R, the set of chemical reactions, is a subset of C2.
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A chemical species j€S is also represented as S;. A complex yeC, y=(y;) is
composed of y; molecules of species jE€S, its size is |y||=y1+ - +yn. It is also

described as
n
y=> ;S
=1

The state of the CRN is given by a vector x=(z;,1<i<n)eN", for 1<i<n, x; is
the number of copies of chemical species S;. A chemical reaction r=(y, ,y,")ER
corresponds to the change of state, for x=(x;),

(2.6) . — x4yt —y, = (zity,—y,,, 1<i<n)

provided that y, ,<wz; holds for 1<i<n, i.e. there are at least y,; copies of chemical
species of type 1, for all €S, otherwise the reaction cannot happen. We define

+ +
(2.7) Y= MAX [l

Such a chemical reaction is classically represented as

n n
- +
D riSi = D uriSi
i=1 i=1

A CRN can be seen as an oriented graph, called the reaction graph, whose vertices
are complexes, i.e. in C and whose set of directed edges is R.

The notation () refers to the complex associated to the null vector of N™, #=(0).
For y=(y;)€C, a chemical reaction of the type (0, y) represents an external source
creating y; copies of species 4, for i=1,..., n. A chemical reaction of the type (y, )
consists in removing y; copies of species i, for i=1,..., n, provided that there are
sufficiently many copies of each species.

2.3. Markov Processes: Law of Mass Action. A stochastic model of a

CRN is represented by a continuous time Markov jump process (X (¢))=(X;(t),i=1,...

with values in N”. The dynamical behavior of a CRN, i.e. the time evolution of
the number of copies of each of the n chemical species is governed by the law of
mass action. See Voit et al. [76], Lund [56] for surveys on the law of mass action.

For these kinetics, the associated @-matrix of (X(¢)) is defined so that, for
xeN" and r=(y,, y;")ER, the transition x—x+y,"—y,~ occurs at rate

x! .
Gy [[zi(@i—1) - (@i—yrit+1),
=1

(2.8) k) = K, —
(z —yr !

where k=(k,,r€R) is a vector of non-negative numbers, for reR, k. is the reaction
rate of r. More formally the functional operator Q(f) associated to its Q-matrix is
defined by, for zeN",

(2.9) Qf) (@) =D k@) (f (z+yf—y;) —f(2)

reER

for any function f with finite support on N™.

2.4. A SDE Formulation. The Markov process with @-matrix defined by
Relation can be classically expressed as the solution of a martingale problem.
See Theorem (20.6) in Section IV of Rogers and Williams [69].

We assume that on the probability space we have a set of independent Poisson
point processes P, r€R on Ri with intensity measure the Lebesgue measure on
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R3. See Kingman [64]. The Markov process has the same distribution as the
solution (X (¢))=(X;(t)) of the SDE,

(2100  dx()= S (-u)P <(o mmﬁ)__);_)d ,dt) .

r=(yr ,yi)ER

Note that a solution of SDE is not, a priori, defined on the entire half-line
since the instants of jumps of the process may converge to some random variable
Two, the time of explosion. When this variable is finite, a point t is added to the
state space, with the convention X (t)=t for t>Tk..

The associated filtration is (F;), where, for t>0, F; is the completed o-field
generated by the random variables

(2.11) T L o (P(AX[0,5)),r€R, s<t, AcB(R,)) .

The notions of stopping times and martingales refer implicitly to this filtration.
Provided that (X (¢)) is well defined on [0, T, T>0, the integration of SDE (12.10)
gives the relation

_ ) [ X
(2.12) X(t)—X(O)—i—TGZRMT(t)—FTEZR -y yr)/0 X

on the time interval [0, T], where, for reR, (M, (t))=(M,i(t)) is a local martingale
defined by

(2.13) ((y?—yr_)/ot (Pr ((O’HT%> ’d8> _KT(X();(?;MdS»’

and its previsible increasing process is given by, for 1<i, j<n,

(214) (M, Myy) (1) = ((y;&—ym—) (=) ir / (X(X)(_):;). dS) -

For geR, q#r, (M., My ;) (t))=0.

KR
8148, 2296,

\g
K1

Ko

0 — 52
K20

FiGure 1. Example of a CRN

Example. For the CRN of Figure [I| we have
- S:{l, 2}, C:{Q), Sl+527 251, SQ};
— R:{(@, SQ), (SQ, @), (SQ, 51+SQ), (Sl+52, 281), (231, SQ)}
The non-trivial components of the @-matrix of the associated Markov process
(X(t))=(X1(t), X2(t)) are given by
(13 O)a Ro X2,
(w1, 22)+ ¢ (=2,1), kKrz1(r1—-1),

(1,—1), K12 1X2.

(07 1)7 Ko,

) — ’ +
(xl x2) (xl xQ) {(07_1)7 K202,
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The associated SDEs for (X(t), X2(t)) are

dX1(t) = P2((0, k2 Xa(t—)), dt)+P1a((0, k12 X1 Xa(t—)), dt)
—2P1((0, s X1 (t=) (X1 (1) 1)), d7)

dX(t) = P1((0, k1. X1 (t—) (X1 (t—)—1)),dt)+Po((0, ko), dt)

+P1((0, k1 X1 (t-)), dt)=Pr2((0, K12 X1 X2(t—)), dt) —Pao((0, ka0 Xa(t—)), dt).

2.5. An Important CRN: The M/M/oco queue. This is a simple CRN
with an external input and one chemical species,
A
h=5.
o
The M/M/oco queue with input parameter A>0 and output parameter p>0 is a
Markov process (L(t)) on N with transition rates

z+1 A
—
z—1 px.

The invariant distribution of (L(t)) is Poisson with parameter p=\/p.

This fundamental process can be seen as a kind of discrete Ornstein-Uhlenbeck
process. It has a long history, it has been used in some early mathematical models
of telephone networks at the beginning of the twentieth century, see Erlang [23],
also in stochastic models of natural radioactivity in the 1950’s, see Hammersley
[38] and it is the basic process of mathematical models communication networks
analyzed in the 1970’s, see Kelly [61]. See Chapter 6 of Robert [67].

Technical results on this stochastic process turn out to be useful to investigate
the scaling properties of some CRNs and, as we will see, in the construction of
couplings used in our proofs. See Sections [6] and for example.

2.6. Deterministic Models of CRNs. Early mathematical models of CRNs
are continuous models with state space R}. They have been used in chemical
physics to describe the time evolution of concentrations of the n chemical species
in a large volume, instead of the vector of the number of copies. The process is a
deterministic dynamical system in R, (2(t))=(x;(t)) expressed as the solution of
the following set of Ordinary Differential Equations (ODEs),

(2.15) Bt)= Y.k <H xi(ﬂ‘”’”’) (v v )
r=(yr i )ER i=1

with also a polynomial dependence of the state variable. This is the original law
of mass action in fact, see the historical reference Guldberg and Waage [35]. See
Relation 2.15] It should be noted that, due to a possible lack of a global Lipschitz
property, a solution of ODE (2.15) may also blow-up, and be defined on a finite
time interval only.

A striking and impressive result in this context is the Deficiency Zero Theorem.
See Section of the Appendix.

3. Filonov’s Stability Criterion

In this section we formulate a criterion, due to Filonov [30], of positive recur-
rence for continuous time Markov processes associated to CRNs. It is an extension
of the classical Lyapounov criterion, see Corollary Our experience is that it is
really useful in the context of CRNs and more practical than the classical criterion.

DEFINITION 2.2. An energy function f on & is a non-negative function such
that, for all K>0, the set {x€& : f(x)<K} is finite.
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By convention the value of an energy function at the point at infinity 1 is +o0.
The classical energy functions used in a CRN framework can be linear functions or
an entropy function, for x=(z;),

m m
flx) = Zaimi, flx) = Z(xl Ina;—x;+1).
i=1 i=1

THEOREM 2.3 (Filonov). Let (X(t)) be an irreducible Markov process on EgCN™
associated to a CRN network with QQ-matriz , if there exist

(a) an integrable stopping time T such that 7>t1An,
for a constant n>0 and t1 is the first jump of (X (t)), Relation (2.5);
(b) an energy function f on & and constants K and v>0 such that the relation

(2.16) B (f(X(7))) —f(2) < —vEa(7),
holds for all x€&y such that f(z)>K,

then (X (t)) is a positive recurrent Markov process.

A function f satisfying Condition is usually referred to as a Lyapunov
function.

A difficulty of the continuous time case is the possibility of explosion, when the
number of jumps if infinite in a finite time interval. It may be seen pathological,
as we will see, due to the kinetics of the law of mass action, it may happen in the
context of CRNs. If there is explosion, the Markov process is of course transient.
Note that if Equation holds, 7 < T, with T, the time of explosion (possibly
equal to +00). A consequence of the theorem is that the process cannot explode
under its assumptions.

The following positive recurrence criterion involving the @-matrix @ of the
Markov process is quite often used for the stability results of CRNs.

COROLLARY 2.4. Let (X(t)) be an irreducible Markov process on &y associated
to a CRN network with Q-matriz Q defined by Relation (2.8), if there exists an
energy function f on S and v, K>0 such that

(2.17) Q) (@)<—, if f(z)2K,

then (X (t)) is positive recurrent.

PRrROOF. For 7 = ¢1, and x such that f(x)>K, we have

E, (f(X (1)) — f(x)) = E, ( i) ds) = QU)@)Ea(t) < —Eu(ta),
then we conclude with Theorem 2.3 O

The classical Condition states that if the initial state has a large level
of energy, the next step decreases in average the energy by some fixed positive
quantity. There are various versions of this type of result. One of them evaluates
the expected value of f(X (tg)) at a deterministic function ¢o(x) of the initial state,
see Proposition 4.5 of [17]. Finding a global Lyapunov function may be cumbersome
in general. It may imply to partition the state space, for the location of X (¢g), to
build and to glue piecewise, local, Lyapunov functions. See Agazzi and Mattingly
[4] for a typical example. For this theorem, one has to partition the state space
from the point of view of the initial state, to define 7, instead of the state at time
to. This is in general much simpler to handle.

Starting from a state x of high energy does not necessarily lead quickly to a
lower energy level, i.e. Q(f)(x) is not necessarily negative. Instead, it may happen
that one may have to wait for some amount of time, the quantity 7, before the
energy can significantly decrease. The “price” to pay for waiting is that the decay
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needed is not anymore some fixed negative quantity, but, as it can be expected, a
negative constant proportional to E,(7), the mean value of the waiting time.

For the somewhat specific condition 7>t A7, it should be noted that, at least
some condition is required, since the trivial 7=0 would work otherwise. In practice,
it is quite natural that the “convenient” stopping time 7 should be greater than ¢4,
the first instant when there is a change of state for the Markov process. There are,
however, situations when it is enough to consider a deterministic stopping time 7,
when scaling limits of sample paths are used. Some of our examples below exhibit
this feature.

(a) If 7=n>0.
Condition (2.16]) is just the classical Foster-Lyapunov condition for the dis-
crete Markov chain (M,,)=(X(nn)), i.e. the process (X(¢)) on the discrete
timescale n—nn,

(2.18) E.(f(My))—f(x) < —yn,  for z€8y such that f(z)>K.

See Hairer [37], Bramson [17], and Meyn and Tweedie [5§].

(b) If T:tl .
Condition is equivalent to condition (2.17)), see the proof of corol-
lary Most of stability analyses of CRN networks use this condition.

ProoF oF THEOREM [2.3l The proof uses essentially the same arguments as
in the proof of Theorem 8.6 of [67]. The only specific difficulty lies in the fact
that, a priori, the Markov process can be explosive. Define the sequence of induced
stopping times (s,) by induction, by s;=7 and

(2.19) Sp41 = Sp+T00;, .

By using the strong Markov property of (X(t)), see Theorem (9.4), Section II1.9
of Rogers and Williams [6§], (s,) is a non-decreasing sequence of stopping times.
From our assumption on 7, we get that (s, ) is almost surely an increasing sequence,
i.e. $,<Sp41 for all n>1.

We define

Ty = inf{s>0: f(X(s)) < K}, and v L inf{n>0: f(X(s,)) < K},

then, clearly Tk <s,. Let, for n>1,

def.
Zn =" f(X(sn)) + 780,
then, with Relation (2.16) and the strong Markov property of (X (¢)) for the stop-
ping time s,,, we obtain the relation

(2.20) E(Zni1 | Fs,) = Zn+Ex(s,) (f(X(7)+97) = f(X(sn)) < Zn,

on the event {r>n}.

The process (Z,x,) is therefore a non-negative super-martingale, in particular
it is converging almost surely to a finite limit.

First, lets show that v is almost surely finite. The almost sure convergence
of (Z,ay) gives that, almost surely on the event {v=+o0}, the sequence (s,) is
converging to a finite limit. In particular the increments (s,y1—s,) are less than
1/2 after some finite index ng. Our assumption, 7>t An implies therefore that, for
n>ny,

(2.21) Sp41=>8n+t100s,

and, by induction, $,>t,_p, OQSHO holds for n>ng.
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Since X (s,,)=X (uy,), where u,<s,, is the last jump instant of (X (¢)) before s,,
we have u, <un+1 by Relation (2.21). Hence, almost surely, on the event {vr=+o00},
the Markov process (X (t)) explodes in finite time, so that

limsup f(X (uy,)) = limsup f(X(s,)) = +o00.
n—-+oo

n—-+o0o

Since (Znay) is converging almost surely to a finite limit, this implies that the
random variable v is almost surely finite.
By integrating Relation (2.20) we get that

'YEx(Sn/\u) <E, (Zn/\y) < Ex(ZO) = f(a:)v
the monotone convergence theorem gives the relation

E(Tx) < E(s,) < f(,y’

we conclude with Proposition of the appendix. The theorem is proved. O

4. Scaling Methods

The scaling approaches presented in this section aim at providing a first order
description of the time evolution of a CRN, to investigate its transient behavior in
particular.

4.1. Deterministic CRNs as a Scaled Version of Stochastic CRNs. It
is possible to see the set of ODEs with the parameters (k) as a first order
approximation of a scaled stochastic model of a CRN with the same triple (S,C,R)
but with a set of scaled reaction rates

K
2.22 NreR)=(———,reR ).
(2.22) (k7. reR) (NI%-I—NTE )

We denote by (X (t))=(X(t)) the associated Markov jump process.

This ad-hoc scaling is not homogeneous in the sense that it does not correspond
to a uniform change of timescale. The timescale of reaction reR is “slowed down”
by a factor 1/N v~ 1=1 In this manner, provided that all its coordinates are of
the order of N, the rate of any chemical reaction is of the same order, O(1) with
respect to N. Consequently, this scaling removes an important feature of CRNs,
multi-timescales, i.e. that some reactions may be change a subset of coordinates of
(X (t)) on a much faster timescale.

The following proposition is a well-known result of the CRN literature for the
scaling assumption of Relation . See Mozgunov et al. [60] for example.

PROPOSITION 2.5. If (XN (t)) is the Markov process with Q-matriz given by
Relation (2.8]) with the reaction rates given by Relations (2.22) and if the sequence
of initial states is such that

. X (0) m
i (F7) = romtenerr,
then the convergence in distribution
- XN (t)
el (5 00,00)) = (i) €00,
holds, where (z;(t)) is the solution of the set of ODEs (2.15) starting at (z¢) and
too 18 its blow-up instant,
def. . .
too = Klirﬁmlnf{t:|\x(t)||w2K},

with the convention that inf )=+o0.
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PROOF. We give a quick proof of this classical result. For K>1, define
HY =inf {t>0:| XN (t)||«>KN} and tx = inf {t>0:||z(t)|| > K},

(Xho) oo (L)

On the time interval (0, HY ), there are at least C¢ N jumps of the process (X (t)),
with Cx=|(K—||z0l])/yax]- See Definition (2.7). The maximal jump rate of the
process on (0, HY) is bounded by AN with A=||x||oc K¥m=x|R|. Hence,

and

lim ]P’(HK<t) =0,

N —+oc0

holds for any t<Cp /.
We now use the SDE formulation of Sectlon 4] of the appendix to represent
the Markov process (X7 (¢)). Relation gives the identity

(223) X" (1)=X" (0)+ ; %H%)
B tAHE XN(s)!
+hr (Y —Y; )/O NI (XN (s) -y )! -

where (M, (t))=((M,,(t))), r€R, is the set of martingales defined by Relation (2.13]).
Relation (2.14) gives, for 1<i<m,

<Z ]‘fv> ) = 30 e gnmg)

TER reR
1 _\2 tAHY X (s)!
=5 2 W) “’“/ Iy | o ds
R 0 Ny (X(S) yr )!
Z(yz uis)? m KW,
2 W

with Doob’s Inequality, we get that (M, ;(tAHEY)/N) is converging in distribution
to 0, for all 1<i<m. By using the criterion of modulus of continuity, see Billingsley
[14], it is easy to show that the sequence of processes (Yg(t)) is tight for the
convergence in distribution.

For t<t, with high probability we have H% >, hence by using Relation ,

we obtain that any limiting point of (YZ (t),t<tr) satisfies the set of ODEs (2.15]).
In particular the sequence (|| Xn(t)||,t<tx) is converging in distribution to the
process (||z(t)||, t<tx). The proposition is proved. O

4.2. Alternative Scalings of Reaction Rates. Kurtz and co-authors have
also investigated several examples of CRNs with analogous scaling methods. In
this approach, some reaction rates may be sped-up with some power of the scaling
parameter N and the state variables are scaled accordingly. The difference with the
classical scaling is that the transition rates do not have necessarily the same order
of magnitude in N. The initial motivation was of fitting the parameters of these
scaling models with biological data obtained from experiments. Several examples
of CRNs are investigated in this setting, the limit theorems derived depend, of
course, on the scaling in N chosen for the vector of reaction rates (k). See for
example Ball et al. |11], Kang and Kurtz [46], and Kim et al. [50].
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4.3. Scaling with the Norm of the Initial State. The main scaling ap-
proach considered in this paper is with respect to the size of the initial state. The
topology and the vector k of reaction rates are unchanged. With a convenient
change of timescales it may give a first order description of the time evolution of
the CRN starting from a “large” state.

This scaling is in fact related to Theorem we start by a reformulation of it.

PROPOSITION 2.6. Let (X (t)) be a Markov process associated to a CRN network
with Q-matriz defined by Relation (2.8)), if there are an energy function f on &,
constants € and n>0, and an integrable stopping time T7>t1/A\n such that the relations

E.(f(X ef. 1. E,

lim sup M <1l-¢ and Cy 4 im sup (r) < 400
z€€ f(z) ecgy  [f(2)

f(z)—+oo f(x)—=+o0

hold, then the Markov process (X (t)) is positive recurrent.

PROOF. One can find K>0 such that if x€&, satisfies f(z)>K then

E,(/(X(r)=f(w) € =5 () < —35

Theorem concludes the proof. O

E.(1),

Starting from a large =, we can interpret 7 in Proposition[2.6]as the time “back”
in direction of the origin. If we take f as the norm |||, the above proposition
suggests the introduction of the scaled processes, for z€&,

(Xa(t) = <X o (x)),tzo) :

]

where g is a positive function on S such that g(z)<Cyllz||, z€S, for some Cy>0.
The function g is deterministic function related to the order of magnitude of 7
starting from z.

Assume that, as ||z|| goes to infinity, the family of processes (X, (t)) converges
in distribution to some deterministic process (Z(t)). The dynamical system (Z(¢)),
with an initial point on the unit sphere of R’ provides a first order description of
the Markov process. Such limiting result may be complicated to obtain, because
of polynomial reaction rates and of boundary behaviors already mentioned. There
are in general different timescales involved and, for this reason, there is rarely
“one” function g for example. Still, it gives a method to investigate the qualitative
behavior of these complicated Markov processes.

There is an interesting, global, scaling of this kind. Assuming that ||z, the
norm of the initial state is large, the rate of the fastest reaction is at most of the
order of |z|[¥max, y,... is the size of the largest complex initiating a reaction, see
Relation . For this reason, when looking at the scaled process, the timescale
tt/||z||Ymax—1 is quite natural.

PROPOSITION 2.7. If (XN (t)) is the Markov process associated to a CRN net-
work (S,C,R) with parameters (k) and whose initial state is such that

X7(0)

i (P = noseerr,

then there exists too>0, such that when N goes to infinity the family of processes

() (e (e /) i)
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is converging in distribution to (£(t),t<t), the solution of the ODE

(2.24) de(t) = Yo ml) ()
reva‘y;H:y;}ax
n (0,te0), with £(0) = xg.
This scaling has the effect of considering the same CRN but with a set of
reactions reduced to {r=(y,, y;")ER:||y; | =Ymax }-

PROOF. We proceed in an analogous way as in the proof of Proposition
The SDE formulation of Sectlon 2-4)of the appendix to represent the Markov process

(XN (t)) is used. Relation gives for t>0,

(2.25) X () =X"(0)+ > M, (1)
rerR

XN 5/ NYmax—1)]
+ Z e (Y =y / N (s/ ! — ds,
reR Nymax X S/Nymax )_y,r, )'

where, for reR, (Miv(t)) is a martingale. Stopping the process at HY as in the
proof of Proposition we remark that for r=(y,",y,")€R such that ||y, | <Umax:
XN () - K Ymax—1
Nome (XN ()~ N
so that the corresponding terms in Relation (2.25)) vanish, as processes, when N

gets large. We can show easily that taking ¢., small enough,

lim IP’(H ) 0,

N—4oco

which allows us to conclude. O

4.4. Analogies with Queueing Networks. This context is reminiscent of
an analogous situation for queueing networks at the beginning of the 1990’s. A
queueing network can be described as a finite set of processing units among which
several flows of requests are circulating. A request requires the processing capacity
of a subset of nodes for some amount of time before leaving the network. An im-
portant difference with CRN is that the jump rates are depending at most linearly
on the state and quite often they are in fact bounded, for Jackson networks for
example. Several large classes of queueing networks having product form invari-
ant distributions were identified, like Jackson networks or loss networks, see Kelly
[48]. Outside these classes, little is known, even on the existence of equilibrium
distributions.

In the early 1990s, several simple queueing networks were shown to be, sur-
prisingly, unstable. See, for example, the pioneering papers Rybko and Stolyar [70]
and Bramson [16]. The limits of scaled models when the norm of the initial state is
getting large, sometimes referred to as fluid limits, have been used for example in
the mathematical analysis of Rybko and Stolyar [70]. See Bramson [17] and Chap-
ter 9 of Robert [67], and references therein, for a general presentation. Scaling ideas
have mainly been used to prove positive recurrence properties rather than investi-
gating a first order description of these networks. Chen and Mandelbaum [66] for
Jackson networks is an exception in this domain. The Markov processes associated
to these queueing networks can be described as behaving locally as random walks
in several subsets of N™. For this reason, there is essentially one relevant time
scale t—Nt, with N=||X(0)]|, contrary to CRNs where there may be several, very
different, timescales.
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Because of the diversity of relevant timescales in general, a stability analysis
using fluid limits, as it can be done for some stochastic models of queueing networks,
seems to have a limited interest in practice in the context of CRNs.

It should be noted that for a class of queueing networks, loss networks, a
different type of scaling is of interest. It consists in speeding-up the rates of external
arrivals by a (large) factor N, and to study the asymptotic behavior of the process
scaled by 1/N on the normal timescale. The motivation of this scaling is of having
a first order description of the time evolution of the network. The stability property
is clear, the associated Markov process being reversible. See Kelly [61].

5. Binary CRN Networks

In this section, we investigate simple examples of CRNs with complexes whose
size is at most 2.

DEFINITION 2.8. A CRN network (S,C,R) with n chemical species is binary
if any complex yeC is composed of at most two molecules, i.e. ||y]|<2.

The set of complexes can be represented as C=.JyUJ;UJ, where, for i€{0, 1, 2},
the subset J; is the set of complexes of size i, note that J; can be empty. If yeJq,
with a slight abuse of notation, it will be represented as y=S, for some Sy€S.
Similarly, y:S; + Si, for S;, SZ%GS when yeJs.

PROPOSITION 2.9. If (X (t)) is the Markov process associated to a binary CRN
network then, almost surely, it is not explosive. Furthermore, for T>0, the family

of random wvariables in R
. " def. [ 1 n
(XD).eN" 0 (o sup X X O)=aem (0}

is uniformly integrable.
ProoOF. The SDEs associated to the CRN are given by

dX(t) = > (v =y, )P, ((OH(XX?;_)') ,dt) ,

reR

with our convention that P,, r€R, are independent Poisson processes on Ri with
intensity measure ds® d¢ on Ri. See Section of the appendix. The binary
condition implies that for reR with y, €J,, then

1=l Il < 0.

If |R| denotes the cardinality of R, it is not difficult to construct a coupling so that
I X (£)||<Z(t) holds, where (Z(t)) is the solution of the SDE

dZ(t) = 2P ((0, ||l [R|Z (t=)) , dt)

with Z(0)=[|X(0)||=|l=||. The process (Z(t)) is simply a pure birth branching
process with rate ||| R|. It is almost surely non-explosive. For 0<t<T', we have

t
Z@:WMJMM+N%QMAZ@®,
where (Mz(t)) is a martingale, with
t
<Mbﬂﬂ=ﬂmmmulgﬂ@d&

It is easily seen that E(Z(t))=|z| exp(2]|k||co|R|t). If
e 7
220 sp (£5)).
s<t

]|
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then,

1*
§L S T

Doob’s Inequality gives the 1nequahty

t
sup [ Mz (s )|2+4T(||f<«'||oo|7€|)2/ Z;(s) ds.
0

E (sup |Mz(8)|2) <AE(Mz(T)?)

s<T
= 16||/<6Hoo|73|/ )) ds < 32|l oo | RIT | e?I¥ll=RIT.

and, with Gronwall’s Inequality, we obtain

sup E(XZ(T)?) < sup E(Zi(T)?) < +oc.
z€S,x#0 z€S,x#0

The family of random variable (X2 (7)) is uniformly integrable. The proposition is
proved. O

PROPOSITION 2.10. If (X (t)) is the Markov process associated to a binary CRN
network then the family of random variables

(X () (| : <t/|x||>)

is tight when =X (0)eN"™\ {0} goes to infinity and any of its limiting point (£(t))
is a continuous process satisfying the ODE

o .
(2.26) t) = Z "ﬁres%ﬂf’l(t)gs?;?2 Oy =y )-
reR
Y, €J2
PRrOOF. This is a simple consequence of Proposition O

The timescale (¢/||z||) and the space scale 1/||z| are valid for all binary CRNs
from the point of view of tightness properties. It does not mean that they are the
only ones, or the most meaningful. As it will be seen in Section [5.1} depending on
the type of initial state, it may happen that the timescales (¢/+/]|z||) or (¢) and
the space scales 1/4/||z|| or 1 are appropriate for the analysis of the asymptotlc
behavior of the time evolution of the CRN. The timescale (¢/||z||) is well-suited
when there are complexes of size two and when the associated chemical species are
all in “large” number, of the order of ||z||. Otherwise, it may be too slow to change
the state of the CRN, so that a faster timescale has to be used.

5.1. Triangular Binary Networks. We now consider a binary CRN with
two chemical species, m=2, and three distinct complexes C;, i=1, 2, 3, of size <2
and the set of routes is

RZ{(Cl, CQ), (02, CS)a (O?n Cl)}

The purpose of this section is essentially pedagogical, to show, in a simple setting,
how the ideas of Sections |3 and 4] can be used in practice, on stability and scaling
properties.

As a side result, in Section of the appendix, a proof of the positive recur-
rence of a general class of triangle topologies is given: an arbitrary set of chemical
species, an arbitrary set of three complexes, i.e. whose sizes are general and a set of
reactions R containing the three ones from above. Proposition [2.34] of the appendix
for triangle topologies can be seen as the analogue of Theorem 7.6.1 of Feinberg
[27] for star networks. To the best of our knowledge there are few such stability
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results with arbitrary complexes. We have not been able to generalize this proof to
a CRN with more than three complexes.

K2
So E Sy1+Ss Sy — S1+5

K
\ K12 02 X K12
KT
S1 0 ko1 51
(A) Triangle T1 (B) Triangle T2

FIGURE 2. Triangular CRNs

Note that the CRN T1 of Figure 2] is weakly reversible, with deficiency zero,
hence Anderson et al. 7] shows that its associated Markov process is positive re-
current with invariant distribution

1 0% Yy
(2.27) m(z,y) et E%%’ (z,y)€S,
where SCN? is the state space, S=N?\{(0,0),(1,0)}, Z is the normalization con-
stant and p1=ka /K12, p2=FK1/K12-

The stability analysis of this CRN is revisited by using the criterion of Theo-
rem [2:33] and one of its consequences. This is, of course, not a new result for T1,
but this analysis can be done without extra-cost when each chemical species has,
in addition, an external source, as in the CRN T2 of Figure This CRN is not
anymore weakly reversible, the results of |7] cannot be applied.

The associated Markov process is denoted by (X (¢))=(XV(¢), X3V (t)). We
denote by xVN=(x{,z%) the initial state, which is of norm N, N=z¥+zl it is
assumed that

(2] @y
(2.28) NLHEOO ( > = (a1, 1—ay),
with a; €0, 1].

The scalings consider three types of regions of N2 for the initial state: when the
order of magnitude of the two coordinates are respectively of the order of (N, N),
(O(V/N),N), or (N,0(1)). Tt is shown that starting from a “large” state, three
timescales play a role depending on the asymptotic behavior of the initial state:

(a) t+— t/N, when both components of the initial state are of the order of N,
i.e. when 0<aq<1;

(b) t+ t/v/N, when a;=0 and z¥¥ is at most of the order of v/N.

(c) t+ t, when a;=1 and 2 is bounded by some constant K.

The boundary effects mentioned in Section [2| play a role in case c), the second
coordinate remains in the neighborhood of the origin essentially.

For each of the three regimes, the scaled norm of the state is decreasing to 0,
which is helpful to prove positive recurrence. The limit results show additionally
that the orders of magnitude in N of both coordinates do not change. In other
words the space scale is natural and not the consequence of a specific choice of the
timescale. The following proposition gives a formal statement of these assertions.

PROPOSITION 2.11 (Scaling Analysis). Under the assumptions (2.28)) on the
initial state of the CRN T1 of Figure[3,
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(a) if a1>0, then for the convergence in distribution,

N N
(2.29) lim <X1 E\t/N), X2 Eé/N)> = (2a1 (1), Ta2(t)),

N—+oco

where (24,1(t), Tq,2(t))=(a1, (1 — 1) exp(—K1201t)).
(b) If a1=0 and
=N
lim —L = pgeR,,

N—+oco \/N

then, for the convergence in distribution
(X{V(t/\/ﬁ) XV ) (zo,1(1), 20,2(1))
\/N ) N s ) s )
where (zp1(t), xp2(t)) is the solution of the ODE
(2.31) Ep,1(t) = Koxpa(t), i‘bg(t) = —/ﬁgxb,l(t)ﬂcb,g(t),

with (zp,1(0), 2p,2(0))=(8,1).
(c) If the initial state is xN=(N,k), for k€N, then, for the convergence in

(2.30) lim
N —4o00

distribution,
: X{V(t) _ def. —kK1t
(2.32) W ( ) = (@ea () = (e,
PROOF. See Section of the appendix. O

Stability Properties. We consider the CRN T2 of Figure 2] with external inputs
for both species. Here theorem doesn’t apply, since the CRN is not weakly
reversible. We want to show a stability result on this CRN. It is not difficult to
see that the results of Proposition holds in this case too since on a finite time
interval the number of external arrivals is almost surely finite and independent of
N.

PROPOSITION 2.12. The Markov process associated to the CRN T2 of Figure[Z
18 positive recurrent.

PROOF. Theorem [2.3]is used. We have to define the stopping time depending
on the initial state. Proposition does not give a full partitioning of the possible
“large” initial states, some additional work has to be done. We ignore the external
arrivals, it is easily seen that similar arguments can be used. With high probability,
the stopping times chosen are smaller than the instant of the first external arrival.
There are three cases.

(1) The initial state is such that
ay’ N
Ngrilooﬁ >1 and x5 >1.
We take t', the instant of the first jump of (Xx(t)). Elementary calcula-
tions give the relation
limsup E XNED) = 12V < ——E2 and lim NE (V) = 0.
famsup s (| XV (1))~ 2] €~ and lim VE (1)
(2) The initial state is 2V =(N,0).
Let, for k€N, 71, be the instant when the (kg+1)th element S; is trans-
formed into an S;. The norm of the process decreases when some of these
molecules of Sy disappear with reaction S;+52—5;. The probability for
a molecule of Sy to be destroyed before a new transformation of S; into
Sy is lower bounded by p=ki2/(k1+k12), therefore in average there are



58 2. SCALING OF STOCHASTIC CRN

more than pko molecules of Sy killed before 73,. The reaction Sy— 5145
could also create some molecules during the time interval [0, 7%,]. Its rate
being bounded by k2kg, and noting that E(7y,)<ko/(k1(N—ko)), it is not
difficult to show that there exists a constant Cy such that the relation
Co

E (IXN (i,)[]) < N_k0p+k0N—ko

holds.
(3) The initial state is ¥ =(2{, N) with,

lim x—1<1
N—>+oo\/]v7

We will use the result (b) of Proposition and its proof in the appendix
(for the convergence of the averages), to obtain the convergence

i E XAV = 2,5(1)<1.

We only have to use Theorem to conclude the proof of the proposition. O

6. Agazzi and Mattingly’s CRN

In this section, we study the chemical reaction network introduced by Agazzi
and Mattingly [4],

(2.33) 0= S14Ss, Sy 20, pSi+qS: = (g+1)Ss S gSs,

for p, ¢eN, p>2 and ¢>2. In Agazzi and Mattingly [4], the constants considered
are p=>5 and ¢=2.

The purpose of this reference is of showing that with a small modification of the
topology of this CRN, its associated Markov process can be positive recurrent, null
recurrent, or transient. The main technical part of the paper is devoted essentially
to the construction of a Lyapunov function satisfying Condition .

The continuous time Markov jump process (X (t))=(X1(t), X2(t)) associated to
CRN has a Q-matrix given by, for z€N?,

e1tez K1,
T —> T+ § —pei1tes ngxgp)x;q),
+1
—€9 /@2I2+H4$éq ),

where e;, ey are the unit vectors of N2. This process is clearly irreducible on N2,
and non explosive since )—S1+S55 is the only reaction increasing the total number
of molecules. See the proof of Proposition for example. The fact that only
this reaction increases the norm of the state suggests that the proof of the positive
recurrence should not be an issue.

To prove this positive recurrence, see the proposition below, Agazzi and Mat-
tingly 4] use several energy functions on N2, which are polynomial functions in a4
and x5. The main technical difficulty is of gluing these functions in order to have a
global Lyapunov function for which the classical Forster-Lyapunov theorem can be
used. Note that there are also interesting null recurrence and transience properties
in this reference.

ProprosITION 2.13. If p>2 and ¢>2, then the Markov process associated to the
CRN (2.33)) is positive recurrent.

PROOF. Theorem 2.3]is used with a simple energy function, the norm ||z||=z1+x2
of the state z=(z1,22)EN2. If the norm of the initial state is large enough, then
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the expected value of the norm of the process taken at a convenient stopping time
will be smaller, so that Condition (2.16]) of Theorem [2.3| holds.

Step 1. As before, for n>1, t,, denotes the instant of the nth jump.
E. (1X (01— ll2l)) = (261 rawa—(p— st e —rsal ™) B, [1],

and, clearly, E,(t1)<1/k;.
If either xo> K1 =142kK1 /Ko or q<zo<K7 and x1>Ko=142k1/((p—1)k3q!), then

Ee (X @) 1=llz])) < =7Eq(t1),
for some v>0. Condition (2.16) holds for this set of initial states.

Step 2. Now we consider initial states of the form z}'=(N,b) with b<q and

N large. The third and fourth reactions cannot occur until the instant

7 L inf{t>0: Xo(t)>q}
Until time 71, the process (X2(¢)) has the sample path (L(t)) of an M/M /oo queue,
see Section with arrival rate k1 and service rate k9. At time 71 the state of the
process has the same distribution as the random variable

(N+NI€0 (05 7—1)7q)7

where N, is a Poisson process with rate xo. Clearly 7 is integrable as well as
the random variable Ny, (0,71). We have also X;(miAt)=N+N ([0,tA71]), so
E(np) [X1(m1)] < N+k1Cy, for some constant Cf.

To summarize, starting from the initial state () =(N,b) with b<q, the quanti-
ties E,x (71) and E,n (X3 (m1))—N are bounded by a constant. We are thus left to
study the following case.

Step 3. The initial state is 2 =(N, q) with N large.

As long as X5 (t)>¢, the third reaction is active, p copies of S; are removed and
a copy of Ss is created. Initially its rate is of the order of NP, the fastest reaction
rate by far. We define v as the number of jumps before another reaction takes

place.

v def. inf{n >1: X(ty)—X(tn-1)#(—p, 1)}v

P(v>k) = kl:[l 1— H1+Hg(q+i)+/{4(q+i)(q+1)
= =0 k3(N—pi)P) (q+i)(D+r1+r2(q+i)+ra(g+i) @D )7

with the convention that ¢4tV =0. For i>1,

rk1+ka(q+i)+ra(gri)ath
k3 (N —pi) P (q+i) D +r1+r2(q+i) +ra(q+i) (D)
(K1+r2(g+i))(g+i) @D 4 ry _ iCo
= R3(N=pi)®) /it (k1+r2(q+4)) (q+0) "0 kg = (N—pi)P)+iCo’
for some apropriate constant Cy>0. Hence, if we fix 0<d<1/2p,
SNCy 5N
(N—pL5NJ)(P)+5NCo> ’

E .~ (v) > INP(v>dN) > 6N <1
0
so that, since p>2,

1
. iminf — > 0.
(2.34) }\1{21_1&2 NEgCév(z/) >4



60 2. SCALING OF STOCHASTIC CRN

We define m5=t,,, obviously

and we have
E,x (X (r2)[|=[lz5'[}) < (1=p)E,x (v)+2 < =N,

for some y>0 if N is sufficiently large, using Relation . Consequently is easy
to see that there is a convenient constant K such that Condition holds for
this set of initial states and the stopping time 75, and also for the initial states of
Step 2 and the stopping time 7147906, . The proposition is proved. O

A Scaling Picture. The key argument of the proof of the positive recurrence
is somewhat hidden behind an estimate of the expected value of the hitting time v
in Step 3. It is not difficult to figure out that, starting from the state (NN, q), the
“right” timescale is t—t/NP+T971. In this section we sketch a scaling argument to
describe in more detail how the norm of the state goes to 0. It could also give an
alternative way to handle Step 3.

Define the Markov jump process (Zx(t)) = (Zi¥(t), ZY(t)) corresponding to
the last two reactions of the CRN network (2.33). Its @-matrix is given by, for
2€N?,

® ()

—pei1+tes K3z 25,
(2.35) z— 2+ {—e %ﬁf)
2 R4Z9 )

with initial state (N,q). The scaling results of this section are obtained for this
process. It is not difficult to show that they also hold for the CRN network
since the discarded reactions are on a much slower timescale.

Define the Markov jump process (Yn (1)) = (Y{V (t), Y5V (t)) whose Q-matrix is
given by, for yeN?,

y — y+ —peites /‘63y§p),
—eg ka(y2—q),

with the same initial state. If p>2, with the same arguments as in the proof of
Proposition 2.11] (see Section of the appendix), it is not difficult to show the

convergence in distribution

(2.36)  lim (;f (YN, YY) (le)> = (y1(t), y2(1))

N ——+oco

def. < 1 1-1/1(’5))
p‘\l/p(p—l)ngt—l—l, D

From this convergence we obtain that for any n€(0,1/p), the hitting time H{ (1)
of [nN] by (Y3 (t)) is such that (NP~1H{Y(n)) converges in distribution to some
constant.

For t>0, define the stopping time

s 1
N .
=inf{s>0: [ ————du>t),
e { / YA ()@ " }

and (ZN(t))=(YN (), then it is easy to check that (ZN(t)) is a Markov process
whose @Q-matrix is given by Relation (2.35). See Section II1.21 of Rogers and
Williams [68] for example. Consequently, (ZV(¢)) has the same distribution as

(ZM(t)).
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PROPOSITION 2.14. Ifp, ¢>2, (XN (0))=(|6N |, | (1=0)N/p)), for some §€(0, 1),
then for the convergence in distribution

i (53 (o)) - o (7))

_ g an et t S §
0= ( p_\l/p(pl)§P1n3t+1> ot /0 (1-y1(s))4 .

PRrROOF. As mentioned above, from this initial state and this timescale, the
processes (ZN (t)) and (X7 (t)) have the same asymptotic behavior for values of the
order of N. The proof uses the convergence and the time-change argument
described above. (]

The above proposition shows that on a convenient timescale, both coordinates
of (XN (t)) are of the order of N. The scaled version of the first one is converging
to 0, while the second component is increasing.

If YN(0)=([0N], [(1-6)N/p]), for some >0, let

HY = inf{t>0: Y]V (t) < V/N}.

By writing the evolution of (Y (¢)) in terms of an SDE like Relation (2.4), one
easily obtains,

HN At
E(YN(HNAL) = 0N |—prs E ( /0 YN (s)® ds>

(p)
< [6N-prs (YN) " B (HYAL),
hence, by using the monotone convergence theorem, we obtain that

[ON]
p/@'g({/N)(P) ’
since p>2. It is easily seen that the same property holds for (X{V(t)).

To finish the description of the return path to (0,0), we can assume therefore
that XV (0)=(| ¢/N|, N). It is not difficult to see that the reaction (¢+1)Sy = ¢S,
is driving the evolution as long as (X2V(¢)) is “large” since (X{¥(¢)) cannot grow
significantly on the corresponding timescale. More formally, also with the same
arguments as in Section the convergence in distribution

i (000 () = (0 o)

7. A CRN with Slow and Fast Timescales

E (HN) < hence, sup £ (HII}]) < 400,
N

holds.

In this section, the positive recurrence and scaling properties of the following
interesting CRN are investigated

(237) 1) K:O S1+8Ss, pS1+S2 H;z\ pS1+2S55,
K1 K3

with p>2. This is an important reference example introduced and discussed from
the point of view of its stability properties in Agazzi et al. [2] for p=2. It shows how
boundary effects can complicate the verification of a Lyapunov criterion. In |2], the
energy function used for the entropy function. We show how Condition [2.2| can be
used for positive recurrence and that a scaling analysis gives an interesting insight
for the time evolution of this CRN.
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This CRN exhibits several distinctive features of chemical reaction networks. It
provides an important example of a non-trivial CRN for which the results and ideas
of Section [4 and Section [J] can be used together with time change arguments, and
all of that within a (quite) limited technical framework. For this reason, we have
chosen to develop completely the technical arguments used. The results obtained
are interesting in their own right in fact.

Section investigates the positive recurrence properties. It is an occasion to
have an other look at the choice of a Lyapunov function in view of Condition [2.16|
of Theorem Section considers the limiting behavior of the sample paths of
the CRN with a large initial state close to one of the axes. As it can be expected,
in both sections boundary effects play a very important role: the second reaction
cannot occur if there are less than p copies of S, and if the number of copies of So
is zero, only external arrivals change the state of the CRN.

The Markov process (X (t)) = (Xi1(t), X2(t)) associated to this CRN has a
Q-matrix @ given by, for z€N?,

(p)
e1+eo Ko, () KoXq T2,
T — T+ T — ot (»)_(2)
—€1—€2 K1T1T2, —€2 KR3T| Ty,

where eq, ey are the unit vectors of N2.

By using the SDE formulation of Section [2.4] of the appendix, the associated
Markov process can be represented by the solutlon (X(t)=(X1(t), X2(t)) of the
SDE

dX,(t) = Px.0((0, ko), dt)—Px 1 ((0, k1 X1 Xa(t—))
dXQ(t) = PXﬁO((O, Ho),dt)—PX 1((0 H1X1X2 t— ))
+7)X72 0, HQX( ) dt)
—Pxs ((0,r5x P )X( >( )) )

,dt),
,dt)
(2.38)

where Px ;,1€{0, 1,2, 3}, are fixed independent Poisson processes on Rﬁ_ with inten-
sity measure ds® dt. A notation of this kind P4 or P4 ; will be used for several A in
the following, with the same assumptions on the distribution and the independence
properties.

A sLow RETURN TO 0. The reactions of the second linkage class of this CRN need p
copies of S7 to be active. If the initial state is (0, V), copies of S; are created at rate
Ko, but they are removed quickly at a rate greater than k1 N. The first instant when
p copies of S are present has an average of the order of NP1, See Lemma
At that instant, the number of S species is N+p, and the second coordinate can
then decrease, quickly in fact. The network exhibits a kind of bi-modal behavior
due to this boundary condition.

Starting from the initial state x=(0, N), the time to decrease (X3(t)) by an
amount of the order of N has thus an average of the order of |N|[?P~1. When
p>2 and if we take the usual norm || - || as a Lyapunov function, this results is at
odds with one of the conditions of positive recurrence criterion of Proposition [2.6]
This problem could in fact be fixed at the cost of some annoying technicalities.
Our approach will be of taking another simple, and somewhat natural, Lyapunov
function. See Section An initial state of the form (XV,0) leads also to another
interesting boundary behavior.

7.1. Positive Recurrence.
PROPOSITION 2.15. The Markov process (X (t)) is positive recurrent.

Theorem is used to prove this property. The proof is not difficult but it
has to be handled with some care. We will introduce two auxiliary processes with
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which the process (Xn(t)) can be decomposed. One describes the process when
the first coordinate is below p and the other when the second coordinate is greater
or equal to 1. This representation gives a more formal description of the bi-modal
behavior mentioned above. Additionally, it will turn out to be helpful to establish
the scaling properties of this CRN in Section For z=(x1,22)EN?, we introduce

(2.39) [p(x)=a1+28,

fp will be our Lyapunov function. The strategy is of analyzing separately the two
boundary behaviors. The first one is essentially associated with the initial state
(0, N) which we have already seen. The other case is for an initial state of the form
(N,0), the problem here is of having the second coordinate positive sufficiently
often so that reaction S1+Ss — ) can decrease significantly the first coordinate.

7.1.1. Large Initial State along the Horizontal Azxis. In this section it is assumed
that the initial state is 2(0)=(x?, ), where bEN is fixed and ¥ is “large”. Without
loss of generality one can assume b>0, otherwise nothing happens until an external
arrival.

As long as the second coordinate of (X (t)) is non-null the transitions associated
to Px i, i=2, 3 occur at a fast rate. When (X2(¢)) is 0, only one chemical reaction
may happen, external arrivals and at a “slow” rate rg.

We define by induction the non-increasing sequence (T%) as follows, Top=0, and

Tpr1 = inf{t>T : X1(8)—X;(t—)=—1}.

The variables (T}) are stopping times for the underlying filtration (F;) defined as
in the appendix, see Relation (2.11]).

For ¢>0, by using the fact that the Poisson process Px ;, =1, 2, 3 are inde-
pendent and (X(¢)) is greater than 1 until 77 at least, we have

P(Ty>t) <E (exp (—mx? /t Xo(s) ds)> < exp (—r12it) ,

hence E(T7)<1/(k12?). Similarly, with the strong Markov property, for 1<k<x?,

1 1
E(Thi1—T)<—4+——"——
(T =Th)< Ko + k1 (29—k)’
the additional term 1/k( comes from the fact that X5(7T)) can be zero, so that one
has to wait for an exponential time with parameter k¢ to restart the CRN.

For ny>1, we have seen that the random variable T}, is stochastically bounded
by the sum of 2ng i.i.d. exponentially distributed random variables with some
positive rate, hence

Cy def. bup E O(Tno) < 400

x >n0
Let & be the event when Px ;1 has a jump before Px ¢ in SDE (2.38)), then
Ko
PEH<—F—.
( 1)*/€1m(1)—|—/£0
Similarly, for £>2, & is a subset of the event &,_; for which Px ; has a jump before
Px o after the first time after T}, when (X2(t)) is greater than 1, then

k—
K)ok‘
2.40 5 < < .
(2.40) i _;0 0—i +fio k1 (2 —k)+ro

Let s1 be the first instant of jump of Px ((0, ko) x(0,¢]). From ¢=0, as long as
the point process Px o, does not jump in SDE (2.38]), that is, on the time interval
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[0, s1], up to a change of time scale t— X1 X5(t), the process (X;(t), X2(¢)) has the
same sequence of visited states as the solution (Y (¢)) of the SDE

Vi (t) = ~Pxa((0,k1),db),
AV (t) = ~Pxa((0,k1)),dt)

+Py2 ((0, kY3 (t—)P~1) [ dt)

Py (011”7 a(t-) - 1)) ),

(2.41)

with the same initial state and the slight abuse of notation y® —1=y(®) /y. In par-
ticular if u; is the first instant when (Y;(¢)) has a downward jump, an independent
exponential random variable with parameter 1, then the relation Y3(u1)=X5(T1)
holds on the event {7} <s;}.

From ¢=0, as long as the first coordinate of (Y7 (t)) does not change, the second
component (Y5(t)) has the same distribution as (Ly((29)®)~'t)), where (Ly(t)) is
a birth and death process with birth rate x5 and death rate k3(z—1) in state x>1
and initial state b. It is easily seen that it is a positive recurrent Markov process
and that (E(L(t)?)) is a bounded function. Consequently,

(2.42) sup E (X2(T1)?) < C1<+00,
z(0)

by induction, the same result holds for 7},, for a convenient constant C;.

Note that if X5(7T;—)=1, the next reaction happening after 7} will be § — Sy +
So, and therefore the jump downward of X; will be canceled. A decrease at time T
of (XN (t)) is sustainable if it happens when Xo(T;—) > 2 i.e. if Ly((21)® = uy)#0.
It is not difficult to construct a coupling with (Ly(t)), a birth and death process
starting at 0, such that Ly()>Lo(¢) holds for all ¢>0. The convergence of (Lo(t))
to equilibrium gives the existence of Kq>0 and 79>0 such that if 29>K, then
P(Lo((21)") = u1)>0)>n0.

We can gather these results, and the stochastic bound on T,,,, to get the rela-
tions

By 0) (fp(X(To))) = fp(2(0)) < —nonoPuo) (Eno)
+Euo) (Pco ((0,50) % (0, T 1 e, 1)) + B (Xa(T,)") b7
< —nono + nonopw(o) (550)4—50004—01.

One first choose ng so that no>3(koCo+C1)/no and then with Relation (2.40)),
K1>Kj such that nonoPg, (f)<(koCo+C1). We obtain therefore that if 2{>Kj,
then

(2.43) Ex0) (fp (X(Thno)) = Fp((0))) < =6,

for some >0 and sup(E, (o) (Ty,) : 1>K)<+oo. Relation shows that Condi-
tion of Theorem is satisfied for our Lyapunov function f, and stopping
time T, for the initial state of the form (z9,b).

7.1.2. Initial State with a Large Second Component. In this section it is as-
sumed that the initial state is x(0)=(a,z3) with a<p and 29 is large. We note
that, as long as (X (t)) is strictly below p, the two coordinates experience the same
jumps, the quantity (X2(t)—X1(¢)) does not change. For this reason, for >0 and
k<p — 1, we introduce a process (Z(k,x,t)) which will be used to express (X(t))
when its first coordinate is less than p—1. It is the solution of the SDE

(2.44) dZ(k,x9,t) = Ny (dt) =Pz ((0, k1 Z(k, 29, t—) (x5 —k+Z(k, 23, t-)))), dt),

with Z(k,z9,0)=Fk and Py is a Poisson process on R ..
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Setting for z < p
Ty(z,29) et inf{t>0: Z(z,29,t)=p},
if X(0)=(0,9), then it is easily seen that the relation
(X (EAT2(0,29)) (Z(0, 29, tAT2(0, 29)), 29+ Z (0, 23, tATz (0, )))
holds by checking the jump rates.
We define, for z=(r1,z2)EN?,

(p)

A1) = KoFR1T1To+RoT] (p).(2)

To+R3T] Ty,
it is the total jump rate of (X (t)) in state x.

LEMMA 2.16. For 29>ko/(k1p),

lim sup < Oy,

zg~>+oo
for some constant Cs.

PRrOOF. A simple coupling shows that the process (Z(0,x,t) stopped at time
T7(0, ) is lower bounded by a birth and death process (U(t)) starting at 0 with, in
state z, a birth rate ko and a death rate a;=r1p(x + p). Denote by H the hitting
time of p by (U(t)), then it is easily seen, that, for 0<k<p,

a 1
(Ex(H)—Ers1(H)) = ;;(Ek—l(H)*Ek(H)) +

with Eo(H)—Eq(H)=1/ko.In particular E(Tz (0, z))<Eo(H). We derive the desired
inequality directly from this relation. O

(a) If x1>p.
Define

(p) _ (»)
& def. sup (z2+p) 71(932) < 400
z2>1 ah

and
7 L inf{t>0 1 AXy () +AXo(t) £ —1},
where AX; (t)=X,(t)—X;(t—), for ie{1,2} and t>0. The variable 71 is the
first instant when a reaction other than pS71+2S5 — pS1+52 occurs.
For 1<kg<zo, then

—)®@ Ko (®) (5—7)(2)
KR3T X Z def. K, s 1
Py (Xo(r1) < axa—ko —1) > H % 3pP (22 —1)

Z Pko = T
p =P = UG =)
and there exists KkOZko such that if zo>Kj,, then

ko - 1
(w2—ko) P = () < = af ™" and pr, > 3,

from these relations, we obtain the inequality

(245)  Eago) (fp (X (1)) ~fp(@)) < 14 ((22—k0) =2 ) pry + ((w24+1) P —a”)

k
< (—40+1+01> 2b !
We choose ko=[4(3+2C1)], hence, for x5>Kj}, the relation

Ev0) (fp (X(11)) = fy(2)) < =225
holds, and note that E(71)<1/kq.
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(b) If 1 <p-—1.
Define
= inf{t>0: X;1(t)>p},

When z; = 0, the Varlable 7o has the same dlstrlbutlon as T7(0,x2),
otherwise it is easily seen that E,)[m0] < E[T%(0,22)]. Lemma - 2.16| gives
therefore a constant Cy > 0 so that

E,
sup ( p(T(l))) < Ch.
IZZKICU IQ

The state of the process at time 7y is X (79)=(p, 22+ (p—x1)), in particular
E.0) (fp(X (10))—fp(z)) < p+Crab !,

and at that instant, we are in case a).

The convenient stopping time is defined as 7.2d;f~7.0_|_7.1 (0+,). With ko
and Ky, as before, if z9>K},, by using Relation (2.45), we obtain the
inequality

B, [f(X(72)) = f(2)] < p+Crah  +E(paa i (pan [F (X (1)) = f(2)]
< p-i—Clxg_l-i- <—]10+1+C1> (332 + (p - £C1))p71 < —Cbg_l
holds.

ProoOF oF PROPOSITION [2.15l Theorem can be used as a consequence of

a), b), and Relation ([2.43]). O

7.2. A Scaling Picture. We investigate the scaling properties of (Xy(t))
when the initial state is of the form (NN, 0) or (0, N) essentially. In the first case, an
averaging principle is proved on a convenient timescale. A time change argument
is an important ingredient to derive the main limiting result. In the second case,
the time evolution of the second coordinate of the process is non-trivial only on
“small” time intervals but with a “large” number of jumps, of the order of N.
This accumulation of jumps has the consequence that the convergence of the scaled
process cannot hold with the classical Skorohod topology on D(R.). There are
better suited topologies to handle this kind of situation. To keep the presentation
simple, we have chosen to work with the weaker topology in the space of random
measures, for the occupation measures of the sequence of scaled processes.

7.2.1. Horizontal Azis. For N>1, the initial state is (z]',b), b€N is fixed, it is
assumed that

N

x
A4 lim =L = )
(2.46) N_lg_loo N a1>0

When the process (X2(¢)) hits 0, it happens only for a jump of Px 1, all reactions
but one are inactive. One has to wait for a jump of N, to restart the activity of
the CRN.

We introduce the process (Y (t))=(Y{N (1), Y5 (t)), solution of the SDE,
dYN(t) = N, (dt)— Leyyoys1) Pra((0; 51Y1NY2 (t—)),dt),
dYN(t) = N, (dt)— ]]‘{YN(t >1}73y1((0 k1Y NYSN (), dt)

+Py.2 ((0, ko (YN) PV (¢-)) ,dt)
Py ((0,m3 (V) PV (t-)2))  dt)

with initial condition (Y7 (0), Y3V (0))=(z},b).

(2.47)
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The process (Y (t)) behaves as (X (t)) except that its second coordinate cannot
be 0 because the associated transition is excluded. In state (x,1) for (X (¢)), if the
Poisson process Px,; “rings” in Relation , the state becomes (z—1,0). It stays
in this state for a duration which is exponentially distributed with parameter kg
after which the state of (X (t)) is back to (z,1). These time intervals during which
(X2(t)) is 0 are, in some sense, “wiped out” to give (Y (¢)). This can be expressed
rigorously via a time change argument. See Chapter 6 of Ethier and Kurtz [24] for
example.

Now the strategy to obtain a scaling result for (X{¥(¢) is of establishing a limit
result for (Yy(t)) and, with an appropriate change of timescale, express the process
(XN (t)) as a “nice” functional of (Y (t)).

Define

(77 0) = (52 wna v [T s o) s,

if f is a function on Ry xN with compact support, puy is the occupation measure
associated to (Y3 (t)). See Kurtz [55].

PROPOSITION 2.17. The sequence (un, (?iv(t))) is converging in distribution
to a limit (foo, (Yoo (t)) defined by

G f) = [ Fsym(dn)ds,
R4 xN
if feC.(RLxN), the function (yoo(t)) is given by

(2.48) Yoo (t) = a1 exp (— . t) for t>0,

and Ty is the distribution on N\{0} defined by, for z>1,

(z) = 1(re\" 1
= k3 ) er2/rs 1"

PROOF. The proof is quite standard. Because of the term Y{ (¢)(®) in the SDE
of the process (Y5¥(t)), the only (small) difficulty is to take care of the fact that
(Y1 (t)) has to be of the order of N, otherwise (Y3 (#)) may not be a “fast” process.

We give a sketch of this part of the proof.
Let a, beR such that 0<a<ay<b, and

Sy = inf {t>o,Y§V (t)¢(a, b)} .

K1K2

Let (L(t)) a birth and death process on N, when in state y>1, its birth rate is
By and the death rate is dy(y—1), with S=(ko+r2b?) and d=kzaP. Its invariant
distribution is a Poisson distribution with parameter 5/ conditioned to be greater
or equal to 1.

If N is sufficiently large, we can construct a coupling of (Y3 (¢)) and (L(t)),
with L(0)=Y5¥(0) and such that the relation

Y5V (t)<L(N*t)
holds for t€[0, Sy ).
For >0,
YN(t) ﬂjN t
2 T [ YY) s )

where (M{(t)) is the martingale given by

(11[/0 ]l{YZN(s—)>1} [PY,I((QK1Y1N(3_)Y2N(S_))>ds)_"ﬂYlN(s>Y2N(s)) dS]) ’
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we have

YV (tAS N t
(2.49) % > %—Klb/o L(N?s),ds+M> (tASy),
and

(M) (tASN) < ]l\)[/OtL(Nps) ds.

By the ergodic theorem applied to (L(t)), almost surely

t t

lim L(N?s)ds = lim E(L(N?s))ds
N—+o0 Jo N—+o00 Jg

oy I/N’”L()d _B_
T Nohee NP, 2 S 1 exp(—B/0)

We deduce that (M (t),t < n) is converging in distribution to 0 by Doob’s In-
equality and, with Relation (2.49)), that there exists >0 such that

(2.50) Ngr}rloo P(Sy>n) = 1.

For £>0 and K>0,
nASN
E(un ([0, n]x[K, +oc])) <E (/0 IL{YzN(s)ZK} d5> +nP(Sn < 1)

n
<E (/ ]l{L(NPs)ZK}> +nP(Sn < n),
0

again with the ergodic theorem and Relation , there exists some Ny and
K >0 such that E(un ([0, 7] % [K, +00]))<e. Lemma 1.3 of Kurtz |55 shows that the
sequence of random measures (uy) on Ry xN restricted to [0, 7] xN is tight.

From there and in the same way as in Section [2.C.1.2} it is not difficult to
conclude the proof of the proposition, on [0,7] and extend by induction this result
on the time interval [0, k7], for any k>1. O

Let A be a Poisson process on Ri, independent of the Poisson processes (Py;),
whose intensity measure is ds® dt®kg exp(—koa) da. Recall that such a point pro-
cess has the same distribution as

D " St
n>0

where (s,,) and (¢,) are independent Poisson processes on R with rate 1 indepen-
dent of the ii.d. sequence (F,) of exponential random variables with parameter
Ko. See Chapter 1 of [67].

DEFINITION 2.18 (Time Change). Define the process (An(t)) by

An(t) def. (t + / a]l{Y2N(S_):1}N((O, mYlN(s—)YQN(S—)),ds,da)> )
[0,¢] xRy

and its associated inverse function as

By(t) @ inf{s > 0: Ay (s) > t}.

The instants of jump of (Ax(t)) correspond to the case when (Y3Y(t)) could
switch from 1 to 0 for the dynamic of (X2'(¢)) and the size of the jump is the
duration of time when (X2V(t)) stays at 0, its distribution is exponential with
parameter Kq.
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The process (An(t)) gives in fact the correct timescale to construct the process
(Xn(t)) with the process (Yn(t)). We define the process (Xn(t)) on N? by, for
>0,

Xn(An(t) = Y (8),
(2.51) ()?{V (u), XY (u)) = (YN (t—)-1,0) ,uc[An(t—), An(t)).

If ¢ is a jump instant of (An(t)), the process does not change on the time interval
[An(t—), An(t)). In this way, (X (¢)) is defined on R..

LEMMA 2.19. Fort>0, then An(Bn(t))=t if t is not in an interval [An (u—), Ay (u))
for some u>0, and the relation

sup | X (8)=Yn(Bn (1) < 1

holds.
PROOF. This is easily seen by an induction on the time intervals [An (sn), AN (Sn+1)),

n>0, where (s,,) is the sequence on instants of jump of (An(t)), with the convention
that s¢=0. [l

PROPOSITION 2.20. The processes (Xn(t)) and (Xn(t)) have the same distri-
bution.

PROOF. The proof is standard. The Markov property of (Xx(t)) is a conse-
quence of the Markov property of (Y (¢)) and the strong Markov property of the
Poisson process \. It is easily checked that the Q-matrices of (X (t)) and (Xn(t))
are the same. d

PROPOSITION 2.21. For the convergence in distribution,

(252) lim <AJ]VV(”) = (a(t)) %< (alm <1—eXp (- “;:2 t>)> .

PROOF. Let T > 0. By using the fact that, for 0<u<T, the relation

VN (u) <y +Py.1 ((0, ) x (0, TT)

holds, the sequence of processes

1 [tk
<N/O KQI{YQN(m:l}YlN(“) d“)

is thus tight by the criterion of modulus of continuity. See Theorem 7.3 of Billingsley
[14] for example. Proposition shows that its limiting point is necessarily (a(t)).
We note that the process

(Man(t)) = <§] (AN(t) —t— % /Ot Ly o) Vi (4) du)> :

it is a square integrable martingale whose predictable increasing process is

(1) )= (25 [ Vg i aw)

The martingale is vanishing as N gets large by Doob’s Inequality. The proposition
is proved. O
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Propositionestablishes a limit result for the sequence of processes (Y{" (t)/N).
In our construction of (X3V(t)), time intervals, whose lengths have an exponen-
tial distribution, are inserted. During these time intervals the coordinates do not
change. To have a non-trivial limit result for (X{¥(¢)/N), the timescale of the
process has clearly to be sped-up. It turns out that the convenient timescale for
this is (Nt), this is a consequence of the convergence in distribution of (Ax(t)/N)
established in Proposition [2.21

PROPOSITION 2.22. For the convergence in distribution, the relation

(253)  lim (BN(Nt),t<ts) = (a '(2))

N —+4oc0
—ro(e2/ms 1)t
- (_ " n (0‘1 Fo(e ) ),t<too),
KR1K2 (6751

holds, where (a(t)) is defined in Proposition and
Ko(exp(ka/K3)—1)
PRrROOF. Note that both (An(t)) and (By(t)) are non-decreasing processes and
that the relation Ay (By(t))>t holds for all t>0.
We are establishing the tightness property with the criterion of the modulus of
continuity. The constants €>0, n>0 are fixed. For 0<T'<t., we can choose K>0
sufficiently large so that a(K)>T and we define

(a(s+n)—a(s)),

clearly hx>0. By definition of (Bn(t)), we have

hKZ inf
s<K

AN (K
P(By(NT)>K) = IP’( N]\(f ) < T) .
The convergence of Proposition shows that there exists Ny such that if N>Ng,
the right-hand side of the last relation is less that € and that

(2.54) P (OgggK Al = Av () —<a<u+n>—a<u>>\ > h;) <

holds.
For >0, and 0<s<t<T, if By(Nt)—Bx(Ns)>n holds, then

AN (BN(NS)+77) 7AN (BN(NS)) < N(t,s)
and if 6<hg /4, for N>Ny,

Pl sup |Bn(Nt)-Bn(Ns)| zn

0<s<t<T
A A
< 5+IE”( inf < v (utn)  Ax (u)) < ZK> < 2,

t*SSéo
0<u<K N N -

by Relation (2.54). The sequence of processes (By(Nt)) is therefore tight and any
of its limiting points is a continuous process. The convergence of Proposition [2.21
shows that a limiting point has the same finite marginals as the right-hand side of
Relation . The proposition is proved. O

THEOREM 2.23. If (XN (t)=(X{](t), X (t)) is the Markov process associated
to the CRN (2.37) whose initial state is (z3¥,b)EN?, beN and

lim zV/N = a;>0
N—+oco 1/ 1 ’
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then, the convergence in distribution

, XN (Nt) t
N1~I>I<I|»1c>o <N7t<too = 1—£,t<too .

holds, with to=a1/(ko(exp(ka/k3)—1)).
PROOF. Proposition and [2:22) show that the sequence of processes

< (Y”j\;t) , t>0> (By(ND), t<too)>

is converging in distribution to (Yoo (t)), (a71(t),t<ts)). Consequently, the relation

: Y (Bn(N1)) -
clim (PP ) — (o 0 0) 1)
holds for the convergence in distribution. We conclude the proof of the proposition
by using Lemma [2.19 (]

7.2.2. Vertical Azis. For N>1, the initial state is zx(0)=(a, 2} ), it is assumed
that a<p and

.y
(2.55) MmNy =L

As seen in Section when the first coordinate is strictly less than p, with a
second coordinate of the order of N, it takes an amount of time of the order of
NP~ for the process (X (¢)) to hit p. See Lemma In a second, short phase,
a decrease of the second coordinate takes place before returning below p. We now
establish two limiting results

LEMMA 2.24. If (Z(z,N,t)) is the solution of the SDE (2.44) with initial state
2<p, and Tz(z,N) is its hitting time of p then, the sequence (Tz(z, N)/NP~1)
converges in distribution to an exponential random variable with parameter

(2.56) i ()

(p—1)! \ K1
PROOF. The proof is standard. It can be done by induction on p>2 with the
help of the strong Markov property of (Z(z, N,t)) for example. O

We now study the phase during which (Xi¥(¢)) is greater or equal to p. Define
(T, ,ﬁv ) the non-decreasing sequence of stopping time as follows, T3¥ =0 and, for k>0,

(2.57) TN = inf{t>TY : XN (t)=p—1, X (t—) = p}.

PROPOSITION 2.25 (Decay of (X' (t))). Under Assumptionfor the initial
condition, for the convergence in distribution

() T Yas s, g,
X3P X o

where U is a uniform random variable on [0,1], independent of Ey an exponential
random variable with parameter vy defined by Relation (2.56)), and

def. K3(p—1)!
K1 '

lim
N—+oco

(2.58) o1

PROOF. Let Hy be the hitting time of p for (Xi¥(¢)), Hy has the same dis-
tribution as Tz(k,xd). Its asymptotic behavior is given by Lemma Since

the reactions pS;+S2=pS1+25, are inactive on the time interval [0, Hy]|, we have
ef.

XN (Hy)=2)+p—a et zf. Let 7n such that Hy+7y is the first instant when
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(X (t)) returns to p—1. With the strong Markov property the time origin is trans-
lated to Hy, it is enough to study the asymptotic behavior of X2 (7x) starting
from 3.

It is not difficult to see that, with high probability external arrivals do not
play a role during the time interval [0, 7)) simply because the other reaction rates
are of the order of N or N2. We will ignore them. We can therefore assume that
XN (s) = p until 7. In the same way it is easily seen that the sequence of random
variables (N7y) is tight.

After time 0, the transition z—z—ey occurs until time 71 ; when one of the
other reactions happens. Since we are interested at the final value X2 (71 n), mod-
ulo a time change, it is equivalent to look at the Markov process with Q-matrix

—e1—ey  Ki,
r—x+1 ey ka(p—1)!,
—eg k3(p—1)(z2—1)T,

When z—x—ey—es or z—x+es occurs, i.e. after an exponentially random variable
F) with parameter r1+r2(p—1)!, the state of (X5(t)) at this instant is

Lo
dist.
XN(nn=) =Y Lesny,
=1

where (E;) is an i.i.d. sequence of exponential random variables with parameter
r3(p—1)!, and | X3 (r1,n) — X2 (11,8 —)| < 1. For the convergence in distribution,
i X2 (L)
im 5"

Notoo X2V (0)

The transition x—x—eq;—eg occurs at time 71 y with probability 1—¢;, with

=exp (—krz(p—1)!Fy).

_ K2 (p—1)!
! k1+r2(p—1)1
and in this case Tny=71, . Otherwise, there is a new cycle of length 7 y and that
. X3 (r,3)+72,N)
im ~
N—+oo X5'(0)

where (F;) is an i.i.d. sequence with the same distribution as Fj. By induction we
obtain the convergence in distribution

XN (7y) G
im ¥ 0) exp | —k3(p—1) El

where G is a random variable independent of (F;) with a geometric distribution
with parameter ¢, ]P’(GZn):q?*1 for n>1. Trivial calculations gives the desired
representation. O

= exp (—k3(p—1)/(F1+F)),

In view of the last result it is natural to expect that the convergence of the
scaled process (X2 (t/NP~1)/N to a Markov process with jumps. The only problem
is that, as we have seen in the last proof, the jumps downward of the limit process
are due to a large number of small jumps downwards, of the order of NV, on the time
interval of length 7n of the previous proof. Event if 7,y is arbitrarily small when
N gets large, there cannot be convergence in the sense of the classical .J;-Skorohod
topology. There are topologies on the space of cadlag functions D(R4) for which
convergence in distribution may hold in such a context. See Jakubowski [44] for
example. For the sake of simplicity, we present a convergence result formulated for
a weaker topology expressed in terms of occupation measures.
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We now introduce a Markov process on (0, 1] as the plausible candidate for a
limiting point of (X2 (t/X2(0)P~1)/N.

DEFINITION 2.26. The infinitesimal generator A of a Markov process (U(t))
on (0,1] is defined by, for f€C.((0,1]),
71

(2.50) Af)) = T (f (VD) ~f(), €0,

P

where r1, 61 are constants defined by Relations (2.56]) and (2.58), and V' is a uni-
form random variable on [0, 1].

Analytically the operator A can be expressed as

71

A (@) = /O (f (zu™) —f(2)) du, 2€(0,1].

pp—1

ProPOSITION 2.27. If (U(t)) is a Markov process on (0,1] with infinitesimal
generator A, then, with probability 1, it is an explosive process converging to 0.

PROOF. Assume that U(0)=a€(0,1]. By induction, the sequence of states
visited by the process has the same distribution as (V) with, for n>0,

Va def- aexp (—51 ZE’> ,
i=1

where (FE;) is an i.i.d. sequence of exponentially distributed random variables with
parameter 1. The sequence of instants jumps has the same distribution as

n
def. 19
(ty) = <Z(v;_1>p 1;) :
i=1 L

where (¢;) is an i.i.d. sequence of exponentially distributed random variables with
parameter 1, independent of (E;). It is easily seen that (V},) converges to 0 almost
surely and that the sequence (E(¢Y)) has a finite limit. The proposition is proved.
O

DEFINITION 2.28 (Scaled occupation measure of (X2 (t))). For N>1, Ay is
the random measure on Ry x(0,1] defined by, for feC.(R4x(0,1]),

+oo N
(2.60) avd) =g 1 (e T ) as

We can now state our main scaling result for large initial states near the vertical
axis.

THEOREM 2.29. If (Xn(t)) is the Markov process associated to the CRN (12.37)
whose initial state is (a,x) )EN?, a<p—1, and such that

lim =Y /N = a>0,
N—+oo
then the sequence (Ay) defined by Relation (2.60) converges in distribution to A,
the occupation measure of (U(t)) a Markov process with infinitesimal generator A
starting at «, i.e. for feC.(Ryx(0,1]),

400
(A f) = /0 f(s,U(s))ds.

Proor. Without loss of generality, due to the multiplicative properties of the
convergence, see Proposition 2.25|7 we can take a=1 and assume that X' (0)=N.
Recall that the Laplace transform of a random measure G on R4 x (0, 1] is given by

def.

La(f) = E(exp (= (G, f))),
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for a non-negative function feC.(Ry x(0,1]). See Section 3 of Dawson [21].
To prove the convergence in distribution of (Ay) to A, it is enough to show
that the convergence

lim  Lay(f) = La(f),

N—+oco

holds for all non-negative functions feC.(R4 x(0,1]). See Theorem 3.2.6 of |21] for
example.

If feC.(Ryx(0,1]), its support is included in some [0,7]x(n, 1], for n>0 and
T>0.

Let (T}N) the sequence of stopping times defined by Relation (2.57). The
Laplace transform of Ay at f is given by

Tli\{H/Np_l N N
o) La=E|en (-3 [ f(s W) ds

=0Ty e T X2(0)
Let (t/, Vi) be the sequence of couples of instants of jumps and its value of the
k

Markov process (V(¢)), as defined in the proof of Proposition For £>0, there
exists some ng such that

no
P (al:[lVi > Z) <e/2,
holds, and, consequently,

no—1 tkv+1
LA(f)—E (exp ( > / f (S,Vk)ds>>
k=0 Yt

Proposition [2.25] shows that, for the convergence in distribution,

(XéV (T&,) T, T

(2.62) <e.

lim
N—+oco

k>0 | = (U, By, k>0),
X(TY) T X (Y et ) <" § *)

where (Uy) and (Ej) are ii.d. independent sequence of random variables whose
respective distributions are uniform on [0, 1], and exponential with parameter ry.
Hence, there exists Ny such that if N>Ng, then

2.63
| )L' (f)—E[ex _noz_l /Tlﬁl/Npl f 7){5\, (Tév) ds
AN exp o T /e S, Xév(())
XN(1)
XM(TY)

< 2¢

)

Sl,Vk‘E{O, . ,n0}> >1—¢

n-1 7N /NPT XN (TN
Z/ fls, 7215 c) ds
TN /Nr—1 X5'(0)

k=0 k

Define, for n>0,

()= (

In views of Relations ([2.62)) and (2.63)), all we have to do is to prove, for every n>0,
the convergence in law of (IY) to

def ty n-l tkv+1
I, ;/ f(s,V(s))ds:Z/ £ (s, Vi) ds,
0 k=07 t{

as IV gets large.
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We will prove by induction on n>0, the convergence in distribution

XN TN N
lim IV, |l ZN( n) , NT" -
N—rtoo X5°(0) X5 (0)p-

_ ( 0 " f(s,V(s))ds,ln(vn),tZ>.

We will show the convergence of the Laplace transform of the three random variables
taken at (a, b, c), for a, b, ¢>0.

For n = 1, this is direct consequence of Proposition 2:25] If it holds for n>1,
the strong Markov property of (X% (t)) for the stopping time TV gives the relation

X3 (T) TN,
(M5 e )| 7
(X8 () Ty
\TxFo) )| X o

N N N
x Uy <X2 (Tn ) Tn > ,

Hy(a,b,c) R (exp (—a[,ﬂl—b

= exp (—a[flv—b

X37(0) "X (0)pt

where, for x>0 and u>0, ¥y (z,u) is defined as

/X5 () XN (1) N
2 1 1
Ep—1,|Na)) <eXP (‘“/O f (s+u,z)ds=b 1“( XX (0) > _CXé\’(O)p1>> :

Proposition and the fact that the sequence (N7y) is tight in the proof of this
proposition, gives the convergence

lim Uy (x,u)

N—+o00
En+1
=E, (exp (—a/ f (s—l—u,x)) ds—b|In (U£+1)| —cEnH) )
0

where U, 41 is a uniform random variable on [0, 1], independent of F, 11 an ex-
ponential random variable with parameter r;. With the induction hypothesis for
n, Lebesgue’s Theorem and the strong Markov property of (U(t)), we obtain the
convergence

lim E(Hy(a,b,c))=FE

N—+o00
tX-H V
X exp (—a/ f(s,x) ds—b‘ln( ‘n;l)’—c (txﬂ—t,‘f))]
124 n

=E (exp (—alp41-b[In Vypq| —ctr‘fﬂ)) .
The theorem is proved. t

exp (—al,—b|lnV,|—ct))

2.A. Classical Stability Results

Deterministic CRNs have been introduced in Section 2.6l We state the classical
results of Feinberg [26] and Horn and Jackson [42] on the stability properties of
deterministic CRNs. See Feinberg [27] for a broader picture of stability results for
CRNs. See also Gunawardena [36] for a quick, comprehensive, overview of these
results.

We briefly recall some definitions on CRNs.
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(a) A linkage class is a connected component of the reaction graph. The
quantity ¢ denotes the number of linkage classes.

(b) The CRN is weakly reversible if every connected component of its reaction
graph is strongly connected.

(¢) The Stoichiometric space S is the vector subspace of R™ generated by
y,m—y,", r€R, its dimension is denoted by s.

(d) The deficiency ¢ of the CRN is |C'—£¢—s|, where C' is the total number of
complexes.

The main theorem can now be stated.

THEOREM 2.30 (Feinberg (1979)). Let (S,C, R) be a chemical reaction network
with deterministic mass action kinetics, if it is weakly reversible and with zero
deficiency, 0=0, then there is exactly one equilibrium for the dynamical system
defined by Relation . Furthermore, this equilibrium is locally asymptotically
stable.

Proposition [2.5] shows that a deterministic CRN can be seen as an asymptotic
stochastic CRN provided that the reaction rates are scaled conveniently as in Re-
lations (2.22). The interesting result of Anderson et al. [7] show that the invariant
distribution of a class of stochastic CRNs can be expressed with the equilibrium of
a deterministic CRN.

THEOREM 2.31. Let (X(t)) be the Markov process associated to a stochastic
chemical reaction network, irreducible on EgCN™, whose Q-matrix is given by Re-
lation then, under the assumptions of deficiency zero theorem, Theorem
if c=(c;) is the equilibrium point of the dynamical system , then the positive
measure on &y defined by

Li

(2.64) m(z) = H S

is an invariant measure of (X (t)).

The proof consists in plugging a product formula in the invariant measure equa-
tions. It has been used to other classes of CRNs in subsequent works in Cappelletti
and Wiuf [19] and Cappelletti and Joshi |18] and Jia et al. [45] and references
therein. An interesting feature of this class of CRN is that the existence and
uniqueness of an invariant distribution is essentially expressed in terms of the topo-
logical structure of the graph R and not on its associated weights (k,.) as long as
they are all positive.

2.B. Stability Results

The notations of Section [ are used in this section. If F a subset of the state
space &, the hitting time of F is denoted as T,

Trp =inf{s > 0: X(s) € F}.

The following proposition is a variation of Proposition 8.5 of Robert [67]. It is
included for the sake of self-containedness.

PROPOSITION 2.32. Let (X (t)) be an irreducible on &, non-explosive, Markov
process associated to a CRN network with Q-matrixz defined by Relation , if
there exists a finite subset F of & such that B, (Tr) is finite for all €&y, then
(X (t)) is positive recurrent.
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PROOF. Let (s,) be the sequence of stopping times defined by s1=t1+Trob;,
and, for n>1,

Spn4+1 = inf {UZSn"’tloasn : X(U)GF} = S”+t1003n +TF 0 937l+t1095n .

and M,=X(s,). It is easily seen that (M,,) is the sequence of successive visits to
F of the embedded Markov chain (X (t,)). In particular (M,,) is a Markov chain
on the finite space F' and it is irreducible since (X(¢,)) has this property. The
Markov chain (M,,) is therefore positive recurrent, its unique invariant probability
distribution is denoted as wp. Define the positive measure m on & by, if f is a
non-negative function on &,

)= [ f@man) = 3 E. ([ rxyan) n),

zeF
Its mass is
(&) = Z E; (s1) mr(x) = Z mp () (Ex (t1) +Ex () (TF))
TEF zEF

since there is only a finite number of possibilities for the first jump of (X (¢)) starting
from x, the mass is finite. We can therefore assume that, up to a scaling factor, 7w
is a probability distribution on &.

For t>0, we now show that if X(O)dgtﬁr, then X(t)dit'
function on &,

E(FXW) = 3 n(@E(FX(1) = 3 Eny ( JARTE du) E, (f(X (1))

m. If f is a non-negative

ze& . hrd
r€&o u=0
+oo
— /:0 Erp (F(X(u+ 1)1 uesy) du,

with the Markov property and Fubini’s theorem, hence,

B (X (1) = By ( [ ) ).

We note that, with the strong Markov property,

e, ([ + FX () du
=, (B [ 1x@)aw) ) =Bey ([ X0 0u).

since the distribution of X (s1)=M; is mp. By gathering these results we finally
obtain that E,(f(X(t))) = (m, f). The proposition is proved. O

2.C. Technical Proofs

The proofs of this section, although not difficult, are detailed for the sake
of completeness, and also to show that some ingredients of a scaling analysis are
elementary. For basic results on martingale theory and classical stochastic calculus,
see Rogers and Williams [69].

To investigate scaling properties of stochastic CRNs, we use the formulation
in terms of stochastic differential equations (SDE)introduced in Relation of
Section [2] to describe the Markov process.
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2.C.1. Example of Section There is only one complex of size 2 and one
chemical reaction with a quadratic reaction rate. The associated Markov process
(XN (#)=(X](t), X2V (t)) can be represented as a solution of the following SDEs,

(2.65) dX{V () =Pa((0, k2 X5 (1)), dt)=P1((0, 1 X{¥ (1)), dt)
' dx3'(t) = "Pu((0, mXN<t—)>7 dt)—Plz((O, riX{Y (t=) X3 (t-)), dt),

with XN (0)=(z¥, 2}"). See Relation
We prove the convergence results of of Proposition Note that the first

convergence ([2.29)) is a direct consequence of Proposition
2.C.1.1. Proof of the convergence (2.30) in Proposition|2.11. The initial state
is such that

with >0, the scaled process is defined in this case as

() 2 (AR0YD) X
VN N
The integration of Relations of SDE (2.65|) gives
—N o N k1 [P—N
X, () :\/—%+M1N(t)+ng i X, (s)ds—\/—]lv/o X, (s)ds
(2.66) —N xy k1 PN PN, —N
X0 = e 05 [ X ) dswn [ XY 6X ) ds

where, for i=1, 2, (M (t)) is a martingale whose increasing process is given by

() ) =% / X3 (9 ds / X
(MYY (1) = /xl ds+@/xl 5) ds.

From there, the method is quite simple, Relation and Gronwall’s lemma give
the relation, for >0 and i€{1, 2},

supsup E (Yﬁv(t)) < 400.
N t<T

(2.67)

With Relation (2.67)) and Doob’s Inequality, we obtain that the relation
lim E MN@)|) =0
N (fgpl (t )I)
holds. Using again Relation (2.66)) and Gronwall’s lemma, we get
supE (supX?(t)) < 400, ie{1,2}.
N t<T

The next step uses the criterion of the modulus of continuity, see Theorem 7.3
of Billingsley [14]. If (X (¢)) is some cadlag process, 6>0 and 7>0,

wx (0) =sup{| X (t)—X(s)| : s,t < T, |t — 5] < 6},
then Relation ([2.66|) gives

(2.68) wen (6) < 2sup|M1N(t)|+f£265qu2 (t )—i——&sule (t).
1 t<T t<T t<T

For € and 1>0, we can fix NoeN and K >0 such that, for N>Ny and i€{1, 2},

P (sup My <t>|>n/2) <, P (sup (1) > K) <-
t<T

t<T
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If § is chosen as min(nv/No/(k1K),n/(k2K)), by using Relation ([2.68]), we have,
for all N>Ny,

P (wgn (6) > 3n) < 3e.

The sequence (Yiv(t)) is tight. With the same argument, it is easily seen that
(Y;V(t)) is also tight since the process (Xi¥ ()X (t),t<T) is upper bounded by
K? with high probability. The sequence of processes (YN(t) is therefore tight.
Relation ([2.66]) gives that any of its limiting point satisfies Relation . Con-

vergence (|2.30) is proved.

2.C.1.2. Proof of the convergence (2.32) in Proposition m
The initial state is 2V =(z}, k) for some k € N, and =} such that

_oaxy
lim — =1.
N—+oo N

A glance at the equation of X2 shows that, if X{V is the order of N, then the

process (X2 (t)) is an M /M /oo CRN on a fast timescale. To handle such a setting,

we follow the general method, see Kurtz [55], to establish an averaging principle.
Define, for i =1, 2,

<N

aet. X (t)

In the same way as in the proof of the convergence (2.30) in Proposition m
in Section [2.C.1.1) Gronwall’s Lemma, it is not difficult to show that the sequence
of processes (Yiv (t)) is tight for the convergence in distribution.

We have, for t>0,

X3'(0)
N
2O g, >
i=1
where (E,, ;) is an i.i.d. sequence of exponential random variables with parameter
k1. Consequently and using proposition for any €>0 and T>0, there exist
Ky>0, n>0 and Ny such that, if N>Ny,

(2.69) P(En) > 1—e, with Ey = {77 < inf Yiv(t),squiV(t) < KO} )
t<T t<T

On the event Ey, one can construct a coupling such that, for t<7T, X (t)<L(Nt),
where (L(t)) is the process associated to an M /M /oo queue with input rate k1K
and output rate kon.

(a) Limit of (X1(t)): The integration of the first relation of the SDE ([2.65)
gives the identity

N o

@70) X0 = oMY (1) / X (5) ds—r VN / X (s)ds,

where (M7 (t)) is a martingale whose increasing process is given by

1 f N N
(<M1N> (1) = N <H2/ X, (s) derm/ X7 (s) ds> .
0 0
The upper bound of (X2 (t)), Lebesgue’s Lemma and the tightness of

(Yf[(t)) gives the convergence in distribution to (0) of ((M{") (t)) and
therefore, with Doob’s Inequality, of the martingale (M7 (t)). The upper
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(2.71)

E(pn

NP
9(Xy
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bound of (X2V(t)) and Lebesgue’s Theorem show that the sequence of

processes
t
( / Yév (s) d5>
0

converges in distribution to 0. It is then easy to conclude the proof of

convergence (2.30) in Proposition [2.11]

Convergence of the occupation measure of (X2 (t)): The upper bound of
—N

(X&) is enough to show the convergence of (X; (t)), but we can also have

a convergence result on the species So, looking at its occupation measure.

Define (pn) the sequence of random measures defined by, for N>1 and if f

is a continuous function with compact support on Ry xN, feC. (R4 xN),

(uns f) = /R I X ) s

To prove the tightness of (uy), it is enough to show that, for £>0,
there exists C>0 such that E(un ([0, T]%[0,C]))>(1—¢")T. See Lemma 1.3
of Kurtz [55]. For N> N sufficiently large we have for all C>0,

T T
([0, T]%[C, +od])) < /0 P(XY (5)>C)ds < T + /0 P(L(Ns)>C) ds.

Since, for s>0, (L(N's)) converges in distribution to L(co) a random vari-
able with a Poisson distribution, with Lebesgue’s Theorem we obtain the
relation

T

Jim | PL(N)=C)ds = TR(L(e) 2 C),

and this last term can be made arbitrarily small for some large C. The
sequence (p ) is therefore tight. We can take a subsequence (N,) such that

((Yivp (t)), un,) is converging in distribution to ((«1(t)), fteo). Lemma 1.4
of Kurtz [55] shows that us, can be represented as

(tioor f) = / (s (da)ds,

where (7;) is an optional process with value in the space of probability
distribution on N. Note that, almost surely, z1(t)=x.,1(t)=exp(—k1t)>0
for all t<T.

Let g be a function on N with finite support, then the second relation
of SDE ([2.65)) gives

(1)) = glk)+M 7" (t)+5 / X17()VT(9)(X5 " (5)) ds

+haa / X (5) X2 (5)9 (g)(X2 (5)) ds,

where VE(f)(x)=f(z+1)—f(x), >0. From there, by dividing both terms
of this relation by IV, and let p go to infinity, with standard arguments,

the martingale (M ;V ?(t)) vanishes and we obtain the relation

/0 / (k121 (8) V' (9) @)+ 121 (8)2V ™ (9) (@) ma(d) ds = 0,
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) / Cna(s) [ 2@ @nas o

where Q is the infinitesimal generator of an M /M /oo CRN with input rate
k1 and output rate k12. By using the fact that a.s. (x1(¢)) is positive and
continuous and the cadlag property of (7;), we obtain that, almost surely,
for all t<T,

[ 20 @m(an) =o.
N
for all indicator functions of a finite subset of N. Therefore, almost surely
for all t<, m; is a Poisson distribution on N with parameter k1 /k12.
2.D. General Triangular Topologies

In this section, we show that every triangular CRN with general complexes is
stable.

DEFINITION 2.33. A triangular network is a CRN (S,C,R) with

S ={S1,...,5n}
(272) C = {ylayQa ?/3},
R ={(y1,92), (¥2,93), (y3,y1) },
where y, ¢€{1,2,3} are distinct elements of N™. The reaction constants are
(K4, 1<i<3).
The CRN is represented by the following graph,

K1
Y1 Y2
\ K2
K3
Ys

FI1GURE 3. Triangular CRN

We are going to show the following proposition:

PROPOSITION 2.34. The Markov process associated to a triangular network is
positive recurrent.

By using the deficiency zero theorem, we show that it is enough to investigate
a smaller class of CRNs. After this simplification, we simply have to prove the
positive recurrence property of a one-dimensional Markov process on N, which can
be done using the Foster-Lyapunov criterion, see Corollary

2.D.1. Reduction. Let (S,C,R) be a triangular network, the space S is its
stoichiometric subspace, see Section of the Appendix,

def.
S =" Span{ya—y1,y3—Y2, y1—y3}-

If (X (¢)) is its associated Markov process, with initial state x, it is straightforward
to show that the process is irreducible on (z+S) N N™,

When dim S=2, the CRN is clearly weakly reversible with deficiency 0, the sto-
chastic version of the deficiency zero theorem, Theorem [2.31| gives that the process
is positive recurrent.
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We are left with the CRN with dim S=1. Consequently, we can find some kq,
ko, ks€Z* such that

(2.73) k1(y2—y1) = ka(ys—y2) = k3(y1—ys3)

Since the three complexes differ, we know that y; — y;—1 # 0.
First, we are going to consider the processes that have a kind of mass conser-
vation property.

LEMMA 2.35. If there exists p€(0,+00)™ such that for all t>0,
def. o
<X(t)7p> = ZP7X7(t) = <I, ,0> )
i=1

then (X(t)) is positive recurrent.

PROOF. The process is irreducible in a finite state space, it is positive recurrent.
O

Let u=yo—y1. If we can find coordinates 1 < 4, j < m such that u;<0 and u;>0,
then we can find some pe(0, +00)™ such that (u, p) =0. Relation shows that
the process ({(X(¢), p)) is not changed by its jumps.

We can assume that our CRN is such that u€R or u€R™. If we have u;=0
for some i€{1,...,m}, then y1; = y2,;, = y3, and the number of elements of the
species 4 is kept constant all along the reactions, therefore X;(t) = x; for all ¢ > 0.
Up to a change in the rates of the CRN with a fixed parameter, we can remove
the i-th coordinate of the system, without changing the sample paths of the others
components of the process. We can now suppose that u;70 for all 1<i<m.

The complexes can be rewritten as y1, y1+u and y;+(14+ko/k1)u. Every reac-
tion adds or remove an amount of “u”. The evolution of the process is therefore
expressed in the“number of u” in the system. Since ko/k; is not necessarily an
integer, in order to have an integer valued process, we proceed as follows. With
some arithmetic manipulations, we can find a A € (N\ {0})™ and p;, pa, ps€Z*
such that

Y2 — Y1 =P, ys—y2 =p2A and y; —y3 = p3l,

with p1+pa+p3=0. The quantity A is the “smallest positive vector” on the line
SN(N*)™, and it is invariant by a rotation of indexes of complexes. Up to a rotation
of indexes, we can assume that p; >0 and p;+p2>0, by taking y; as the complex
with the smallest norm for example.

Now we are left with triangular networks with three complexes of the form ¥,
y1+p1A and yi+(p1+p2)A.

Using Proposition [2.38] we can get rid of the y; in the three complexes. We
only have to show the positive recurrence of the process associated to the CRN of
Figure [ with p1, (p1+p2)>1.

K1

0 1A
K3 >
(p1 +p2)A

FIGURE 4. Reduced triangular CRN
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2.D.2. A one dimensional process. From now on, (Y (¢)) is the Markov
process associated to the CRN of Figure |4l with initial state y. The process (Y (¢))
is living in the subset H(y)={y+kA,k € Z} NN% a “line” H, in N¢,

def.

H, = {a+kAk>0}, with a:y—hg’iéJ A.

The quantity a is the vector of H(y) with the smallest norm. The process (Y (¢))
lives in H,, and every state y’ of H, is entirely determined by the number of A
contained in y'—a. We define @, the function on H, by

<Z_a’ A)
) ="
=8
and its inverse function on N,
U, (k) = a+kA.

Setting (N(t)) = (P4(Y(2))), we have (¥, (N(¢))=(Y (¢)) and, using the SDE as-
sociated with (Y'(¢)), we can show that (N(¢)) is a continuous time Markov jump
process on N, with infinitesimal generator Q defined by, for k € N,

(2.74)  Q(f)(k) = r1(f(k+p1) — f(K)) + r2 (o (k)P (f(k+p2)—f(k))
+ 3 (o (k) PP (f(k — pr—po) — f(k)),

for any function f with finite support on N. This process still has polynomial rates
in k, since, for y € N™|

LEMMA 2.36. The process (N(t)) defined by Equation (2.74) is positive recur-
rent.

Proor. Taking r the greatest common divisor of p; and ps, then (N(t)) is
clearly irreducible on
PN Gk, k>0).
To show the positive recurrence of (N(t)) we use Corollary with the energy
function fo(k)=k.
Let 1= max{p1, p1+p2}, go=min{p1, p1+p2} and kmin=min{x1, 2, k3}. Since
q1—q2 > 1 and ¢;>1, we can show the following inequality:

. Q(f())(k) Rmin
I L@y =T 2

and since (\Ila(k))((“A) goes to infinity when k goes to infinity, there is some Ky>0
such that, for k>Kj,

Q(fo)(k) < —1,

which proves the positive recurrence of (N (t)). O

Consequently, (Y (t))=(¥,(N(t)) is a positive recurrent Markov process. Propo-
sition [2.:34] is proved.

COROLLARY 2.37. The Markov process associated to a weakly reversible CRN
with three complexes is positive recurrent.
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PROOF. First, note that if we add some reactions to our triangular CRN, our
proof can still be used. The only CRNs remaining are the ones with the following
graph:

Y1 = Y2 = Ys.
Using the same arguments as in our proof, we can reduce the set of CRNs to the
ones with a graph of the type

d=pA=pA or pA=0=pA,
for some A € (N —{0})™ and p1,p2 > 1, p1 # p2. Here, we can use the same

argument to reduce our process to a process on N, which can be shown to be positive
recurrent using the same arguments as in the proof of Proposition O

This proof can be done for three complexes, but the generalization to a CRN
with four or more complexes seems unlikely, at least with our approach.

PROPOSITION 2.38. Let (S ={1,...,m},C,R) be a CRN, (X (t)) its associated
continuous time Markov jump process starting at x € N™. For some i € {1,...m},
suppose that for every y € C, y; > 1. We define the CRN (§',C', R’) as

S'=8

C'={y—e, yeC}

R={(y" —e) = (y" —e), y~ =~y eR}.
where e; = (0j=i)1<j<m- Let (Y (t)) be the process associated to (S',C', R’) starting
fromy=x—e¢;. If x; > 1, (X(t)) is positive recurrent on H, C N™ if and only if
(Y'(t)) is positive recurrent on H, — e;={z —e;, 2 € H,}.

PROOF. The proof is straightforward, seeing that the embedded Markov chains

of both processes have the same transition rates. Note that if z;<1, none of the re-

actions can happen and the process (X (¢)) is constant equal to x, therefore positive
recurrent. U



CHAPTER 3

Stochastic Chemical Reaction Networks with
Discontinuous Limits and AIMD processes

Contents
(1. Introduction| 85
2. Stochastic Modell 89
3.  Scaling Properties| 92
4. The Three Species CRN 98
5. processes: Invariant Distributions and a Limit
[ Theoreml 102

6. The Four Species CRN| 108

tochastic Averaging Principle 116

1. Introduction

The chemical reaction network (CRN) with m chemical species considered in
this paper is represented as

(3.1) 0 2006 BG4S, 2
KRi42

ki Kit1
— Si+Sip1 — Sig1+Sipe — -+

Km—1 Km, Km+41
s S 1+ S, = S, /.

The associated Markov process (X (¢))=(X;(t), 1<i<m) lives in the state space
N™. The kinetics considered for these networks is the classical law of mass action.
See Guldberg and Waage and Voit et al. for example. It has the Q-matrix
Q=(q(x,y), z,yeN") defined by, for xeN™ and 2<i<m—1,

g(z, x4+ eip1—€i—1) = KiiTi—1, q(x,x +e1) = Ko,
(3.2) q(z,x + e3) = K121, q(z,x—€m-1) = KmTmTm—1,
q(m,x—em) = Em+1Tm;

where (#;)€(0, +00)™*2 is the vector of the reaction rates.

Note that the molecules of chemical species S; are created from an external
input and the chemical species S,, vanish independently of the other chemical
species. See Section [2] for a detailed presentation of the mathematical context of
these CRNs.

We have two important features of this class of CRNs.

(a) Quadratic Rates.
Due to the assumption of the law of mass action, the rate of most of
reactions of Relation is a quadratic function of the state. It is a
polynomial function in general.
The polynomial dependence for the reaction rates has the consequence
that different timescales may coexist in the dynamical behavior of CRNs.
In our example, if all coordinates are of the order of N, the rate of the

85
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reaction in the middle of Relation is O(N?), for the reaction S, —0,
it is O(N) and for 0—S1, it is only O(1).
(b) Boundary Behaviors.

The reaction in the middle of Relation does not occur if either xz; or
241 is null. A molecule of S; may be transformed into a molecule of S; o
only if there is at least a molecule of S;;1, even if the (i4+1)th coordinates
is not changed by the reaction. This is a boundary effect, some reactions
do not occur on the boundary of the state space.

These boundary effects may have a strong impact on the time evolu-
tion of CRNs. For example, for the CRN of Laurence and Robert [52],

0 = 51452, pS1+S2 = pS1+285,,

it has been shown, Theorem 32, that if p>2 to investigate the time evo-
lution of the CRN starting from large initial states of the order of N, one
has to speed-up time by a factor NP~! i.e. consider limit theorems with
the fast timescale t—NP~'¢, to get non-trivial time evolution. This is es-
sentially due to the boundary condition that at least p copies of S; are
required in two reactions.

As we will see the boundary behaviors of the CRNs of this paper have
also an impact on its time evolution, through a phenomenon referred to
as discrete-induced transitions in the literature. See Section [[.2

AUTO-CATALYTIC REACTION NETWORKS.
There are other classical classes of CRNs with a generic related way of transforming
chemical species. The reactions for these networks are

Si+9; — 285; =25 1<i#j<m.

See Togashi and Kaneko [74] for example. As it will be seen, they seem to share
some of the properties of the CRNs we are considering in this paper.

1.1. Scaling with the Norm of the Initial State. We will investigate this
class of CRNs via the convergence in distribution of its scaled sample paths. This
may provide an interesting insight on the time evolution of these CRNs. Note that
the deficiency of these CRNs is 1, see Section [2} the classical result of Anderson
et al. [7] cannot be used here, so that even the existence of an invariant distribution
is not known a priori.

Classically, a scaling approach is mainly done via a scaling of reaction rates.
This can be achieved in several ways.

(a) The reaction rates are scaled so that all chemical reactions have a rate of
the same order of magnitude in IV, then with a convenient scaling of the
space variable, it can be shown that the scaled Markov process converges
in distribution to a deterministic dynamical system of the type described
above. See Mozgunov et al. [60] and Section 2.3 of Laurence and Robert
[52]. The drawback of this scaling is that the scaled CRN does not really
exhibit anymore different timescales in IV since the transitions of the scaled
process are all O(1).

(b) The reference Ball et al. [11] considers several CRNs with given scaled
of reaction rates with some parameter N, a multi-timescale analysis of
several classes of such CRNs is achieved via proofs of averaging principles.
See also Kang and Kurtz [46] and Kang et al. [47].

In the spirit of Laurence and Robert [52], the scaling we consider in this paper
does not change the basic dynamic of the CRN, in particular its reaction rates. It
is assumed that the initial state of the CRN is “large”, its norm is proportional
to some scaling parameter N. We investigate the time evolution of the CRN, in
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particular how such a saturated initial state returns to some neighborhood of the
origin.

If the initial states of two chemical species S;, S;;+1 are both of the order of N,
the rate of the reaction in the middle of Relation is of the order of N? which
is maximal for this class of CRNs. Proposition of Section |3 shows that, for any
>0, the state of the CRN goes “quickly” to a set Sy of states for which the indices
of the coordinates whose value is greater than €NV are at distance at least two, the
other coordinates being o(N).

When the number of nodes is odd and the initial state is such that the co-
ordinates with an odd index are of the order of N and all the others are O(1),
Theorem shows that (Xn(t)/N) is converging in distribution to the solution
(z(t)) of an ODE converging to 0 at infinity. The decay of the state of the CRN
starting from this initial state is therefore observed on the normal time scale. This
is one of the few general results, with respect to m, we have been able to derive.
Nevertheless it turns out that small values of m provide already non-trivial behav-
iors.

In Section [4] the case of the network with three nodes (chemical species), m=3,
is considered. It is shown, see Proposition [3.6] that for a set of initial states the
process (X (t)/N) converges in distribution to a continuous, but random, process.
The stochastic fluctuations, represented by the martingales in the evolution equa-
tions vanish, as usual, due to the scaling procedure. Nevertheless there remains
a random, discrete, component in the limit. This is due a boundary behavior of
the kinetics. This case provides an example of a CRN whose first order is not the
solution of a set of deterministic ODEs.

1.2. A Scaling Picture with Discontinuous Stochastic Processes. A
CRN with four chemical species is investigated in Sections [6] and A class of
initial states gives rise to a more complex behavior than what we have observed
when m=3. We did not try a complete (cumbersome) classification of initial states
from this point of view as it has been done for m=3, but we do believe that this is
the interesting class of initial states.

Recall that N is the scaling parameter of the initial state. The initial states
considered are of the type (0, N,0,0), with the convention that 707, resp. “N”,
means O(1), resp. O(N). We show that the process lives in the subset of the state
space of elements of the type (0, N, 0, \/N) and that the decay of the norm of the
state occurs on the timescale (v/Nt). More important, this decay is in fact based
on a Discrete-Induced Transitions phenomenon (DIT) which we now describe.

0—0 g Mgig, g g Bogg g Py

Ficure 1. CRN with 4 chemical species

Discrete-Induced Transitions (DIT). One of the early references to this
phenomenon is Togashi and Kaneko [74] where the term has been coined apparently.
In the context of auto-catalytic CRNs (see above) with few nodes, it is observed,
via numerical experiments, that a limited number of molecules of one chemical
species can switch the entire bio-chemical state of a system. It is characterized by
the fact that the state variable alternates between two subsets of the state spaces.
From a biological point of view, the role of this set of molecules can be seen as a
“switch” which can block or activate a set of chemical reactions. See also Togashi
and Kaneko [73] and Saito and Kaneko |71]. The mathematical characterization
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of this phenomenon has mainly been done with the analysis of the associated in-
variant measure. Intuitively the DIT phenomenon should be expressed by the fact
that the invariant distribution is concentrated on at least two subsets of the state
space, a bi-modal distribution. See Bibbona et al. [13], Hoessly and Mazza [41]
and Gallinger and Popovic [33]. Note however that it does not give a dynamical
picture of this phenomenon, such as an estimation of the sojourn time in a subset of
states before visiting another subset. This is associated to the metastability prop-
erty of statistical physics. See Bovier and Hollander [15]. A related phenomenon
has also been analyzed in del Sole [22].

Returning to our CRN with four chemical species and the initial state of the
type (0, N,0,4/N), it turns out that the growth of the fourth coordinate (X4(t))
occurs only during time intervals whose duration are O(1/v/N) and during them
there is a large number of positive jumps of this process, of the order of v/N. Recall
that this phenomenon is only due to the law of mass action which drives the kinetics
of the CRN. This is where boundary effects have a significant impact.

The switch effect occurs during these small time intervals, the occurrence of
them is driven by the isolated instants of creation of particles of chemical species
S3. The duration of these time intervals vanishes in the limit, so we do not have a
metastability-related phenomenon as discussed in the literature. Nevertheless they
play a critical role in the kinetics of the system, since this is at these instants, and
only there, that the second coordinate (X5(t)) can decrease.

AIMD Processes. The asymptotic behavior of (X4(t)/v/N) can be described
in terms of jump processes belonging to a class of AIMD processes on R;. These
processes exhibit an exponential decay between jumps or a negative jump pro-
portional to the current value of the state (Multiplicative Decrease) and, for the
increasing part, positive jumps depending on the current state or a linear growth
(Additive Increase). There are two classes of AIMD processes in our analysis, their
infinitesimal generators €y and €y are given by, for bounded function feC;(R;)
and v>0,

B3 w0 =~ Sor o)+ [ (5 (V) 1) et s

1 1
B4) W) = f W / (f (va) — f () du,

for some constants 3, 7>0.

AIMD processes play also an important role in several classes of stochastic
models, in mathematical finance, see Bertoin and Yor [12] and Yor [80] for an
overview, communication networks Guillemin et al. [34], or genomics Cowan and
Chiu [20]. An analogous multiplicative property has also been observed in other
CRNs. See Section 8 of Laurence and Robert [52] for example. On the normal
timescale, the main convergence result is given by the following theorem.

THEOREM. If Xx(0)=(0,N,1,vy), with (vx/vVN) converging to v>0, then
for the convergence in distribution for the Mj-Skorohod topology and also the S-
topology,

, X)) X&®)N _

N ( N w )~ L Viset)),

where (V(t)) is the Markov process on Ry whose infinitesimal generator Qg is given
by, for feECL(R,) and z€R,,

Qo(f)(z) = —:—fo’(x) + /Om (f (, /a:2+2:is> —f@:)) e*ds
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The limit of the scaled process is not only random, as in Section for m=3,
but also discontinuous. The fact that the limit is a jump process is in fact a
consequence of the large number of positive jumps during small time intervals.
The M;-Skorohod topology and the S-topology are weaker than the classical Ji-
Skorohod topology which does not allow accumulation of jumps. See the discussion
in Section [Gl

The convergence result of (X5(t)/N) to (1) implies that the normal timescale
is too slow to observe a decay of the norm. See Laurence and Robert [52] for a
discussion of this phenomenon. We prove the following convergence in distribution,
it involves a speed-up of the timescale by a factor of v/N.

THEOREM. If X(0)=(0, N,0,vy), with (vx/vVN) converging to v>0, then the

relation
X, (VANt) N
lim | ——2 <t | = (1—) A<t
N —+o00 N too

holds for the convergence in distribution, with

too = V20 ’“F(”O >/r<“5+'{°),
Kg \ K3 2Ks5 2K0

where T" is the classical Gamma function.

See Theorem [3.:24] The proof of this result relies on several ingredients:

(a) The proof of a limit result, Theorem related to AIMD processes
associated to an infinitesimal generator of the type Q; of Relation (3.4).
An explicit expression of their invariant distributions, Section [p] is used;

(b) Multiple time-changes. This is an interesting example of the efficiency of
stochastic calculus in such a context;

(¢) The proof of a stochastic averaging principle.

We also show that the fourth coordinate of a related process is of the order of /N,
with a limit result for its associated occupation measure, and the values of the first
and third coordinates are essentially 0 or 1 in the limit, from the point of view of
their contribution in the evolution equations.

1.3. Outline of the Paper. Section [2] introduces the class of CRNs investi-
gated, the associated stochastic models and the kinetic equations. Section [3| proves
a scaling result for a CRN with an odd number of nodes and a specific class of
initial states. A scaling analysis of the CRN with three nodes is done in Section [4]
Section [5|introduces and investigates the AIMD processes of interest for our scaling
analysis. Sections [6] and [7] are devoted to the CRN with four nodes and a class of
initial states.

2. Stochastic Model

We first recall the formal definitions for the model of CRN of interest.

DEFINITION 3.1. A chemical reaction network (CRN) with m chemical species,
m>1, is defined by a triple (S,C,R),

— S={1,...,m} is the set of species;
— the set of complexes, is a finite subset of N™

C= {0’ {61}3 {em}v {61' + ei—‘rl}a 1§’L'SM*1},

where e; is the ith unit vector of N™.
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— The set of chemical reactions R, is a subset of C?,

R = {(€i+€i+1, 6i+1+€7;+2), 1§z<m—2}
U{(0,e1), (e1, e1te2), (em+em—1,€m), (em,0)}

The notation 0 refers to the complex associated to the null vector of N™, #=(0).
A chemical reaction r=(y, ,y;")€R corresponds to the change of state, for z=(z;)
and y;’t:(y:z)a
T — w+y -y,

provided that y,, <w; holds for 1<i<m, i.e. there are at least y, ; copies of chemical
species of type i, for all i€S, otherwise the reaction cannot happen. For the CRNs
considered here, we have y;_ie{O7 1} for all reR and 1<i<m.

The Markov process (X (t)) is clearly irreducible on N, Its Q-matrix asso-
ciated to the law of mass action is given by Relation . For 2<i<m-—1, the
transitions of (X (¢)) transform chemical species S;_1 to S;y1 via the action of S;.
As a particle system, the particles arrive at rate kg at node 1 or at node 2 at rate
k121 and move on the right by steps of size 2 to finally leave the network at either
node m—1 or m. The boundary effect is that the transformation of a molecule of
S;—1 occurs at a rate proportional to the number of molecules of S;. The parity of
the indices of the nodes plays an important role as it can be expected.

It is easily seen that this CRN is weakly reversible and its deficiency is 1,
see Feinberg [27] for the definitions.

2.1. Definitions and Notations. It is assumed that on the probability space
there are m+2 independent Poisson processes on ]Ra_, Pi, 0<i<m+1, with intensity
ds®du and also an independent i.i.d. family of Poisson process N, >0, on
Ri xR XRIE whose intensity measure is

ds® dt®o exp(—oa) da®Q(db),

where @ is the distribution on RY of an i.i.d. sequence (E;) of exponential random
variables with parameter xs5.
The underlying filtration used throughout the paper is (F;), with, for ¢>0,

Fi =0 (Pi(Ax][0,s)),0<i<m+1,
N, (Ax[0,5)xBxC),0>0, A, BEB(R,), CEB(RY )s<t).

All stopping time and martingale properties implicitly refer to this filtration. See
Section B.1 of Laurence and Robert [52]. If H is a metric space, C.(H) denotes
the set of continuous functions on H with compact support and C}(R; ) the subset
of C.(R;) of continuously differentiable functions on R;. For T>0 D([0,T),R)
denotes the set of cadlag functions on [0, T'), that is right continuous functions with
left limits at all point.

For p>0, we will denote by Pois(p) the Poisson distribution on N with pa-
rameter p. Due to the numerous processes that have to be considered and to
avoid heavy notations, we will use in the text the same notations such as (Ay(t)),
(Bn(t)), (Zn(t)) for different stochastic processes, or (My(t)) for a martingale, in
different contexts, essentially in proofs of results. Similarly, several stopping times
are denoted as 7 with possibly other indices.

2.2. Stochastic Differential Equations. The goal of this paper is of investi-
gating the transient properties of the sample paths of these CRNs and in particular
to describe, via a functional limit theorem, how the process (X (t)) starting from a
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“large” initial state comes back to a neighborhood of the origin. It is assumed that
the sequence of initial states satisfies the relation,

X (0)

(3.5) Jlim <N> = o = (a;)E€RT".

The scaling parameter N used is such that the norm of the initial state is of the
order of N.

For N>1, the Markov process (Xny(t))=(X}(t)) starting from Xx(0) with
@Q-matrix @ can be represented as the solution of the SDESs, for 1<i<m,

dX{V(t) =Py ((0,k0) ,dt) =Pa ((0, ke X{¥ (t—) X5 (t-)) ,dt),
dX3'(t) =Py ((0, k1 X{(t—)),dt) —Ps ((0, k3 X3 (t—) X5 (t—)) , dt),
dXN (1) =Pioa (0,5 X5 (t) XY, (1)), dt)

~Pit1 ((0, ki1 XN (t-) X (2-)) . dt)
an]\zf(t) =Fm-1 ((Ov’fmler]nV—Z(t_)XézV—l(t_)) ,dt)

—Fm+1 ((07I€m+1Xn]\{(t—)) ,dt) .

(3.6)

See Rogers and Williams [69] for example.
The scaled process is introduced as

(37) () = (X 0) - (252).

2.3. The M/M/co queue. We finish by recalling the definition of a process
associated to a very simple, but important, CRN,

N
nw

This is the M /M /oo queue with input parameter A>0 and output parameter p>0.
It is a Markov process (L(t)) on N with transition rates

z+1 A
r —
z—1 pz.

The invariant distribution of (L(t)) is Poisson with parameter p=A/u. For >0, if
L(0)=0, then L(t) has a Poisson distribution with parameter

p(l—e™).

If Ty is the hitting time of N, Ty=inf{¢ > 0:L(t)>N}, then the sequence

(o)

converges in distribution to an exponential random variable. As a consequence, for
p>1, the convergence in distribution

N——+oco

holds. See Chapter 6 of Robert [67]. This is an important process in the context
of stochastic CRNs, see Laurence and Robert [52].
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3. Scaling Properties

In this section, we investigate some general properties of the asymptotic be-
havior of the sample paths of (X(¢)) when the initial state is “large”.

As it will be seen, this is a challenging problem in general. Sections [f] and
investigate a specific class of initial states of a network with four nodes for which a
scaling description of the return path to 0 involves, at the normal timescale, jump
processes and not the nice solution of some set of ODES as it is usually the case.

The scaling parameter N can be thought, up to some fixed multiplicative con-
stant, as the norm of the initial state. Our first result of this section, Proposition[3.2)
shows that, for any >0, the process goes “quickly” to a set of states for which the
indices of the coordinates whose value is greater than N are at distance at least
two, the other coordinates being o(V).

The second result, Theorem [3.5] considers the case when the number of nodes m
of the CRN is odd and the initial state is of the order of (a1,0,a3,0,...,0,a,,)N,
with a;>0, for k€{1,3,...,m}. It is shown that, on the normal timescale, the
scaled process converges in distribution to the solution of a system of ODEs. An
averaging principle is proved to establish this convergence. Its proof uses several
results on the Markov process associated to a series of M /M /oo queues, Proposi-
tion[3:3]together with a coupling result, Proposition[3.4]for the proof of the tightness
of occupation measures.

The following proposition states essentially that, from this point of view, one
can concentrate the study on asymptotic initial states such that the positive com-
ponents have isolated indices.

PROPOSITION 3.2. Under Condition ({3.5), ifHodéf' {xERT DT = 0,V1§i<m},
then there exists S€Hy such that, for any n>0, there exists a stopping time Tn sal-

isfying the relation
XN
lim ]P’(max <"ZEZTN)—52> >17> =0,

1<i<m
and the sequence (Tn) is converging in distribution to 0.

In Section {4} there is an analogous result for the CRN with three nodes. We
show that there is a convenient stopping time, possibly depending on N, when the
coordinates are arbitrarily close to the set of states with the “correct” orders of
magnitude.

PROOF. Define the scaled process

(2w - (22029

Proposition 13 of Laurence and Robert [52] gives that the sequence of processes
(XN (t)) is converging in distribution to (x(t))=(z;(¢)) the solution of the system
of ODEs, for 2<i<m,

() =—raw1 (t)22(t), 22(t)=—rgz2(t)23(t),
(38) .’L:i t):lﬁi,1$i,2(t)xi,1(t)—lﬁi+1.’17i(t)$i+1(t)7

Ton (O)=Km—1Tm—2(t)Tm—1 (t).

8

We now show that (x(t)) converges to S€H| as t gets large.

If at to>0, max; |z;(to)—5:|<n/2, taking Tn=to/N, we have the desired result.
For the convergence of (z(t)) to S€Hy, we proceed by induction on the number of
species. When a;=0, from Relations we have (z1(t))=(0). Otherwise, if a3 >0
and ap=0, then, clearly, (x1(t))=(a1) and (z2(t))=(0).
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It is therefore enough to consider the case a;>0 and as>0. We have that
2 (t)>0 for all t>0 and k€{1,...,m}. Indeed, this is true for k=1, 2 and then, by
induction on k€{3,...,m}, for all the other indices. Similarly, for all 2 < k<m,
the functions

Z .’E2i+1(t) and Z T2 (t)

i>0:2i+1<k i>1:2i<k
are (strictly) decreasing. Again by induction on 1<i<m, the function (z;(t)) has
therefore a limit 8; when t goes to infinity and we also obtain the convergence of
(2 (t)) when t goes to infinity, to a limit 3,,>0. Relations (3.8)) give the identity
BiPi+1=0 for all 1<i<m. The proposition is proved. O

PROPOSITION 3.3. For p>1, let (Yi(t)) be a Markov process on NP with Q-
matric Ry ,=(rx.(y, 2)) is such that, for y=(y;)eN? and 1<i<p,

(¥, yten) =N (Y, y—ep)=ppYp,
(Y, yteivr—e) =1y,

where e; is the ith unit vector of NP and pu=(p;,i=1,...,p) and A are positive

constants.

(a) The invariant distribution of (Y (t)) is the product of p Poisson distribu-
tions with respective parameters \/ju;;
(b) If, for N>1, (YN(t)) is the Markov process with Q-matriz R and initial
state (yN) such that the sequence (yN /N) converges to (0),
— For any >0,

(3.9 sup sup E (i Y?%Nt)) < 4005

N>1t>e T
= i=1

— The relation

N ——+oco N

holds for the convergence in distribution.

i (200)

PrROOF. The statement on the invariant distribution is straightforward to prove.

The Markov process can be described as a kind of Ehrenfest model with p
urns. The distribution of the sojourn time of a particle in the ith urn, 1<i<p
is exponential with parameter pu;, after which it moves to urn i+1. The process
(YN (t)) can be expressed as the sum of two independent processes, (Y (¢)+Y (£)),
where Y% (t), resp. Y/\{ (t) is the number of initial particles, resp. new particles (i.e.
arrived after time 0), present in the ith urn at time ¢. The initial state of (Y (£))
is (0) in particular.

For 1<i<p, we denote by (Egk,kzn and (Egk,k21) i.i.d. independent se-
quences of exponential random variables with parameter u;. The process of the
total number of initial particles present in the system has the same distribution as

N
P Y

Z Z Lipo + B0,y 4t B >t}

i=1 k=1

The two assertions of 2) of the proposition for (Y )(¢) are easily checked.

If (¢,,) is a Poisson process on R with parameter A, then the arrivals of particles
at the ith urn has the same distribution as (t,+E1n+Eon+---+FEi_1), le. a
Poisson process with parameter A. Consequently, the process (Y/\{ (t)) has the same
distribution as the process of an M /M /oo queue of Section starting empty with
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arrival rate A and service rate p;. The two assertions of 2) are a consequence of the
properties of this model recalled in Section [2.3]
O

PROPOSITION 3.4 (Coupling). If ko=0 and m=2p+1 and under Condition (3.5)),
if a€Hy is such that ag;=0 for all 1<i<p and ag;11>0, for all 0<i<p, then there
exist >0 and a coupling of (Xn(t))=(X (t),1<k<m) and (Y;(Nt), 1<i<p), where
(Y(t)) is a Markov process with Q-matriz Ry, defined in Proposition for some
A>0, with p=(p;)=kK2;+17, such that the relation

p p
(3.10) S XN <> VNV
k=1 k=1
holds for all t<Ty, with
(3.11) Ty =inf {t>0:3ie{l,...,p}, X3, (H)<nN}.

PROOF. We fix n=min{as;11/2: 1<i<p} and A>0 such that the relation
XM(0)+X37(0)+ -+ +X5,,1(0) < AN

holds for all N>1. The condition ro=0 implies that X{ (¢)+X3' (£)+---+X3 (1)
is also bounded by AN for all £>0.

We can represent the process (Y (¢))=(Y;¥ (¢)) as the solution of the following
SDEs, for 2<i<p:

dYN(t) = P1((0, k1 AN), dt) — P3((0, ksnNY{N (t—)), dt),
dYN(t) = Pai—1((0, kaim1nNYN (t—)nN), dt)
—P2it1((0, k2 1nNYN (t—)), dt).

with (Y (0))=(X2 (0))=(z2]), where the P? are introduced in the SDE (3.6)).

For convenience, the two processes are described in terms of a queueing system,
they are respectively referred to as the X-system for (X2 (¢),1<i<2p+1) and the
Y-system, for the process (Y;(t),1<i<p). Initially there are 22 customers in the
ith queue for both systems.

External customers enter the system, at the rate x;Xi" () in the X-system,
and k1 AN in the Y-system, therefore more customers enter the Y-system than the
X-system. Furthermore, since we choose 7 such that Xa;1(t)>nN for all 1<i<m,
the service rate in every queue of the Y-system is smaller than the service rate in
the X-system, meaning that a customer of the Y-system needs more time to run
through the system than a customer of the X-system. This can be expressed with
the following result: for k < p, for all ¢ > 0,

k k
ef. ef.
(3.12) SY S YN ) > Y XN (1) = SK ().
=1 =1

This can be proven by induction, using simple coupling arguments. The cases
k =1 is straightforward. Assume that we have the result for £ — 1, the only Poisson
processes that change (Si¥(t)) are P; and Pogy1. Note that P; is more likely for
(Sy,x(t)) than (Sx x(t)), so that it preserves Relation (3.12).
For t>0, if Relation holds on [0,¢) and a jump of Paxy1 occurs at time
t, there are two possible situations:
— If Sy p(t—) > Sx k(t—) + 1, the relation will still be valid after one jump.
— If Syr(t—) = Sx i (t—), since Sy k—1(t—)>Sx k—1(t—) by hypothesis of in-
duction we have Y}, (t—) <X (t—), along with the fact that Xog 1 (t—)<nN,
we know that

Parr1((0, K1 Xy, (t=) Xy 1 (t=)), dt) > Papr1 (0, kop1nNY;Y (1)), dt),
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which proves that Relation (3.12)) is still true after the jump.
This concludes the proof of Proposition [3.4] O

THEOREM 3.5. If m=2p+1 and a€Hy such that as;=0 and asg;—1>0, for all
1<i<p+1 then, under Condition (3.5)), for the convergence in distribution, the re-
lations

N N
lim (X%”,pr) —(0), lim (W,oqw):w(t)):(egm(t))

N——+oco N—+oc0

hold, where (£(t)) is the solution of the system of ODEFEs, for 1<i<p—1,
; ke Gu(t)
iy (t = —r 2 t
v “RB0 ) e
; Kai b2i-1(t)  K2(i+1) Lait1 t)

3.13 i () =k 0 (),

(8.13) 2i41(1) P\ Rait 521+(1(>f) K2its Loiys(t) 1)
¢ ) =gy —2e Z2pm1Y) fop—1 ¢ Koptal 1),
2p+1(t) Vit ot () 1(t)=Foptalopa(t)

with ingtial point (cai+1). The function (£(t)) converges to (0) as t goes to infinity.

Hence from the large state (1,0, as,0,...,0,q,,)N, the process (XN (t)) re-
turns on the normal timescale to a neighborhood of the origin along the curve
(€1(t),0,€3(t),0,...,0,0p(t))N of RT.

PROOF. Since we are interested in the order of magnitude in NV of the compo-
nents of the vector (X3, (t),0<i<p) on a finite time interval, the external arrivals
with rate kg do not play any role. Therefore, without a loss of generality, we can as-
sume that £o=0, in particular (X7 (£)+X3' (t)+---+X3),,(t)) is a non-increasing
process by Relations . The assumptions of Proposition are therefore satis-
fied, the notations for T, n and X in this proposition and its proof are used.

The proof is achieved in three steps. The main difficulty is controlling that the
coordinates with an even index are O(1) while the others are of the order of N.

STEP 1. TIGHTNESS OF THE OCCUPATION MEASURE.
Let the stopped occupation measure iy on Ry xNP is defined by

Tn
(un, [) = ; (s, (X3 (s),1<i<p)) ds,
for any feC.(RyxNP), where Ty is defined by Relation . We now show
that(uy) is tight for the convergence in distribution.

The tightness of the sequence of random measures (uy) follows from Proposi-
tion [3.4] Relation of Proposition 3.3/ and Lemma 1.3 of Kurtz [55]. Lemma 1.4
of this reference gives that any limiting point of .. of a subsequence (py, ) can be
expressed as

+oo
(3.14) (t1oos f) = /0 [ Fsam(dods,

for feC.(R; xNP), where () is an optional measure-valued process with values in
the subset of probability distributions on Ry xNP.

If f is a continuous function on Ry xNP such that | f(¢, 2)|<C(t)||z]| for a contin-
uous function (C(t)), x=(x;)eNP and ||z||=x1+ - - +x,, then, for the convergence
in distribution of processes, the relation

(315)  Jm_ ( / s <Xéik<s>>>ds> -(/ - [ feopm(an)ds).
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holds. The only (small) difficulty to show this result is the local behavior of (X (t))
at t=0. For £>0, we can show that

(316)  lim_ ( / ™ s <Xé¥k<s>>>ds> - ( / - [ rs.am(aa ds).

The proof is standard, by using the convergence of (un,), the criterion of the
modulus of continuity, Theorem 7.3 of Billingsley [14], and an equivalent result to
Relation (3.9)), which is easily proved:

2
P

(3.17) sup sup E (Z }QN(Nt)> < +o0.
i=1

N>1t>e

Now we have to show that for n, n'>0, we can find £>0 and ko>1 such that for all

kzk(h
> n) <.

(3.18) (

We use the same notations as in the proof of Proposition [3.3] and

5,(Xok(s))) ds

SO EY 4o+ ED .

For £€(0, 1) and >0, we have

( > < C/OE E([|(X2i(s)):l) ds

< OAB(S,)e + T /0 (K20 [P (2 > sN) ds

s, (X2 (s))) ds

< 6AE(S ) + CWI@ (6652> (1_e—€N6)7

with C=max{C(t),t€[0, 1]}, which leads to Equation (3.18)). By letting € go to 0,
we obtain Relation (3.15).

STEP 2. A LOWER BOUND FOR Tl.
For 1<i<p, let

(DlN(t)) déf' (/(;) . PQZ' ((0, /@QZ‘Xé\ir_l(S—)Xé\i](S—)) ,dS)) s

then D;(t) is the number of molecules which have been transformed from Ss;_1 into
So;4+1 up to time t. When t<T, Proposition and its proof give the relation
DN(t) < DY, (t) < / Pai ((0, k2 AN YN (Ns—)]) ,ds)
(0,1]

Again standard arguments of stochastic calculus and the ergodic theorem for the
Markov process (Y'(¢)) give the convergence in distribution

DY, (t) "1
li i = [ )2 it —
i () - (s

If t( is chosen so that for all 1<i<p,

Q251
2)‘2”21 Zj:l 1/p;’

and to<aopt1/(2AK2pt2), then the sequence (P(Ty>tg)) converges to 1.
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The SDEs for (X (t)) give the relation
w1V T N

o [ TR @5 [ Khiar(6) 58 (0
where (M} (t)) is a martingale whose previsible increasing process is

(M (1))

1 N t
= <N (Hzi/o X2¢—1(8)Xé7¥(5)d5+ﬁ2(i+1)/0 X2¢+1(5)Xé\(li+1)(s) d5>>

On the time interval [0, ¢o], with Doob’s Inequality, since Yé\iﬂ(s)g for s<ty, the
convergence in distribution (3.15) gives that (M;Y*(t)) is converging in distribution
to (0). The criterion of the modulus of continuity, Theorem 7.3 of Billingsley [14],

with Relation (3.19)) shows that the sequence of processes (X  (t ))def (XQH_l( ), 0<i<p)
is tight for the convergence in distribution on [0, tg]. Without loss of generality one
can assume that the subsequence (Ny) is such that (un,, (Y?\rk (t))) is converging

0 (Lo, (£(t))), where 1o has the representation (3.14).

STEP 3. IDENTIFICATION OF [i-
In this part the convergence in distribution of processes refers implicitly to the time
interval [0,%]. Let g a function on NP with finite support on NP. Relations (3.6)

gives the relation, if (X< (£) < (XN (t), 1<i<p),

(3:20) g (XK(t) =g (X§(0)) + M (t)

i / NV, (9) (X5 () X2 (s) ds

e —N
+Zm+l / NV ey ean (9) (X50(5)) Xty1 () X2 (s) ds,

where, for 1<k<m=2p+1, e is the kth unit vector of R, with the convention
ea(p+1)=0, and, for acR%,
Va(9)(x) = g(z+a)—g(x), z€R].

With the same argument as for the martingale (M} (¢)) above, it is easily seen that
(MN*(t)/N) is converging in distribution to the null process. By dividing by N
Relation (3.20]), we obtain the relation

(/ /Np e (f) () 51 6 (5)75(du) ds
+/0 /Np iv(%“)_””(f) (u) K2iy1loipr (s)uims(du) ds) = (0),

which can be written as

(/Ot /N Rx(s),u(s) () (w) s (duw) ds) = (0),

with, for s>0, M\(s)=r1£Y (s) and p(s)=(u;(s)) and j;(s)=ka;11€2i11(s) for 1<i<p.
Step 2 gives that, almost surely for all s<tg, the relation 3;41(s)>n holds. From
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there, Propositionand with standard arguments, as Lemma 1.5 of Kurtz |55], see
also Section B.2.2 of Laurence and Robert [52], we obtain that, for heC.([0, to] x NP),

/ h(s,u)poo(ds, du) /+00/ (s,u HPm < K1l (s) )(duv)ds
Ry xNP - NP K2it1l2i1(8) v

1=1

where Pois(p) is the Poisson distribution with parameter p>0.
Relation (3.19) on the subsequence (N} ) gives, as k go to infinity, the relation

0 k3ls(s) ’

t k1l1(s
a1 (1) :a2i+1+/ Kail2i—1(s) 1h(o)
0

———ds
%2i+1€2i+1 (S)

/1151(5)

———ds, 1<i<p—1,
/€2i+3£2i+3(8)

t
—/ Ka(i+1)l2i+1(5)
0

Iilgl (S)

— s
Kop+1£2p+1(8)

t
lopia(t) = Oé2p+1+/ Koplap—1(8)
0

t
- / Koptalopr1(s)ds,
0

holds almost surely for all t€[0, ¢o].

The convergence in distribution of (X 5 (t)) to 0 on [0, o] is a direct consequence
of b) of Proposition Proposition and Step 2.

Due to local Lipschitz properties, the solution of the differential system
can be defined on a maximal time interval [0, T, ), for some Too €R;U{+00}. As-
sume that T, <400. For any k=2i+1<m, 0<i<p, by summing-up the i+1 first
ODEs, we obtain that the function (¢(t)+03(t)+---+£k(t)) is non-increasing on
[0,Tw), and, consequently, that (£r(t)) has a limit, denoted as ¢(Tw), when ¢t "T,.
The last ODE of Relations (3.13)), we have £y, (£)>— Kt 14m (1), since ="~ (0)>0,
this implies that ¢, (T )>0. The same argument applied to the ODE for (€2,_1(t))
gives that fo,_1(Tp)>0. By induction we obtain that the relation f9;41 (75 )>0
holds for all 0<i<p. This is a contradiction with that maximal property of T,,. We
conclude that T,,=+00 and, therefore, that the convergence in distribution we have
obtained holds in fact on Ry. The fact that £(c0)=(0) is proved with analogous
arguments. The theorem is proved. (|

4. The Three Species CRN

In this section, we discuss in a simple setting the process associated to the CRN,
starting from large initial states from a scaling perspective. As it will be seen, there
are several scaling behaviors depending on the initial state. Proposition shows
that a first order limit associated to a class of initial states is a continuous but
random function. This is due also to a boundary behavior of the law of mass
action.

K K K K K
) — s §) s S48y > Syt Sy o Gy

The set of SDEs for this network is
dX{V(t):PO ((O, KJQ) ,dt) —PQ ((O KZ2X1 — ) ,dt)
(3:21)  dX3Y(6)=P1 ((0, 1 X7 (t-)) ,dt) —Ps ((0, Fvst ( =) X3 (t-)).dt),
dX3' () = Pa((0, k2 X{¥ X2 (1)), dt) = Pa((0, k4 X3 (1)), dt),



4. THE THREE SPECIES CRN 99

With the convention that N, resp. (), stands for a quantity of the order
of N, resp. o(N), Proposition shows that the interesting initial states are
I1=(N,0,N), Zo=(0,0, N), Zs=(0, N, 0), and Z,=(N, 0, 0). We will denote Zo=(0, 0, 0).

The subset Z; has been taken care of in Theorem For an initial state of Zs,
with X3(0)~xz3N, on the time interval [0, 7], the first two coordinates remain o(N)
and it is not difficult to see that the process (X' (t)/N) converges in distribution
to 3 exp(—kqt).

We now discuss the remaining cases, for simplicity we focus on two initial states
(0,N,0) in Z3 and (N,0,0) in Z,.

4.1. Initial State (0,N,0). The next result shows that the limit of (X3 (t)/N)
is a continuous function, but it is random, driven by an M /M /oo process. Note
that since (L(t)) is converging in distribution to a Poisson random variable with
parameter kg /K3, the ergodic theorem gives that (¢2(¢)) is almost surely converging
to 0.

PROPOSITION 3.6. If (Xn(t)) is the solution of (3.21) with initial condition
(0, N,0), then the convergence in distribution

N N N
Jim <X1N“), i) X3N(t)) — (0, 65(1)), 0),

(a(0) ™ (e (= [ 29005 ).

where (L(t)) has the same distribution as the jump process associated to an M /M /oo
queue with input rate Ky and service rate kKy.

holds, with

PRrROOF. We give a sketch of the proof. Some of the arguments used are the
same as in the proof of Theorem [3.5] We fix some T>0 and 6€(0,1), and set

e et inf {t>0: X' (t) <ON},

Define (Y (t))=(Y1(t), Y2(t)) the Markov process on N? of Proposition whose
Q-matrix is R, (K2 ,500) If Ny is sufficiently large so that § Ng>1, then for N>N0, in
a similar way as in the proof of Proposition [3.4] there exists a coupling of (X (%))
and (Y (t)) such that, for t<T3", the relation

XY (O)+XY (1) < Yi(t)+Ya(t).

The SDEs (3.21)) give that, for t>0, the relations

=

(3:22) Xi'(t) < 7’0((0 ﬁo) (0,2])
(3.23) X2N( ) < 1+ / Po((0, ko) % (0,5))ds,
N N
X2 () > 1+2T fng/o X2TX§V(s)ds,

hold, where (M (t)/N), i=1, 2, is a martingale which is converging in distribution
to 0. For any ¢ and 1>0, the exists Ny such that if N>Ny, then the relation

XN(t/\TN) t/\T2 X ()
%Zl_ﬁ_’%/o QJV Xs()d

> 1k / (1) (Y (5)+Ya(8)) ds > 11— sy / (14+7) (Y (5)+Ya()) ds,
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holds with probability at least 1—e. Let

T = sup {t>0 : /Ot(Y1(S)+Y2(S)) ds < m}

then

Nl—ig-loo P (TSTQN) =1.

With the criterion of the modulus of continuity, it is easily seen that the sequence
(XN (ATAT)/N) is tight for the convergence in distribution. We can take a sub-
sequence associated to (Nj) converging to some continuous process (x(t)).

With the same notations as before,

XN (¢ MY (¢ t XN t XN
(3.24) QT() =1+ ?}V()m/o 1T(S) ds — Hg/o 2T(S)X§V(s) ds,

where (M2 (t)/N) is a martingale which is converging in distribution to 0. Rela-
tion (3.22)) gives that, for the convergence in distribution,

Nl—i>r-ri-100 (/Ot # ds) = (0).

We define (L(t)) as the solution of the SDE
dL(t) ="Po ((07 KO) 7dt) _P4((Ov H4L(t_))7 dt))

Now using that, on the time interval [0, 7AT], the process (X2 (t)/N) is greater
than 4, so that a species S; is transformed into a species Ss after a duration of
time stochastically bounded by an exponential distribution with parameter k20 N.
Hence, the jumps +1 of the process (X2 (¢)) are “almost” Poisson with rate xg, so
that (X2V(¢)) is “close” to (L(t)). This can be stated rigorously as follows. There
are at most Po((0, ko) % (0,T)) jumps of size 1 for (X2 (t)), using Relation (3.23),
one gets that the variable

TNAT v N s
/0 XQN( ) |X§V(s)fL(5)| ds

converges in distribution to 0 since the duration between jumps of size +1 or —1
of both processes is converging to 0. By taking the limit in Relation (3.24) along
the sequence (Ng) we get the identity

(z2(t),t <7AT) = </Ot x2(s)L(s)ds,t < T/\T> ,

which gives the desired convergence of (X2 (¢)/N) on the time interval [0, 7TAT] and
the representation of its limit. The procedure is repeated starting at time 7AT. The
proposition is proved. O

4.2. Initial State (IN,0,0). When the initial state is (V,0,0), guessing the
time evolution is a little more tricky. One can see that (X2 (¢)) grows quickly, at
rate 1 N initially, and then (X' (¢)) grows at rate ko X3 (t) X2 (¢). The problem
is of understanding the correct orders of magnitude of (X2'(¢), X2V (t)) since all
these reactions interact. A (vague) intuition suggests that, quite quickly, (X2 (¢))
is of the order of N and that (X2 (¢)) is o(IV), so that we are in the case (N, ), N)
already studied.

To show that this intuitive picture is “correct”, we can try to use a convenient
scaling such as in the following proposition.
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PROPOSITION 3.7. If the initial state is (N,0,0), then, for the convergence in
distribution,

XN(t/N3Y XN (t/N?/3) XN (t/N?/3)
( N ) N1/3 N2/3 0 >0) = (1,22(t), z5(t),t > 0)

where (z2(t), z3(t)) is solution of the ODE
{g'cz(t) = k1 — raaa(t)z5(t)

Lt'g (t) = R2T2 (t) .

lim
N—+oco

We skip the proof of this result since the arguments are standard. The solution
of the above ODE is such that, as ¢ goes to infinity, x2(¢), resp. x3(t) converges
to 0, resp. +oo, which confirm our intuition. Note that the first coordinate of the
process does not change at all. This is nevertheless not enough to obtain rigorously
the correct orders of magnitude, for the (X' (¢)) in particular. This shows that a
scaling analysis, in the sense of deriving the convergence in distribution of scaled
sample paths, is not always the best approach.

Instead, with a combination of coupling arguments and convergence results, in
a formulation similar as the one used in Proposition [3.2] we can prove that at some
instant, deterministic here, the coordinates of the process have the right order of
magnitude.

The following proposition shows that if the initial state is (V,0,0), then, at
any time t3>0, the state of the CRN satisfies the conditions of the initial state of
Theorem [3.5] It is in fact immediately in Z.

PROPOSITION 3.8. If (Xn(t)) is the solution of (3.21) with initial condition
(N,0,0), then for any e>0 and ty>0, there exists K>0 and n>0 such that
X{¥(to) X3'(to)

N ' N

liminf P <
N—+oo

€(n, 1]7 Xév(tO)SK> > 1l—c.

PROOF. Since we are interested in the order of magnitude of (X3¥(¢)) in N on
finite time intervals, as before, without loss of generality, we can assume that ry=0.
In the rest of the proof, the first term of the right-hand side of the first relation of
the SDEs is removed. It is then easily seen that, in this case, the process
(XN (t)+ X3V (t)) is non-increasing, in particular X2V (¢)<N for all ¢>0.

For 6€(0,1), we introduce the stochastic process (Y (¢), Y3V (¢), Y{¥(¢)), as the
solution of the SDE

dYN(t) = —Pa((0, ke YNY5Y (1)), dt)
(3.25) dYN(t) =P1((0,k16N),dt)—P3((0, kaNYF (t—)), dt)
AV (t) = Pa((0, k20 NYSY (1)), dt)=Pa((0, ks Y3 (t—)), dt),

with V¥ (0)=N, Y3 (0)=Y" (0)=0
Define
7Y =inf{t>0: X{V(t) <N}
By induction on the jumps of the processes (Xn(t),Yn(t)) on the time inter-
val, it is not difficult to prove that, for any t<T?, the relations X{(¢)>YN(¢),
XN () >V (t) and XV (¢)>Y{V (¢) hold.

The process (Y3Y(t)) has the same distribution as (L(Nt)) where (L(t)) is the
process of an M /M /oo queue with arrival rate k10 and service rate 3. Hence, with
the ergodic theorem for positive recurrent Markov processes, we get that, for the
convergence in distribution,

([ o) - () ).
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for any function f on N with finite support.

By using the classical approach to the proof of a stochastic averaging principle
as presented in Kurtz [55], see also Section B.2.2 of [52] for an example, we obtain
the following convergence in distribution

N N 9
lim (Yl ®) 1@(0) _ (e—mat/ns’w(1_6—@)).

N —+4o00 N ' N K3Ka

For to>0, one can choose d€(0,1) sufficiently small so that d< exp(—k1k20to/kK3),
the above convergence shows that
- N

. > =1.
(3.26) Jim P (1Y >t0) =1
This concludes the proof of the lower bounds of X3 (ty)/N and X' (to)/N. Remains
to show the upper bound of X2 (t).

Define §’€(0, 1) sufficiently small so that §’ <r1r96? (1—e~"4%) /(k3k4), and

T3 = inf{t>0: X3’ (t) < 'N}.
In a similarly way, as for Relation (3.26]), we have

. i N >ty) = 1.
(3.27) NEIEOOP(T3 >tg) =1

We introduce (Z& (¢)) the solution of the SDE,
dZy (t) = P1((0,k1N),dt)—Ps((0, k38’ N Z3' (t—)), dt),

with initial condition Z¥(0)=0. As before, the process (ZJ' (t)) has the same distri-
bution as (LT (Nt)) where (L1 (t)) is the process of an M /M /oo queue with arrival
rate k1 and service rate k38’. For any to>0, Z& (ty) converges in distribution to a
Poisson distribution Pois(p) with parameter pdgf'm /(8'K3).

Since XV (t)<N for all t>0 and X2V (¢)>§'N for t<TJ, it is easily seen that
XN(#)<Z¥(t) for t<TY. We conclude the proof of the proposition with Rela-

tion (3.27). O

5. AIMD processes: Invariant Distributions and a Limit Theorem

We introduce two classes of AIMD stochastic processes (Additive Increase Mul-
tiplicative Decrease) in Sections [5.1] and [5.2] which play an important role in the
limit results of Sections [6] and [7] for the CRN with four nodes. Section [5.3] gives
an averaging result where fast processes are AIMD processes, it will be used to
establish the averaging principle of Section

The first of these AIMD processes, (R (t)), describes the asymptotic behavior of
the fourth coordinate (X2 (t)) on the timescale (v/Nt) when (X2V(t)) is 1. The other
one, (Ry(t)), is associated to the asymptotic behavior of (X2 (¢)) on the timescale
(v/Nt). The asymptotic time evolution of (X&(v/Nt)/N, XN (v/Nt)/v/N) can be
expressed in terms of these AIMD processes.

In the averaging principle proved in Section [7] the fast processes involved are
AIMD processes. For this reason, the asymptotic dynamic of the system is expressed
in terms of functionals of their invariant distributions. Sections and give
an explicit expression of the invariant distributions of (R1(t)) and (Ro(t)).

Section [5.3] establishes an asymptotic result for the time evolution of a particle
system. This is a key ingredient in the proofs of limit theorems of Section

DEFINITION 3.9. For a and b>0, T'g(a,b) is the distribution on Ry with density

b
I(a)

(bz)* e 2>0.
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The function IT' is the classical Gamma function. See Whittaker and Watson
[78]. The Laplace transform of I'g(a,b) at £>0 is given by

(#7e)
b+&)
The fractional moment of order 1/2 of this distribution is

+oo 1 Foo 1 T(a+1/2)
(3.28) VaTo(a, b)(dz) = / po=1/2gn gy — 1 Ta¥1/2)
0 ViL(a) Jo Vb T'(a)
5.1. The process (R1(t)). For a and 3>0, let N7 be a Poisson point process
on R?x [0, 1] with intensity measure avdsx dtxBa’~! da. The point process N; can

be represented as N1=(uy, vy, Uy'? ) where (uy,, v, ) is a homogeneous Poisson point
process with rate «, independent of the i.i.d. sequence (U,,) of uniformly distributed
random variables on [0, 1].

We now define (R;(¢)) as the solution of the SDE

(320)  dRi(t) = dt + / (a—1)Ry (t=)N7 (0, Ry (t—)], dt, da),
a€l0,1]

with Ry (0)=v>0.
The asymptotic behavior of (R;(t)) is described in the following proposition.

PROPOSITION 3.10. The process (Ry(t)) converges in distribution to the random
variable Ry(00). The distribution of Ry(c0)? is To((8+1)/2,/2) of Deﬁnition.

The proof of the proposition uses the embedded Markov chain of (Ry(t)).
PRrOOF. Let (R,) be the embedded Markov chain of (R;(t)), if Rgy=v>0, then
Ry =UY? (v+7,),
where U and 7, are independent random variables, U with a uniform distribution

on [0,1] and 7, is such that

(3.30) /O " (v+5) ds = Ba,

where F, is an exponentially distributed random variable with parameter «, i.e.
for x>0,

P(r, > z) = exp (—a /ox(v—%s) ds) .

We obtain that

R} =U?P (v+2E,) .
Now if (U;) and (E, ;) are independent i.i.d. sequences with the respective distri-
bution of U and FE,,

“+o00 7
Wy =N 2k, [[ U
1 1

400 1

2 2 2

o (Z 280 ] Uk”+2Ea71> = UY/? (Wt 2E.1).
=2 k=2

and ngi:“‘Wl. The distribution of /W] is therefore invariant for the Markov chain

(Ry,). The variable W7 can be expressed as

+oo
Wy = 2Eqexp(—2ti/B),
1

where, for i>1, t;=—In(Uy)—In(Us)—- - -— In(T;).
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From Proposition 1.11 of Robert [67], the marked point process M=(t,,, Eq )
is Poisson with intensity du®a exp(—av)dv on R3 and, since

%% z/ 2v exp(—2u/B)M(du, dv),
RZ

2
with Proposition 1.5 of [67] for the Laplace transform of M, we get that, for £>0,

E (e7*"1) = exp (/ (1—67257’ exP(*QWﬁ)) aexp(—av)dv du>
R
/+oo 256_2u/5 d a B/2
=exp | — —— —du| = :
P 0 a+2fe~2u/B a+2¢
The distribution of W7 is T'o(8/2, «/2), hence with density

(&) 2 e
& e ’
2/ T(8/2)

If v1 denotes the invariant distribution of (R1(t)), its representation in terms of the
invariant distribution of the embedded Markov chain gives the relation

]E(TIWE (/()Tmf (\/1/714—s> ds> :

for any non-negative Borelian function f on R
We take f(z)=exp(—£&x) for some £>0, Relation (3.30]) with v=/W; gives the
relation

E(T wr) /R e 8%y (dz) = % (]E ((e—am)) E (e—f(m+r wﬁ) )

_ % (]E (e—gm) R (e—am)))

2
+

x>0.

(3.31) f(@)vy(dz) =
Ry

)

where FE, is an exponentially distributed random variable with parameter «, inde-
pendent of W;. By using Fubini’s formula, we have

(3.32) E (T\/Wl)/R e 5y (dx) = % (IE (e*5m> —E (G*E(m»)

+oo
:/ e Eup (x/nguS\/W1+2Ea> du,
0

and, therefore, the density of vy at u is proportional to

P (VI <usy/Whit2E,) = e~ 2K (/1 1y, <o)

2

u
_ Coe_au2/2/ eaw/Qxﬁ/Q—le—ozw/2 dw = C1€_auz/2u’6,
0
where Cy and C7 are multiplicative constants. The proposition is proved. O

5.2. The process (Ry(t)). For a>0, let Ny be a Poisson point process on
RxR, with intensity measure adéx exp(—a)da, it can be represented as the se-
quence of points (uy, Ey,), where (u,) is a Poisson process on Ry with rate «
and (E,) is an i.i.d. sequence of exponential random variables with parameter 1,
independent of (uy,).

For 7, >0, we define (Ry(t)), the solution of the SDE

(3.33)  dRo(t) = —%Ro(t) dt+/ . (1 /Ro(t—)2+% - Ro(t—)) No(dt, da),
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with Ro(0)=v>0.
It should be noted that the integral expression in the above SDE is just a Dirac

measure, since there is only one “a” when there is a jump in ¢.

PROPOSITION 3.11. The process (Ro(t)) converges in distribution as t goes
to infinity to a random wvariable Ro(oc), such that Ro(oo)? has the distribution

To(ay/2,B) of Definition[3.9
PrOOF. If (W(t))=(Ro(t)?), we obtain easily with a change of variable that
the relation
2 1
dW(t) = —=W(t)dt + —/ aNo(dt,da).
0 a€Ry
Its unique solution is given by, for ¢>0,

1 t
W(t) = W(O)e /45 / ae~2=9/7 Ny (ds, da)
0

is 1 g
dist- W(O)e_%/v—kﬁ/ ae~ 2/ Ny(ds, da),
0

by reversibility and invariance of the Poisson process by translation. We obtain
that (W (t)) converges in distribution to

difl “+oo
B Jo

For £>0, by using the representation of the Laplace transform of a Poisson process,
see Proposition 1.5 of Robert [67], we get that

E (€7£W°°) = exp (a/ (1 — exp <Za625/7)> e *da ds)
=

_ +o0o 56—25/7 _ 6 ay/2
= exp <—a/0 75_%6_28/7 ds) = (W) .

We conclude that the distribution of Wy, is To(avy/2, 5). O

Woo ae” 2/ Ny(ds, da).

5.3. A Limiting Result on a Particle System. We investigate the limiting
behavior of the time evolution of a Markov process on N which is described in
terms of a particle system. A process of this type plays an important role in a
time-changed version of the process (UJY(t)) in Section m A limiting result is
established, Theorem [3.12] it plays a central role in the asymptotic analysis of the
CRN with four nodes in Section [

The kinetics are as follows: At time ¢, we are given G, an exponential random
variable variable with parameter o, and (F;) an independent i.i.d. sequence of
exponential random variables with parameter .

— Arrivals. A new particle arrives at rate Py (t—), where (Py(¢)) is an
adapted cadlag process.

— Departures. If there are x€N particles, at rate dz, §>0, any particle 1<i<z
such that F;<G is removed.

With the definition of Section 2.1, NV, is a Poisson marked point process on the
state space Ri xRy ><R§’r whose intensity measure is

ds® dt®o exp(—oa) da®Q(db),

where @ is the distribution on RIE of an i.i.d. sequence (FE;) of exponential random
variables with parameter .
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The process of the number of particles, (Ky(t)), is defined as the solution of
the SDE,

(3.34)  dKn(t) =Po((0, Pn(t—)),dt)
- / S(Kn(t—), a, N (0, 0K x ()], dt, da, db)
(a,b)€R 4 xRY

such that Ky (0)=wy€N. For a>0 and b=(b;)€RY, we denote

(3.35) S(n,a,b) Zn{b <a)-

It can be shown, with the criterion of the modulus of continuity, that the pro-
cess (K n(t))=(Kn(t)/v/N) has convenient tightness properties on the timescale
(t/v/N). Since we are interested in the asymptotic behavior of this process on
the normal timescale, we will investigate the asymptotic behavior of its occupation
measure py defined by

(3.36) i, ) = /OTF(S,KN(S))ds - /OTF (s K\J/V]LVS)) ds,

for FeC.([0, T]xRy).

THEOREM 3.12. If (Pn(t)) is a cadlag adapted process on N such that (Pn(t)/N)
is a bounded process converging in distribution to a continuous positive process (p(t))
and (Kn(t)) is the solution of SDE (3.34), Kn(0)=wy and the sequence (wn /N) is
bounded, then the sequence of occupation measures (un) defined by Relation
converges in distribution to the measure o, defined by

/OT /O+°°F(s,x) Hoo(ds, dx) = /OT /OJFOOF (s,v/x) To (;)\+;7 2]?5(8)> (dz) ds,

for FEC.([0, T)xR), where Iy is the distribution of Definition [3.9
PROOF. The proof is done in several steps.

STEP 1: TIGHTNESS PROPERTIES OF (uy).

By integration of Relation ([3.34) and taking the expected value, we obtain that

AT
- < -
hence

T
(3.37) sup / E (Kn(s)?) ds < +oc.
~N>1Jo

This Relation will be used frequently in the proof of the different convergence
theorems of Section [7} Relation (3.37), Lemmas 1.3 and 1.4 of Kurtz [55] show that
1) the sequence (un) is tight for the convergence in distribution, and 2) if uq is
the limit of some converging subsequence (i, ), then it can be represented as

(oo, F) = / F(s,x)vs(dx) ds,
[0,T] xR

for FeC.([0,T]xRy), where (vs) is an optional process with values in probability
distributions on R .
If f is a bounded continuous function on R, then for T>0,

RN E 1l " & (T (s
E </O 7 (B (9) Bn() Ly =) ds> < T/0 E (K (s)?) ds,
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hence, for the convergence in distribution

T
lim f(KEn(s)) Kn(s)ds

N——+oco 0
+oo
— [t @)L eryn(ds,dz) / / 2)7,(dz) ds.

The next steps are devoted to the identification of the limit.

STEP 2: CONTROL OF MARTINGALES.
If f is some continuous bounded function on R, then, for t>0, standard stochastic
calculus gives the relation, for t€[0, T,

(3.38) f(En(t) = f(Kn(0) + Mf(t)

f(K
( ( N) -/ (KN(S))) Py (s)ds

Kn(s)

t
1 _
+/O E|f i zl: Ligsay || Fs | —f (En(s)) | 6Kn(s)ds

where (M ;v (t)) is a martingale. The expectation value of the last line is taken on
the random variables G and (F;). If f is C; with compact support, its predictable
increasing process ((My) (t)) is such that
tP s t
B3 00 < [ sl [ v as
0 0
With Relations (3.39)) and (3.37)), we obtain that the sequence (E(<M;V/\/N> (T)))
is converging to 0 and, therefore, with Doob’s Inequality, that the martingale
(Mfcv (t)/V'N) converges in distribution to 0.

STEP 3: A TECHNICAL ESTIMATE.
This step is dedicated to the estimation of the height of the negative jumps of
(Kn(t)). Let feCc(Ry), and define Ax(f) as

KN(S)

Z Lipsay | —f [ En(s)e 9 || Fs | | Kn(s)ds.
1

1
Kn(s)

[ e (1 {Fve

The law of large numbers gives the relation

Ko
1
<LEKO ; ]l{E,i>G}> —f (:ce*)‘G)

which holds almost surely, and by Lebesgue’s Theorem in L;. The integrand of
quantity Ay (f), with the factor Ky (s) excluded, is expressed as the sum of two
terms. One with the indicator function of the set {K n(s)>n}={Kn(s)>nVN},
for some small n>0. The last estimate can then be used for this term. The other
term with the set {K n(s)<n} is negligible since the integrand is the difference of
two expressions which are arbitrarily both close to f(0).

Relation and Cauchy-Shwartz’s Inequality give that, for K;>0,

T
supP (/ Kn(s) ds>K1> < —sup \// KN d
N 0

By combining these results, we obtain that the sequence (Ax(f)) converges in
distribution to 0.

lim sup =0

Ko—+oo z>0
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STEP 4: CONCLUSION
If feC!, by dividing Relation (3.38) by v/N, and letting N go to infinity, we obtain
that, almost surely, the relation

/ /R x)7s(de d3+/ /IR2 ) —f (2)) dzoe™7* dav,(dz) ds = 0,

holds for all £>0. Indeed it clearly holds almost surely for a fixed ¢ and, therefore for
all teQ, consequently for all ¢>0 by continuity. We have established the relation,

almost surely
t
(/0 <Ap(s)(f)775>ds> = (0)7
with, for >0, a>0

Adr)w) = af'@ysoe [ (1 (w07) - @) du

Note that A, is the infinitesimal generator of the Markov process (R;(at)), where
(R1(t)) is defined in Section with f=0/X and a=d/a. Hence, there exists a
subset Sy of [0, 7], negligible for the Lebesgue’s measure, such that, almost surely,
the relation (A (f),7s) =0 holds, for all s€[0, T]\Sy. Since the set of C; functions
with compact support on R is separable for the uniform norm, there exists Sy of
[0, T, negligible for the Lebesgue’s measure such that, almost surely, for any f in
a dense subset of such functions the relation (A,)(f),vs) =0 for all s€[0,T]\Sp.
Proposition 9.2 of Ethier and Kurtz [24] gives that for s€[0, T]\:So, s is the invariant
distribution of (R;(t)). The proposition is proved. O

6. The Four Species CRN

We investigate the asymptotic behavior of the CRN with four nodes starting
from an initial state of the form (0, N, 0,0) for some large N. As explained in the
introduction, we did not try a complete classification of initial states from the point
of view of the asymptotic behavior of (Xx(t)) as we have done for m=3. We do
believe however that this is the interesting class of initial states, i.e. with a really
unusual asymptotic behavior.

By using Filonov’s Theorem, see Theorem 6 of Laurence and Robert [52], it can
be proved, with some tedious but straightforward technicalities, that the associated
Markov process (X (t)) is positive recurrent. In particular, starting from (0, N, 0,0)
the second coordinate (X' (t)) will eventually decrease. The goal of this section
and of Section [7]is of characterizing this decay.

Up to now, we have seen that the ordinary timescale was enough to observe
the decay of the norm of the process. See Theorem [3.5 and Sections [£.1] and [£.2}
For this initial state, the situation is significantly different. It turns out that the
convenient timescale is (v/Nt) and that on this timescale the process lives in a set
of states of the form (a,yn,b,vy) with a, bEN and yy and vy are respectively of
the order of N and v/N.

We analyze the scaling properties of this CRN on the normal timescale in this
section. It is shown that, with a scaling in space, the Markov process converges in
distribution to a jump process under a convenient topology on the space of cadlag
functions D([0,T],R%). The limiting process is an AIMD process whose invariant
distribution has been investigated in Section [5.2] The asymptotic behavior on the
timescale (v/Nt) is analyzed in Section @

0—0 g M gs e, Bogg Mg Py
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The set of SDEs for the state (Xx(t))=(X(¢)) network is

dXN () =Po((0,K0),dt) —=Ps ((0, ko X{ X3 (¢—)) , dt),

dX () =P1 ((0, k1 XV (t=)) ,dt) —=Ps ((0, k3 X3 X3 (t—)) ,dt)
dXN(t) = Pa((0, ko XN X (t-)),dt)—Pa ((0, ka XV XN (t-)) ,dt)
dXY(t) = Ps((0, ks X3 X3 (t-)), dt)=Ps((0, ks X1 (t—)), dt).

(3.40)

6.1. Scaling Properties. The rest of this section and Section[7]are devoted to
the asymptotic behavior of (Xx(¢)) when the initial state is X (0)=(0,yn, 0,vn),
with

(3.41) NHIEOO (%V, :;%) = (y,v)eR?, y>0.
The time evolution of the process (Xn(t)) is investigated, in a natural way, by a
representation in terms of several steps of a cycle defined in terms of the points
of Py((0, kol,dt). We give a heuristic description of it for the moment. The cycle
describes, with high probability, the time evolution of the CRN in terms of the
values of (X{V(¢), X2V (t)) with the successive states (0,0), (1,0), (0,1) and (0,0).
This is not a formal definition but more an (hopefully) insightful picture of an
important aspect of the kinetics of our CRN.

A Heuristic Description of a Cycle.

(a) If the initial state is (0,yn,0,vn). Let t; be the first point of the point
process Py ((0, ko], dt). On the time interval [0,¢1), only the last coordinate
(XN (t)) changes, via the SDE

(3.42) dAn(t) = =P5((0, ks An (t—)), dt),

At time ¢; the state of the CRN is (1,yn,0, X (t1)).
(b) If the initial state is (1,yn,0,vy), the variable 75 is the time when the 1
at the first coordinate “moves” to the third coordinate. At this instant,
on the event {t;>71}, the state becomes (0, yny+Yn,1,vny—Wy), where

Yy = P1((0,51)x(0,7%)) and Wy = /OTN Ps((0, ks X (5—)), ds).

It is not difficult to see that the random variable 7}, is of the order of 1/N
and, consequently, that the sequence (Y /N, Wx/v/N) is converging in
distribution to (0,0). At time 74, the process starts at a state “close” to
(0, YN, 1, UN).

(¢) If the initial state is (0,yn,1,vn), the second coordinate may decrease
until the time 7% when the “1” of the third coordinate becomes 0. The
state is at this moment (0, X2¥(7%),0, X2V (7%)) with high probability.

In this approximate description, the possible values for the first and the third
coordinates either 0 or 1. This turns out to be essentially an accurate asymptotic
description of the CRN on the “normal” timescale (t) investigated in this section.
A similar statement for the timescale (v/Nt) of Section [7] still holds but requires
quite different arguments.

The distribution of the duration of the first step is exponential with parameter
ko. The decay of (X} (t)) occurs essentially during this step. Step (2) is a (short)
transition, mentioned only to have a straight formulation of the limit results.

The third step is when (X2 (¢)) decreases and (X2 (¢)) builds up. As it will
be seen its duration is O(1/v/N) and the number of jumps of the process during
this step is large, of the order of v/N. This feature has a significant impact on the
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statements of the scaling results for (X2 (t)/N, XN (t)/v/N) via the topologies used
on the space of cadlag functions.

With a time change, the third step can be “removed” and a convergence re-
sult holds for the usual Skorohod topology, the Ji-topology. See Proposition [3.15]
Otherwise, on the full timescale, the M;-Skorohod topology or the S-topology has
to be used, see Proposition See Whitt [77] and Jakubowski [44] for general
presentations of these topologies.

In any of these cases, the limiting process is an AIMD process analyzed in
Section[5.2] See Figure[2] We start with the main limiting result for the third step.

PRrROPOSITION 3.13. If Xn(0)=(0,yn, 1,vN) satisfy Relation (3.41) and

73 inf {£>0: XN (t) = 0},

then, under Condition (3.41), the relation

XN2) XN (%)
. / 2 2 N 4 N _
(343) NI—IEEOO ( NTN? N ) \/N ) - (Hy,vv Y, 'U+K}3yHy’v),

holds for the convergence in distribution, where H, , is a non-negative random
variable whose distribution is given by

(3.44) Ey(f(Hyv)) = /Om f (;y (, /U2+2:—zys - v)) e % ds,

for any function feC.(Ry).
PrOOF. Let (Y3V(t),YV(t)) be the solution of the SDEs

dYQN(t) :—7)3 ((0, IigYVQN(t—)) 7d.lf) ,
dY{¥(t) = Ps((0, kY5 (t-)), dt)=Ps((0, 55 Y (1)), dt),

with the initial condition (Y3¥(0), YV (0))=(N,vx). Standard stochastic calculus
as in Section [] gives the convergence in distribution as processes for the uniform
topology

(3.45) lim
N—+o0

N N
<Y2 V) Y, %m> Ry —)

We define ,
7Y =inf {t>0 : / Py ((0, K4Y4N(s—)) ,ds) 750} .
0

Let F; be an exponential random variable with parameter 1, independent of Ps
and Ps. It is easily seen that if Hy is the solution of the relation
Hy
(3.46) Ka YN (s)ds = E;
0

then the relation
dist.
(a0, Y3 (7). Y3 (73)) "= (Hw, Y3 (Hy), Y{Y (Hn))
holds. A change of variable in Relation ([3.46) gives the identity
K4 /\/NHN V¥ (s/VN)
0 VN

Relation (3.45) shows that the sequence (v/NHy) is tight and also that any of its
limiting points H satisfies the relation

ds = El.

dist.

K4 (vH+ %yHQ) =" Fy,
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and therefore the convergence in distribution of this sequence to Hy ,. The relation
YN(Hy) YN (Hy)
VNHy, 22 s
( N VN
YN (VNH N) YN(VNH N
_ (WHM »(VNHy/VN) YN N/ﬂ)

N ’ VN
and the convergence ([3.45)) show that, when N goes to infinity these random vari-
ables converge in distribution to the right-hand side of Relation ((3.43)).

Until time t; A%, it is easy to see that (X2 (¢), XV (t))di:St'(YQN(t)7 YN (t)). The

proof is concluded by noting that

Jlim P (tr<7x) =0,

since t; is a exponential random variable with parameter kg, independent of Pj
and P5. O

We complement the last proposition with a technical corollary which describes
the time evolution on the time interval [0, 78") of the process (X2 (¢), X}V (¢)). It is
used in the proof of the convergence for the Mj-topology of Section [6.3

COROLLARY 3.14. With the notations and Assumptions of Proposition[3.13, if
T>0, for the convergence in distribution

. (Xév (t/VN) X{(t/VN)

N—+oco

N ’ VN
PrOOF. This is a consequence of a) the coupling of the proof of Proposi-

tion the relation (X2V(t), X2V (#))=(Y3V (t), Y}V (t)) holds for <7’ A t;, and
b) that Relation (3.45)) can be strengthened as

lim ((YQN(t/\/N), YA‘N(t/\/N)) 7\/N7—2N> = ((y,U+I€3yt)»Hy,v)'

A<V NTY ) = ((y,v+r3yt), t<H,.,).

N—+oco N \/N

We now return to the investigation of the asymptotic behavior of
(Xév(t) Xiv(t))
when the initial state is such that (X2¥(0), X2V (0))=(yn,vy) and Relation m
holds, and XV (0), X2'(0)€{0,1}. We first show that, up to a time change, there
is indeed a convergence in distribution for the Ji-topology. See Proposition [3.15]

Without a time change, there is a convergence in distribution but for weaker topolo-
gies, the M;i-topology and the S-topology. See the discussion in Section [6.3

6.2. Convergence with a Random Time Change. The time change con-
sidered in this section consists in removing the instants ¢ of step (3) of Deﬁnition
i.e. when X;3(t)#0. We introduce, for ¢>0,

¢
LY@ = /0 l{xg"(s):o} ds and € (t) = inf{s>0: L) (s) > t}.

PROPOSITION 3.15. If XN (0)=(0,yn,1,vn) satisfy Relation (3.41), then for
the convergence in distribution for the Jy-Skorohod topology,

X 0) X)) _
(FE0 2 20O — v,

lim
N—+o00
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xN 35| E
VN

14 16 18 20

Fi1GURE 2. CRN with Four Nodes.
Simulation: A snapshot of (X} (¢)/VN).
Initial state (0, N,0,0), x;=1, i=0,...,5 and N=9-10°.

where (Vy(t)) is the Markov process on Ry whose infinitesimal generator A, is
given by, for feC(R,) and x€R,,

Ay () = w5 f (@) + o [ +°° (5 (o) ~r@) eras

The process (V,(t)) is in the class of AIMD processes introduced in Section[5.2}
See Figure [2| for an illustration of a sample path of (V,(¢)).

PROOF. The result itself is quite intuitive in view of Proposition Some
care is nevertheless necessary in order to deal with formal aspects of the J;-topology.
The proof is direct. One of its simple ingredients is that the convergence

(3.47) i (@nLax<ntynLpy<y) = @<y +ylps<y)

holds for the Ji-topology if the sequences (xn), (yn),(an),(bn) converge respec-
tively to x, y, a, b with a#£b. Extensions with more terms also hold. See Section VI.1
of Jacod and Shiryaev [43] for example. The proof also use Skorohod’s representa-
tion theorem repeatedly. See Theorem 1.8 of Ethier and Kurtz [24].

We denote by (¢,) the non-decreasing sequence of points of Pq((0, ko], dt), with
the convention that tp=0. An important point is that this sequence is not depending
on the scaling parameter N. This property will simplify the proofs of convergence
in distribution of this section. We fix 7'>0, as usual D([0,T]) denotes the space of
cadlag functions on [0,T], we will have to consider the events, T'€[t,, t,11), n>1.

Let (A)(t)) be the solution of SDE (3.42) with A} (0)=vx. A standard argu-
ment gives the convergence in distribution

(3.48) lim A5 () 0<t<T ) = (ve™ "', 0<t<T)
' Notoo \ VN ' T ’

for the uniform topology on D([0,T]). By using Skorohod’s representation theorem,
see Theorem 1.8 of Ethier and Kurtz [24], one can assume that there exists a
probability space on which the sequence of processes (A (t)) are defined and the
convergence holds almost surely for the uniform norm.

We use similar notations as in Definition [6.1]

i inf {50 : XV (t+t) = 1}, 7% L inf {850 : XD (t+7h+t) =0}
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On the event {t;<T?}, the processes ((yn, AY (t)),t<t;) has the same distribu-
tion as (X2 (t), XN (t)),t<t;) and, almost surely

A () _ et oty

I
Noteo /N
then, by Proposition [3.13} the convergence in distribution

XNt +ri473) XN (t+ri413)
3.49 li /N 1 /N 2 2 N N 4 N N
( ) N~1>r£oo < TN N> N ) \/N

= (07 Hy,ia Y, 6—’—’k“'?)yfly,F%

holds, where

(3.50) Vi Ot hayHyp ,/ﬁzﬂ%yEl,
4

where FE is an exponentially distributed random variable with parameter 1 by Rela-
tion . Using again Skorohod’s representation theorem, it can be assumed that,
with a convenient probability space, the convergence holds almost surely.
Let v =X (t1+74+7%) and (AY(¢)) the solution of associated to an
independent Poisson process Ps and with initial point v)¥. The convergence

. A{v(t) —Kst
lim ,0<t<T | = (Vle 5 ,O§t<T)
N—+o0 v N

holds and, up to a change of probability space, it holds almost surely for the uniform
topology.

Our time change () (t)) “removes” the time interval [t;+75, t1+75+75). We
define

(XN, XN 1) = 1ics, 1y} (o, AT (1)
+]1{t1+'r}\,§t} (Xév(tl"'TJ{/"’TJQv)aA{V(t_tl_TJ{f))
= (v AT (D) gy, g <oy (X2 (Btma7R) —y, AY (=t —73) — AT (1)) -
Relation gives that, for the Ji-topology,
<X§V t) XN (t)) B def.

lim
N—+oco

TaW

Note that on the event t; <T'<ty, we have

(X'év (t) Xy <t>> dist. <Xév () Xy <t>>>

= (y, Vy(t)) = (y, 1{t<t1}U€7H5t+1{t1gt}V1€7H5(t7t1)) .

N ' VN N 7 VN
if the second component of (Xx(t)) does not increase on [ti,t1+75], i.e. on the
event &y = {P1((0, k1) x[t1,t1+74]) =0}. The probability of Ey is arbitrarily
close to 1 as N gets large since (\/N 74) converges to 0. Hence if ® is a bounded

continuous functional on D([0,7T]) endowed with the J;-topology, we obtain the
relation

lim E (@ <<X§V(Z€é\’(t)), Xff/ﬁg(t)))) Ly <r })
N—+oo N e
=K ((I) ((y, Vy(2))) ]l{tlgT<t2}) .

note that V,(t,—)=0v and

Vi) =Vilts =)= Vo 22V, (1),
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by Relation (3.50)). We conclude that on the event {t; <T'<ts}, the processes
XNy () XNy
(KW XG0 )
N VN
converge in distribution for the Ji-topology to (V,(t)), which can be expressed as
the solution of the SDE (3.33)), with a=ko, 8=k4/(2k3y) and y=1/k5. Recall that

the points (¢,) do not depend on N.
It is straightforward, by induction, to extend this result. For any n, the relation

g (o ((KEE0 G0N, )

=E (@ ((y,Vy(t) Ly, <r<tnir}) »

holds.

With the martingale problem formulation associated to the SDE (3.33)), it is
not difficult to see that (V,(¢)) is a Markov process with infinitesimal generator A,,.
See Section 4.4 of Ethier and Kurtz [24]. The proposition is proved. O

6.3. Convergence on the Normal Timescale. We can now state con-
vergence results for the processes (X2 (t)/N, X (t)/v/N) without a time-change.
With the same notations as in the proof of the last proposition, one has to consider,
for example, time intervals of the type [t;+74,t1+75+7%). By Proposition
its width 7% is converging in distribution to 0, whereas the number of jumps on it is
of the order of v/N. Because of that, the J;-topology is not a convenient topology
for a convergence result.

We will use another Skorohod topology, the M;j-topology, which allows the
accumulation of jumps in a small neighborhood. We will also consider a non-
Skorohod topology, the S-topology. Both topologies have their pros and cons,
see [44]. For the S-topology, tightness criteria are somewhat simpler and the sum
(of processes) is a continuous mapping for this topology, which is not the case for the
M; and Ji-topologies. Unfortunately this is not a metrisable topology and the S
convergence does not imply the convergence in distribution of the finite marginals.
For both topologies, the integration of processes is a continuous functional, which
is a key property to investigate the asymptotic integral equations verified by the
possible limiting points.

Chapter 12 of Whitt [77] contains an in-depth presentation of the M;-Skorohod
topology with many details (and other Skorohod topologies) and Jakubowski [44]
for the S-topology. See also Kern [49] for a quick and nice introduction to the
intricacies of Skorohod topologies.

PROPOSITION 3.16. If Xn(0)=(0,yn,1,vn) satisfy Relation (3.41), then for
the convergence in distribution for the Mi-Skorohod topology and the S-topology,
Xy XN
(K20, 20
N—+o00

= (y, V(¢
R A0)!
where (V,(t)) is the Markov process on Ry defined in Proposition[5.15,

PROOF. Recall that (t,,) is the non-decreasing sequence of points of Py ((0, ko], dt),
as in the proof of Proposition they can be considered as “fixed” since they do
not depend on N. We proceed as in the proof of Proposition by working on
the events {t, <T'<t,11}. As before, it is sufficient to consider n=1. As before, the
Skorohod representation theorem is used, implicitly this time, with a convenient
probability space, ...

We begin with the M;-topology. Compared to the proof of the last proposition,
the same type of arguments are used. We only have to “insert” the time interval
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[t1+74, t1+7A+7%) which will give the jump at time ¢;. Recall that the M;-
topology is weaker than the .Ji-topology.
We introduce the processes (X2 (¢), X2V (¢)) defined by

(XN (1), X2 (1) = (X3 (6), X (), te(tr+7h, titma+7R]
and, for t<T,

XV () =XY (ti+7}) for te(ti+74, titrh+73)
XN tr+7+75) =XV (t1+15+7%)

and
XN(t) = XN (t1+78) +rsyN (t—(t1+74)) for te(tr+7a, ti+Th+75).

By using the notations of the last proof, on the time interval [t;+7, t1+7xo+T5),
(X2 (t)) is kept constant equal to X2 (t;+7%) and (X (t)/V/N) is a linear inter-
polation between the points

XN (t1+75) dist _
4(\/1N1V) f\sjt v = 'Uexp(*li‘gtl)
Xiv(tl—FT]lv)

VN

which correspond to V,(t1—) and Vj,(¢1).

By using Corollary where the underlying topology is the uniform norm,
and Definition (3.4) of Whitt [77] for the distance for M7 on D([0,T)), on the event
{t1<T<t,}, the two processes (X2 (t)/N, XN (t)/v/N) and (X2 (t)/N, XN (t)/vVN)
are arbitrarily close as N goes to infinity.

The classical example (3.1) p. 80 of Whitt [77] and its parametrization (3.4)
show that on the event {t;<T'<t3}, the sequence of processes

X' X
N VN

converges in distribution for the M;-topology to the process (y, V,(t)).

For the S-topology, for x€D((0,T)) and n>0, N,(z) is the number of oscil-
lations of order n for (z(t)) on [0,7], i.e. for k>1, Ny(x)>k holds if there exists
t1<to<---<tg, such that |l‘(t2i)71‘(t2@‘_1)|>77 for iE{l, ey k}

Proposition (3.1) (iii) of Jakubowski [44] shows that if, for any >0, the se-
quence of random variables

dist

and +rgyV N1y N VI=0 + k3yH, 7,

(5, 15,2520 (5) 0 (50)

is tight, then the sequence of processes (X2 (t)/N, XN (t)/v/N) is tight for the S-
topology. This is seen by the same arguments as in the proof of Proposition [3.15] for
the time intervals [0,1), [t1,t1+7i") and, with Corollary for the time interval
[t1+7iV, i+ +rdY).

Since, by the M;-convergence, the finite marginals of these processes converge
in distribution to the corresponding finite marginals of (y,V,(t)), Theorem 3.11
of Jakubowski [44] gives the convergence in distribution for the S-topology to
(5, V, (1))

The proposition is proved.
O
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(A) (X3 (1)/N) (B) (X2 (t)/VN)

Ficure 3. CRN with Four Nodes. Full simulation.
Initial state (0, N,0,0), x;=1, i=0,...,5 and N=9-10°.

7. A Stochastic Averaging Principle

Starting from the state (0, yn, 1, vx) with (yn, vx )~(yN, vV/N), Proposition
shows that, when the value of (X2 (¢)) switches back to 0, the process (X (¢)) has
increased by an amount of the order of v/N. This implies that the process (X&' (t))
has decreased by an amount also of the order of v/N at this instant. Recall that
starting from a state for which the third coordinate is 0, it becomes 1 again after a
duration of time stochastically lower bounded by an exponential distribution with
parameter xkg. Hence, to have a decay of the order of N for (X'(t)), one needs
a number of such cycles of the order of v/N and, therefore, this suggests that the
“correct” timescale to observe a decay of (X2 (t)) is (v/Nt). This is the main result
of this section.

We introduce (Up (£))=(U¥ (t), UN (t), U (t), U (t)), with (U (¢))=(0), and
the other coordinates are the solution of the SDE

AUN (1) =—P3 ((0,k3UN U (t-)) ,dt),
(3.51) AU (t) =P ((0,k0) ,dt) —Ps ((0, kaUNUN (t-)) ,dt) ,
AU (t) = Ps((0, k3Uy U3 (t=)), dt)=P5((0, s UL (t—)), dt),

with (Un(0))=(0,yn,1,vxn) and the sequence (yy,vy) satisfies Relation (3.41)).

We first give a heuristic motivation for the introduction of (Un(t)). The dif-
ference between the processes (X (t)) and (Un(t)) lies in the fact that when there
is a jump of Py ((0, ko), dt), for Uy it is transferred right away to the coordinate
UL and for Xy it goes to X{¥ and then to X3 at a rate ko X2V () at time ¢. If
XN (t) is of the order of N, the difference between (Xx(t)) and (Uy(¢)) holds on a
time interval whose duration is of the order of 1/N and the probability that there
is another event that will change the coordinates during that time is of the order
of 1/N. Hence on a time interval [0, v/ NT], given that the number of jumps of Py
is of the order of v/N, the two processes should be “close”. Proposition at the
end of this section gives a formal assessment of this non-rigorous picture. The limit
results for (X (t)) will be a consequence of the limit results obtained for (Un(t)).

From now on, we investigate the asymptotic behavior of (Un(t)). The general
strategy is of first considering, via a time change, the time evolution of the process
when the third coordinate is above 1

7.1. Time Evolution when UY is non-zero. We introduce the local time
of the excursions of the process (U2 (t)) above 1.

DEFINITION 3.17 (Time Change). For t>0,

t
LY (1) def /0 1{U§(5)21} ds and Y(t) def inf{s>0: LY (s)>t}.
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Before introducing the formal time change arguments of this section, to moti-
vate the description of the process (Un(t)) on the timescale (¢ (t)), we give a quick
presentation of the dynamics involved.

In view of the SDEs (3.51)), if U4 is 1 at time to, it becomes 0 at rate k4UJ" (to—)
and stays at 0 for an exponentially distributed amount of time with parameter rq.

When (U (t)) is 0 on a time interval [to,to+a), for some a>0, the process
(UN(t)) does not change and the process (U (¢)) can only decrease. At time
to, the p=U} (to) elements of (U} (t)) can be seen as having lifetimes E,. 1, ...,
E., p. These variables are exponentially distributed with parameter x5. At time
to+a there remain only those whose lifetime is greater than a.

This suggests quite naturally the following description of our system. Let N
be a Poisson marked point process on Ri xR XRIE with intensity measure

ds® dt®kg exp(—koa) da®@Q(db),

where @ is the distribution of (E,; ;) on RY.
The process (Zy(t))=(ZY(t), Z¥ (t), ZN (t)) is the solution of the SDE

dZ2 t :—Pg ((0 H3Z —)) dt)
dZ3¥ (t) = Po ((0, ko) , dt) — ﬂ{ZN(t 1221 Pa (0,74 25 27 (t)) . dt)
(8:32) 4 Az (1) = Po((0, ka2 21 (t=)), dt)=P5((0, ks 21 (1)), ),
~Lfzp4o)=1} /%b S(Z (=), a,b)N ((0,k427 (t—)] , dt,da, db),

where S(+) is defined by Relation (3.35)). It turns out that (Zx(¢)) has the same
distribution as the time changed process (Un (t)).

PROPOSITION 3.18. For N>1, if (Un(0))=(Zn(0))=(yn, 1,vN) then

(Zn(t) = (U (Y (1))

where (Un (1)), (Zn(t)), and (¢1(t)) are respectively defined by Relations (3.51]),
(13.52) and Definition (3.17)

PrOOF. We give a sketch of the proof. It is essentially a consequence of a re-
peated use of the strong Markov property of Poisson processes. If Un (0)=(yn, 1, vn),
let 7Y be the first instant when (U (¢)) hits 0, i.e. the first jump of the counting
process

(/ot Ly =1} Pa (0,547 (7)) ,d5)> :

On the time interval [0, 7)) (Un(t)) satisfies the SDEs (3.52). If E,, is the
first point of ('Po((O, ko), (T8, Y +t]), E,, is an exponential random variable with
parameter kg independent of ]-'le}z, and on the time interval [TIZJV ,T,JJV +E.,), the
coordinate (U} (1y+t)) satisfies the SDE,

dAn(t) = —=P5((0, ks An (t—)), 75 + dt),

with An(0)=U}" (7). It is easily seen that the process (An(t)) has the same
distribution as

Uy (7))

Z ]]-{E~5,i>t} ’

i=1
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where (E, ;) are 1.i.d. exponential random variables with parameter x5 indepen-
dent of Frx. We have therefore that

Us( () =Ua (6 (757 =) = Us(7) +EBr)=Ua (7))
Ui ()
= Y Ve, my - UMD = —SUN ), By, (o),
i=1
where S is the function defined by Relation (3.35). One can proceed by induction
on the successive instants of return to 1 from 0 of (U (¢)). The proposition is
proved. O

Note that by considering the process (Zy(t)), we remove the time intervals
where (U (t)/N) is constant and therefor e no effect on its decay. The relevant
timescale to see the decrease of (Z (t)/N) is now the normal timescale (¢), and we
will see later that /2 (t)=O(v/N).

DEFINITION 3.19. The occupation measure my of (ZY (t)/V/'N) is
+oo ZN(S)
v F)= [ F (s d ) s,
0 VN

We can now state a key result of this section.

THEOREM 3.20. If (Zn(t)), the solution of the SDEs (3.52)) and uf the occu-

pation measure of Definition[3.19 are such that (Zy(0))=(yn,1,vn) and (yn,vN)
satisfies Relation (3.41)), then, for the convergence in distribution,

m (22 (®), 1) = (2(0), 1%)

with (22(t))=(ye"2'), and, for any FEC.(R2),

[, P s o) - F<s,\/§>ro(

2 2
+ R

for FEC.(R%).

Ko +1 K4
265 2 2K322(8)

) @)as

where To(-,-) is the distribution of Definition .

The proof of this theorem is carried out dividing the time integral according to
the value of Z¥(¢), recall that it is always above 1.
(a) In the time intervals where Z2'(-)=(1), we will show that the limit result
can be deduced from Theorem B.12] of Section 5.3
(b) For the time intervals during which Z¥ (t)>2, the goal will be of showing
that these intervals do not contribute to the final limit, more precisely
that, for the convergence in distribution,

I ™y F s 280 45) — o
v\ fy  HE ey By ) Y) T

for some convenient class of functions on Ri. This is done in the following
way.

If #2 is such that Z& (13)=2, we define 7Y =inf{t > 0: Z) (t)'+¢)=1}.
We will show that 75 = O(1/V/N),

— first, we show after a time of the order of O(1/v/N), the process
(ZN (t3+t)) reaches a value the of order v/N, and stays at this order
of magnitude.

— secondly, since ZI'(t) decreases at a rate x4Z} (t), we show that
ZN () goes back to 1 after a time of the order of O(1/v/N).
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And to conclude, we only have to notice that these time intervals (¢33 +

72) are in a finite number in [0, T for any T > 0, since every time interval

is separated by an exponentially distributed variable with parameter rg.
The proof will be done by induction, on an “excursion” of ZL¥(t) over 2. On a first

time interval [t3,#3+72), and then iterating.

ProOF. If (Zx(0))=(yn,1,vN), t3, the first instant of jump +1 of (Z1'(¢))
has an exponential distribution with parameter xo. Up to time ¢} the process
(Z(t), ZN (t)) has the same distribution as the process (An (), By (t)), the solution
of the SDE,

dAn(t) = —P3 ((0,k3AN(t—)),dt),
(353) dBy (t) = 773((0, I€3AN(t—)), dt)—Ps((O, I<E5BN(t—)), dt),
- / S(B(t-),a, YN (0, ks B (t=)], dt, da, db) .
a,b
with (AN(O)7 BN(O)):(yN, ’UN).

It is straightforward to show that (Ax(t)/N) is converging in distribution to
(yexp(—rkst)) and that the asymptotic behavior of the occupation measure associ-
ated to (B%(t)/v/N) can be obtained from Theorem of Section It is not
difficult to see that the additional term due to Ps in the SDE defining (Z," (¢)) does
not play a role for this limit result.

If ZV(#3)=2, let 75 , be the hitting time of 1 of the process (Z2 (t+t3)). In
view of the first equation of SDE (3.52)), with high probability, we have that, for
any t€[0,T], ZN(t)>6N. To simplify our arguments, since we are dealing with
convergence in distribution, we assume that this relation holds almost surely, it is

not difficult to modify our proof accordingly, at the expense of additional terms. If
(Cn(t), Dn(t)) is the solution of the SDE,

dCN(t) = Po ((0, ko), dt) —Lgey (1—)=01Pa (0, ka(1+Cn (=) Dy (t=)) , dt)
dDn (t) = P5((0, 2656 N), dt)—Ps ((0, k5 D (¢—)), dt),

with Cy(0)=1 and Dy (0)=0, and where, for i€{0,3,4,5}, P;(ds, dt) is the Poisson
process P; shifted at t3, i.e. P;(ds,t3+ dt). A simple coupling can be constructed so
that the relations Dy (t)<ZYN (t3+t) and Z3 (t)<Cn (t3+t)+1 hold for all 0<t<72.

Standard arguments of stochastic calculus, give that, for the convergence in
distribution, the relation

N (W) - ()

holds and if 75 is the hitting time of [k30v/N], then
lim sup VNE(7Y ) < 400,

N—+o00
and, since (C (7'137)71)Jr is bounded by the number of new arrivals for (Cn(t)) on
the time interval [0, 7))
limsup VNE ((CN(Tg)—l)Jr) < +o00.
N—+oco
For T>0, starting from 75, the process (Dy(t)) stays above k30v/N with high

probability on a time interval [75, 75 +7/v/N]. With the same argument as before,
we assume that this relation holds almost surely.
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If 7% is the hitting time of 0 by (Cn (75 +t)), then 7Y <7Y+75. The integra-
tion of the SDE for (Cn(t)) gives the relation
Tg Nt
E (C’N(Tg)) +r0E(TY At)—k4k30V NE / (1+Cn (75 +5)) ds
0
=E (CN(TngTg/\t)) ,
hence, since Ciy(t)>1 on the time interval [, 75 +7%), we obtain
(Wgam_ﬁo) E(rfdAt) <E(Cx(rh)) < 1+E ((cN(Tg)_lf) :

hence

limsup VNE(7) < 4o0.
N—+4o00

By gathering these results, and since, for t>0,
Z¥ (t1+/VN) = Z3¥ (£) <Ps((0,2638N), 0, ¢/VN)),

we have finally obtained that

E(ZN (t3 NY - ZN(t3
lim sup \/NE(TéV) < 400, and limsup (Zi(t +77) 1 (t7))
N —+o00 N—+oco \/N

< +o00.

This shows that, if f is a bounded Borelian function on Ri, the sequences of random
variables

e Zy'(s) 23 (s) 23 (t+47)) - 23 (1)

]I{ZN(S)>2}f , ds | and
t3 3 = N v N N
converge in distribution to 0. We can now apply the convergence result, Theo-
rem [3.12] for the processes (Z5' (t), Z{ (t)) starting from time t3+75, as if it was
starting from time t with ZJ (#3)=1, since their first coordinate is of the same
order of magnitude in N, and that the limit result for the occupation measure does
not depend on the initial value of ZJ (t34+72') as long as it is of the order of N at
most.

We conclude the proof of the proposition by induction on the successive jumps
(t3) of Po((0, ko), dt) on the time interval [0, T). O

Note that the induction holds because the averaging result of Theorem do
not need for ZJ (t) to start from a state of the order of /N, but only O(N). This
particular property is vital here, since we do not have the control of the process
(ZN(t)/v/N) over some time interval, but only of its time integrals.

We have seen in the proof that the process (Z2 (t)) is identically 1, as long as
we consider time integrals. The following Corollary is easily deduced from Rela-

tions (3.37) and (3.53).

COROLLARY 3.21. Let FeC(R3) with support on [0, T|xRy. such that there ex-
ist c1, co>0 such that for any s,x € Ry, F(s,z) < ci4cax holds for (s,x)€[0, T xRy,
then under the assumptions of Theorem [3.20, the sequence

(/0+°° Lz =1} (8 Z:{/V]%g)) ds)

converges in distribution to (¥, F).
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7.2. Time Evolution on the Timescale (v/Nt). We are now going to ex-
press (Un(t)) in terms of (Zy(t)). Recall that the process (Z5' (t), ZJ (t)) analyzed
in the last section is just the process (UL (t), U (t)) with the time intervals during
which (U (t)) is 0 removed. See Proposition

We denote by (Zxn(t)) the solution of the SDE ([3.52)) starting from (yn, 1, vn).
We define
(3.54)

(Hy (1)) = <t+ /

1 ZN (s—
(O’t]XR+XR§a {Zév(s—):l}N((()?K“‘l 2 (s—)] ,ds,da,db)) ,

and the (potential) hitting time of 0 for (Z3'(¢)) is defined as 7, i.e.

7N = inf {t : / ]]'{ZN(sf)zl}N((O7 I€4Ziv(3—)],d87da, db);é()} .
(0,8] xR xR 3

Strictly speaking, this is an incorrect presentation for 7y since (Z2'(t)) never vis-
its 0. This is in fact meant for (U (t)), as long as the two processes coincide.
Additionally, (an,by)€ER XRI}I_ is the mark associated to 7y, i.e.

N((07 H4ZiV(TN_)]a {TN}7 da, db) = 5((11\7,171\/)’

an and by=(bn ;) are independent and independent of F, , with respective distri-
butions, an exponential law with parameter k¢ and the law of an i.i.d. sequence of
exponential random variables with parameter k5. We define ty=7ny+an.

We now construct a process (Uy (£))=(U (t), ﬁgf\’(t), UN(t)) with initial state
(yn,1,vn) and

(3.55)
t<TN, OF 0NN =2 .2) .z} (1),
et (O UN))=(25 (rx—),0),
T, N ~ N
NET I OB T = )= S(2 ) e ),
t=tn, (0,0,0)(tn)=(03 (tx—),1,2Y (rn =)= S(Z5 (rn =),an b))

We have constructed the process (U (t)) between two visits of the third coordinate
to 1. We can construct by induction the process on the whole real half-line.

PROPOSITION 3.22. For N>1, the processes (Un(t)) and (Un(t)) defined re-
spectively by Relations (3.51)) and (3.55)) have the same distribution. Furthermore
the relations

i (® TN N
[ tgreomyas) = 0 and (0 (i (0) = (25 0)
hold.
. . . . dist. . v s
We have in particular the identity (Hn(t)) = (¢1' (t)). See Definition

PROOF. The proof of the identity in distribution is analogous to the proof of
Proposition It relies again on strong Markov properties of Poisson processes
and the representation of the process (Ax(t)) used in this proof.

The first relation comes directly from the construction of (Uy(t)). The last
relation is a consequence of the fact that ([721\/ (t)) does not change on the times
intervals where (U2 (t)) is null. O
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PROPOSITION 3.23. If (Zn(t)) is the solution of the SDEs (3.52]) with the initial
condition (yn,1,vn) and (yn,vn) satisfying Relation (3.41) then, for the conver-
gence in distribution,

i (50) = (= 0-)),

with
def. — V2ka  D(ko/(2r5))
(3.56) oo = VY s Do/ (2r5) +1/2)
Proor. For t>0,
H ke [* Z
\]/VJL\]) _ﬁ‘i‘MN( )+ 4/ {2z (s—)=1} fﬁ()

where (My(t)) is a martingale whose previsible increasing process is

(Or) ) = (22 [ 1 Z ).

Theorem and Doob’s Inequality give that (My(t)) is converging in distribution
to 0 and, with Corollary that (Hy(t)/vN) converges to

< / /m Vet <2m > sl )) o ds)
- (e B [, Vo).
by Relation (3.28), with (22(t))=(y exp(—£st)). The proposition is proved. O

THEOREM 3.24. If (Un(t)) is the solution of the SDEs (3.51) with the initial
condition (yn,1,vn) and (yn,vn) satisfying Relation (3.41) then, for the conver-
gence in distribution,

lim Uév(N\/m),Ktoo = (ug(t)) & (y(l—tt>2,t<too>

N—+0c0

with to is defined in Proposition[3.23,
The quadratic decay can be seen in the simulations of Figure [3| (A).
PROOF. For 0<t<t,, define
sn(t) = inf{u>0: Hy(u) > VNt},
Proposition [3.23| gives the convergence in distribution
(3.57) lim (s (t)) = <_2 In (1_t>) .
N—+o00 K3 too

We have the identities

(ﬁ%/ﬁt)) _ (ﬁQJV(HN(sN(t)))) _ (Zév <<sN<t>>>>
N N N ’

the first one is due to the fact that U does not change just after a jump of (Hy (t))
and the second holds by Proposition [3.23

We conclude the proof of the theorem with the convergence in distribution of
Theorem and Theorem 3.3 of Ethier and Kurtz [24]. O
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DEFINITION 3.25. The occupation measure Mg of
N(VNt too N(sV'N
Ui (VD) (\F) 18 <;LJJ,F> dgc'/ F s, 7U4 (Sf) ds,
VN 0 VN
for FEC.(RY).

THEOREM 3.26. If (Un(t)) is the solution of the SDEs (3.51) with the initial
condition (yn,1,vn) and (yn,vn) satisfying Relation (3.41)), then the sequence
(1) converges in distribution to p3 defined by, for any FEC.([0,ts0)xR,),

/F(S,x)u?j’(ds,dx) = /F(& V)T <Fvo K4

265" 2k3Y(1 — t/toc)?

) @n)as

where to, is defined by Relation (3.56]) and Iy is the distribution of Definition ,

By using Proposition [3.11] of Section [5.2] note that, for 0<t<t.,

. [ o R4
O\ 265" 2k3y(1 — t/too )
is the invariant distribution of the infinitesimal generator A, ;) of Proposition
where (ug(t)) is defined by Theorem

PROOF. Let feC.([0,t)xR4), we have
1 oo s UN(s)
NF :—/ ( 4 >ds.
W =8 b R
For FeC.(R,) and $>0, by using the definition of (UN(s)), the relation
1 Hn(S) TN 1 S ZN
(3.58) —/ p( %) ds:—/ F<4(S))d
VN Jo VN VN Jo VN

T e e ([ 7 () 0

x N((0, ka ZY (5—-)],ds, da, db),

w

holds on the event { Hy (S)<v/Nt } whose probability is converging to 1 as N gets
large.

TIGHTNESS.
For £>0 and 0<ty<t.,, with Proposition [3.23] we get that there exists S>0 such
that, for IV sufficiently large

P(Hj]%g) ¢ [to,too)) <e,
hence
VNtg
E (4, 0, to] x [K, +o])) = %/0 P (UN(5) > KVN) ds

1 Hy(S)
< Eto-f—\/iﬁE /0 ]l{UiV(s)ZK\/N} ds | .
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With Relation , we obtain that
Tlﬁ]E (/OHN(S) S CAIDR Vg d8> < Tlﬁ /OSIP’ <Z§(NS)>K> ds
+ K4 /OSE (]l{zéV(s—)_1}Z:Jl/VT(VS)]l{ij(s)ZK\/N}) ds
< \/% + ;/()SE (1{23{\1(3)—1} <Z§](—\f)>2> ds
holds.

Relations (3.37)) and (3.53|) show that

S N 2
: Zy (s)
i sup I </O 1{z§<s_>_1}( i ) ds) < 4o

Therefore, one can choose K sufficiently large so that the quantity
E ((uiy, [0, t0] X [K, +00]))

is arbitrarily small for N sufficiently large. Lemma 1.3 of Kurtz [55] gives the
tightness of the sequence (ufy) of random measures on [0, too] xR

IDENTIFICATION OF THE LIMIT.

With the tightness property and since any limiting point can be represented as
in Relation (3.14]), it is enough to identify the limit of

i s,

VN Jo VN
for any t€[0,t). Since, by Proposition the process (Hy (t)/v/N) converges in
distribution to a deterministic function, one has to obtain the limit of the sequence

1 HN(S) TN
— / F Ui (s) ds | .
VN Jo VN
The first term of the right-hand side of Relation (3.58) converges clearly in distri-
bution to 0. The second term can be written as Jy(S)+Mpn(S), where, for >0,

JN(L‘)ZM/O Ligy(s=1}

e ( /E B <Zi\’(s) —S(z\%s),u, (E,{S,Z-))> d E) Z%) w
0

It is easily checked that (My(t)) is a martingale whose previsible increasing process
is given by, for ¢>0,

t

My (=% | Lzyim

Bro(ZN(s) = S(ZN(s),u, (Brg,i) \ Zy (s)
x(E(/O F<4 \L;N )du]-"s>> ;Nds.

Using Corollary (3.21)) one can show that there exists some finite constant Cy such
that

E((M)y (1) <

=2
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the martingale (M (t)) is converging in distribution to 0.
We are now investigating the asymptotic behavior of (Jx(t)).
By using again Corollary[3.21] for 7>0 and £>0, there exist constants 0<dy<D,

such that
T ZY (s)
0

lim sup /N U (0)eldo VN DoV} ds) =8

N—+4o00

this is due to the fact that the limit of the occupation measure of (ZJ (s)/v/N)
is expressed with a distribution T’y of Definition [3:9] and, in particular, without a
mass at 0.

Let z>1, then

(359) E (/OE F (z - S(Z;/%(E"S’i))) du>

+oo z 1
— /O E <F (Wz ; 1{EW>U}>> P(E,,>u) du,

for n>0 and u>0, the relation

1< 1
- —_e hsu| > <
’ ( z z_; L) 7 B 77) = oan?

holds. With the uniform continuity of F', we therefore obtain the relation

2 1< z
lim sup E||F|—=- 1 | —F (6”5“) =0.
N=+00 _ cldoV/N,Dov/N] ( (V” z ; {5 > }> VAN

We have therefore that, for the convergence in distribution, the sequence (Jy(t))
has the same asymptotic behavior as

(oo [ 1y [ (BGrr) a0 )

We can now use Corollary (3.21)) and standard calculus to complete the proof of
the theorem. (]

We now establish the fact that the process (X2¥(¢)) has indeed the same as-
ymptotic behavior as (U (t)).

PROPOSITION 3.27. Let (X n(t)) and (Un(t)) be the solutions of the SDEs ([3.40))
and (3.51) with nitial point (0,yn,1,vn) and (yn,vn) satisfies Relation (3.41),
then the two sequences

N

(XQWM) o (U#(Wt))
N

have the same limit for the convergence in distribution.

PROOF. The proof follows the arguments used for the convergence in distribu-
tion of (U (v/Nt)/N). Some adjustments are nevertheless necessary but the main
ideas are essentially the same. We sketch the main lines of the proof.

If (Xn(t)) is a solution of SDEs (3.40), on the time interval [0,V NT] the
contribution of the Poisson process P; to the coordinate (X' (¢)) is of the order of
VN which is negligible since the order of magnitude considered for (X&' (t)) is N.
Therefore, we can take this Poisson process out of the set of SDEs for (Xy(t)).

For T>0, it is not difficult to show that, with high probability, the values of
the process (X2(v/Nt)/N) are in (6,3/2) on the time interval [0, T]. When there is
a new arrival for the chemical species St, it is transformed into chemical species S3
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at rate at least xpdN. Hence, with high probability, on the time interval [0, v NT],
the values of the process (X3 (¢)) are in the set {0,1}.

A central argument for the convergence of (U (v/Nt)/N) is Theorem We
define by (Zx(t)) the analogue of (Zx(t)), i.e. the time-changed process (X (t))
with all time intervals where X2 is null are removed. The process (Zy (t)) satisfies
the analogue of the SDEs where the last SDE is replaced by

AZY (1) =Py ((0, ks Z5' Z8) (t=)), dt ) =Ps (0, ks 2} (t-), )

on / S{ZN@—),ar—S— b
{Z¥ (t—)=1} b ( 2 (1) w22 (1—)
X N ((0 /i4ZiV(t—)] .dt, da, b, dc) 7

where A be a Poisson marked point process on Ri xR XRI}I xR x with intensity
measure
ds ® dt ® kpe™ "% da ® Q(db) ® e~ “dc,

where, as before, @ is the distribution of (E;) on RY. The additional variable ¢
of the Poisson process A in this SDE is due to the fact that when ZN (¢)=1 and
ZN(#)=0 , Z; leaves the state 1 at rate kpZY (t—). Because of the assumption on
(ZN(t—/N) in (6,3/2), a glance at the proof of Theoremshows that, even with
this extra term, the limit result of this theorem still holds with the same limits.
The proof is then concluded as in the proof of Proposition [3.23 (|
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1. Introduction

A stochastic chemical reaction network (CRN) with n chemical species is de-
scribed as a continuous time Markov process (X;(¢)) on a subset of N”. The ith
component gives the number of molecules of chemical species S;, 1<i<n. Its dy-
namical behavior is given by a finite set of chemical reactions which add or remove
simultaneously a finite number of several chemical species. For example, the reac-
tion

(4.1) k1S1+k9So N k3S53

transforms k1 molecules of S; and ko molecules of Sy into k3 molecules of S3. The
associated transition of this reaction for the Markov process is

1':(1'1) — $+k363—k161—]€262,

where ¢;, 1<i<n, is the ith unit vector of N™. The rate at which the reaction occurs
is assumed to follow the law of mass action, for our example the rate is given by

(z1) _(z2) def. 1! 9!
4.2 o) lef. 7
(4.2) 1 2 (x1—k1)! (xo—ko)!

for some positive constant . See Section
From a mathematical point of view, there are two important characteristics of
stochastic models of CRNs described with Markov processes.

(a) POLYNOMIAL REACTION RATES.
When the coordinates z; and zs are large, the reaction rate (4.2)) is of
the order of kxi*1z9%2. This implies that some reactions will be much
more likely than others, and therefore will dominate the kinetics of the
CRN, for a while at least. In this case, we will speak of fast processes for
the coordinates involved in these reactions. There are many examples of
such behavior. See Agazzi and Mattingly [4], Ball et al. [11], Togashi and
Kaneko [74] and Sections 6, 7, 8 of Laurence and Robert [52] for example.
This is a major feature of CRNs from a technical point of view. In such a
case, a CRN can be described as driven by a set of interacting fast processes

127
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leading to an investigation of possible stochastic averaging principles or
even more complex multi-timescales behaviors. See Section
(b) BOUNDARY BEHAVIOR.

This feature is due to a constraint on the state space rather than a property
related to the order of magnitude of transition rates. In state z=(x;)eN",
Reaction occurs only if z1>k; and zo>ko. Mathematically, this is
a kind of discontinuity of the kinetics of the CRN. This constraint on
the state space is at the origin of complex behaviors of CRNs. In the
CRN of example , if we assume that X;(0)=N is large and that the
process (X2(t)) remains in a neighborhood of 0, then the process (Xi(t))
will decrease only during the excursions of (X3(t)) above ks. This can
be even more complicated if the dynamic of (X2(t)) depends, via other
chemical reactions, on (X3(t)) for example. For example of such complex
behaviors, see Section 8 of [52] and Laurence and Robert [54].

1.1. k-Unary Chemical Reaction Networks. We now describe the class
of CRNs analyzed in our paper. As it will be seen boundary behaviors play only
a marginal role in the time evolution of these networks. The characteristic @ on
the polynomial growth is the key feature.

The parameters of the kinetics of these networks are given by the coefficients of
a matrix R,=(k;;,0<4, j<n)eRTT xR and a vector (k;)€(N\{0})" of integers.
The only chemical reactions for this class of CRNs are as follows, for 1<i#j<n,

szl ﬁ]—\ kij, kZSZ RLN @, @ 2o szu

provided that, respectively, x;;>0, £;0>0, or ko;>0. The second reaction, resp. last
reaction, is the spontaneous destruction, resp. creation, of k; molecules of chemical
species S;. The symbol @ is the source/sink for chemical species.

For 1<i<n, k;S; is the only complez involving the chemical species S; and the
time evolution of the ith coordinate is a jump process whose jumps are +k;. In state
x=(zy), for i € {1,...,n}, the ith coordinate decreases at a rate proportional to
xgk) and, for 1<j<n, fzijxgki) is the rate at which k; molecules of S; are transformed
into k; molecules of S;. These are the kinetics of the law of mass action. See
Section

This class of CRNs has in fact an invariant distribution, see Relation
of Section [2.5] given by a product of Poisson distributions. If this is satisfactory,
it should be noted that there are many very different Markov processes with this
property, see [61]. It does not give much insight on the transient characteristics of
the CRNs, in particular on the impact of its different timescales of this CRNs, if
any.

A scaling approach is proposed to investigate the dynamical behavior of these
networks. We quickly review several scalings already used in the literature of sto-
chastic CRNs.

1.2. Scaling Methods for Chemical Reaction Networks. We denote by
N the scaling parameter.

(a) Classical Scaling.
For this scaling the reaction rate x, of a chemical reaction r, is scaled in
N, as k,/N} for some ~,>0, so that if all coordinates of the associated
Markov process (X (t))=(X;(t)) are of the order of N, then the transition
rate of any jump of the process is of the order of N. See Mozgunov et
al. [60] or Proposition 2 of Laurence and Robert [52] for example. In
this case, under appropriate conditions, it can be shown that the process
(XN (t)/N) is converging in distribution to the solution of an ODE whose



1. INTRODUCTION 129

stability properties have been investigated in the literature of deterministic
CRNs. See Feinberg [26] and Horn and Jackson [42] for example.

This scaling has the effect of somewhat equalizing the kinetics of the
CRNSs. There cannot be a subset of chemical reactions dominating at some
moment for a while, since all transition rates are of the order of N.

Kurtz and co-authors have also investigated several examples of CRNs
with related scaling methods. In this approach, some reaction rates may be
sped-up with some power of the scaling parameter and the state variables
are scaled accordingly. There is no requirement that all reactions have
the same order of magnitude. The initial motivation was of fitting the
parameters of these scaling models with biological data obtained from ex-
periments. See for example Ball et al. [11], Kang and Kurtz [46], and Kim
et al. [50] where, for several examples of CRNs, the choice of convenient
scalings of reaction rates is investigated and several limit theorems are
derived.

(b) Scaling with the norm of the initial state.
In this approach the reaction rates k.. are fixed so that the topology of the
CRN is preserved by the scaling. The scaling parameter for the Markov
process (X(t)) is N=||X(0)|]. The approach consists in describing, via
possibly functional limit theorems, how the sample path of the state of
the CRN returns to a neighborhood of the origin. This is a natural way to
investigate positive recurrence properties of the CRNs but, more impor-
tantly, it can provide insight into transient characteristics of CRNs. Up to
now there are few results in the literature in this domain, see Agazzi et al.
[1] and [3], Mielke et al. [59], and McSweeney and Popovic |57]. For the
scaling with || X (0)|, see Laurence and Robert [52] and references therein.

Scaling External Input Rates. The scaling investigated in this paper is as
follows. For all i€{1,...,n} such that xg;>0, the creation of chemical species S; is
scaled by IV, it becomes

0 N gy,

The other reaction rates do not change. Rather than starting from a “large” initial
state, this scaling regime assume heavy traffic conditions at the entrance of the
CRNs. A natural question in this setting is of establishing a limit theorem on the
orders of magnitude in N of the coordinates of (Xx(t))=(X/ (¢)). This scaling has
already been considered in Togashi and Kaneko [73] for CRNs and in Ball et al.
[11], and probably in many other examples. A related scaling has also been used
to investigate the transient behavior of Markov processes for stochastic models of
large communication networks in Kelly [62]. See also Kelly [61] for a survey.

A basic example of such a situation is the k-unary CRN with one chemical
species,

022 ks,
m

It can be easily seen that, under convenient initial conditions, the scaled process

(4.3) (X{V (%ﬁ;”’“))

converges in distribution to a non-trivial deterministic function, the solution of an
ODE. See Proposition
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A Hierarchy of Timescales. We come back to our CRNs under the heavy
traffic assumptions, i.e. with all external input rates scaled by N. Heuristically, if
there is a kind of equilibrium of flows in the network at some moment, due to the
external inputs of the order of N, the input flow through each node should be also
of the same order of N.

The case of the CRN with a single node suggests then that the state variable
of the ith node (X} (t)), 1<i<n, should be of the order of N'/*:. The convergence
result for the process indicates that the “natural” timescale of (X;(t)) should
be (t/N'=1/ki). In particular, this implies that, at the “normal” timescale (t), all
coordinates (X;(t)) whose index i€{1,...,n} is such that k;>2, are fast processes.
The CRN exhibits in fact a hierarchy of timescales: The process associated to
(X,(t)) is faster than the process (X;(¢)) provided that k;>k;. A limit theorem to
establish the convergence of the scaled process

(4.4) (ﬁv/(,i) >

has to handle this multi-timescales feature and also the interactions with the other
coordinates.

1.3. Literature. A classical way of investigating multi-timescales processes
is via the proof of an averaging principles. Averaging principles have already been
used in various situations to study chemical reaction networks (CRNs). In most of
cases, it involves two timescales: there are a fast process and a slow process. Early
works on the proof of averaging principles are due to Has’minskii. See Has’minskii
[39, 40]. Chapter 7 of Freidlin and Wentzell [31] considers these questions in terms
of the convergence of Cesaro averages of the fast component. Papanicolaou et al.
[63] has introduced a stochastic calculus approach to these problems, mainly for
diffusion processes. Kurtz [55] has extended this approach to jump processes. For
CRNs, there are numerous proofs of averaging principles in such a setting: Ball
et al. [11], Kang and Kurtz [46], Kim et al. [50], Laurence and Robert (52, [54], ...

With more than two timescales, limit theorems in a stochastic framework are
quite scarce in the literature. A model with three timescales is investigated in Kang
et al. [47], and a functional central limit result is established. In this reference, it
is assumed that the first order is deterministic. To handle the two fast timescales,
several assumptions on uniform convergence of infinitesimal generators on compact
subsets of the state space are introduced. Large deviations results are derived with
similar assumptions in Popovic [65]. It does not seem that such an approach can
be used in our case.

A stochastic model of a CRN with three timescales is analyzed in Fromion et al.
[32]. The limiting behavior of the occupation measure of the processes associated
to the two fast timescales is investigated. The main difficulty is of identifying
the possible limits. A technical result on conditional probabilities is the major
ingredient to solve this problem. This method do not seem to be possible for
our CRN, mainly because there are too many fast timescales a priori, so that an
analogous result on conditional probabilities is not clear.

1.4. Outline of the Paper. The goal of this paper is of establishing a limit
theorem for the convergence in distribution of the scaled process defined by Rela-
tion :

— For the occupation measure of the coordinates of the Markov process whose
indices i€{1,...,n} are such that k;>2;

— For the vector of the other components, i.e. indices i€{l,...,n} with
k;=1, for the uniform topology.
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See Theorem [£.4] for the full statement. The proof of this result is done in several
steps.
(a) Technical estimates of the “basic” model of a k-unary CRN with one chem-
ical species in Section [3}
(b) Tightness results for the occupation measure by using (a) and linear alge-
bra arguments in Section
(c) Identification of the limit of the sequence of occupation measures. This is
done first by establishing a functional equation for some marginals of the
possible limiting points, Relation of Proposition and then by
induction on the hierarchy of timescales starting from the fastest timescale.
Relative entropy functions associated to each timescale and convexity ar-
guments are the main ingredients of the proofs. In Section [5| when all k;,
i=1,...,n, are greater than 2, and Section [0 for the general case.

2. Stochastic Model
We introduce the formal definitions and notations used throughout the paper.
2.1. The class of k-unary chemical reaction networks.

DEFINITION 4.1 (k-unary CRN). The components of a k-unary chemical reac-
tion network are :

(a) A set of n distinct chemical species S={S1,...,S,}. The set S is also

identified to {1,...,n} and 0 is the source/sink for chemical species, it is
associated to index i=0 in general;
(b) Complexes C are of the form k;S;, i=1, ..., n, for some k;>1. We will

have the convention ko=0. Fach species is present in exactly one complex.

(c) Therates of chemical reactions are associated to a Q-matric R.=(K:j,1, j€I)
of a jump Markov process on I={0,...,n} in the following way: If i, j€I
are such that k;;>0, then there is the reaction

k/’iSZ‘ BN kij Zf i;é();
iN

0 5 kS, if i=0,
where N is the scaling parameter. These are the only possible reactions.

Note that the process associated to the Q-matrix R, is not the process describ-
ing the time evolution of the CRN, it is a jump process on the finite set I. The
state of the CRN is given by (Xy(¢))=(X}(t)), a Markov process with values in
N™. Since, for i€{1,...,n}, the sizes of jumps of the number of copies of chemical
species ¢ are either +k;, a natural state space for this process is

(4.5) So={z=(z;)=(a1+miky, as+maka, ..., an+myky) : (m;)EN"},

for any a€{0,...,k1—1}x{0,... , ko—1}x---x{0,... k,—1}.

The kinetics of the system are driven by the law of mass action, see Voit et al.
[76], Lund [56] for surveys on the law of mass action and the historical reference
Guldberg and Waage [35]. The associated transitions are thus given by, for z€S,,
i, jel, i0,

(ki)

kjej — kiei, at rate RijT;
r=(z;) = = + { kse,, “ koi N
ki
—kie;, “ /iio.rg )

where e; is the ith unit vector of N™ and, for y, k€N,

y!
(4.6) y(k) = mv
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if y>k and y*) =0 otherwise.

Such CRNs have a fast input, in the sense that the rates of creations of chem-
ical species are proportional to a (large) scaling factor N, and these are the only
chemical reactions which are sped-up.

ko1 N K12
1] 351 355
K30 K13 K23 K24
K43
253 ——— S,
R34

FIGURE 1. An example of a k-unary CRN

2.2. Relations with Some Queueing Networks. A k-unary network can
be related to several queueing systems.

(a) When there is one chemical species, this is a generalized M /M /oo queue.
See Section Bl
(b) Queueing networks referred to as Jackson Networks. They can be de-
scribed simply as follows.
— There are n sites for the location of jobs. If x=(x;)eN", for 1<j<n,
x; denotes the number of jobs at the site j.
— One of the jobs at site i leaves at rate ;;>0 to go to site je{1,...,n},
or leave the network at rate p;
— External jobs arrive at the site ¢ at rate pg; >0.
The main difference with our CRNs is that the ith coordinate, i€{1,...,n}
decreases at a fixed rate if it is not 0, instead of a rate proportional to
xgki) for a k-unary CRN. There is a scaling result with the norm of the
initial state for these networks in Chen and Mandelbaum [66], see Sec-
tion[1.2] The scaling results are quite different, there is only one timescale
for Jackson networks. Nevertheless, as for our CRNs, a linear system plays
an important role in the limit theorems associated to these Markov pro-
cesses. See Relation in Proposition for k-unary CRNs and, for
Jackson networks, see Proposition 9.6 of Robert [67].

2.3. Notations. Throughout the paper, the following notations will be used.
For a subset A of R, we denote A*=A\{0} and, for p, geN*, p<q,

def. .
(4.7 Ipg = {0} U{i > 1:p<k;<q},
with the convention that I[p] :I[ZLP]? and [[p+]:[[p,+oo]a so that I:I[1+].
If ace]Rf: and 1<p<q, we define J;[p,q]:(mi,iel[’;’q]) and z will also be rep-
resented as T=(Z(x,], T[ko]s - - - » T[k,]) OF T=(Z[1,9—1], T[q4]), fOr ¢=>2, provided that

I [*1 1] and [, [”;1 4] are non-empty. Similarly, if 7 is a probability distribution on on

. It
Rﬂ_ , w74 is the distribution on R +“’ I of marginals of 7 for the coordinates whose
index is in I[;q}, i.e. the image of 7 by the mapping z—x[, 4.
For any subset A of I, we denote by Q(A) the set of irreducible Q-matrices
(xij,1,j€A) for the state space A. We will assume in this paper that R,e€Q(I),
with a slight abuse of notation we will also write k€Q(I). An Ax A-matrix refers
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to a |A|x|Al]-matrix, with |A| the cardinality of A. For i€I*, we define

(4.8) K =rio+ Z

JET\{i}
We now introduce a natural distance (d(¢)) from the origin (the complex (}) on the
graph of the CRN.

DEFINITION 4.2. We set d(0)=0 and, for 1<i<n,

k—2
d(i) = min {kzl s, k1 €17, Koy - H Hz'pip+1'fiikli>0} )

p=1

A real-valued function (x(t)) on (Ry)! is cadlag if it is right continuous and
it has left-limits everywhere on R* , in this case, for t>0, x(t—) denotes the left
limit of (z(¢)) at t>0. If H is a subset of RY, for d>1, we denote by B(H) the set
of Borelian subset of H, C.(H) the set of continuous functions on H with compact
support on H and C2(H) the subset of class Co-functions and the set on Borelian
probability distributions on H is denoted as P(H).

The convergence in distribution of a sequence of jump processes (U (t)) in R? to
a process (U(t)) is understood with respect to the topology of uniform convergence
on compact sets for cadlag functions. See Chapters 2 and 3 of Billingsley [14] for
example. The convergence in distribution of the associated occupation measures is
the convergence in distribution of the sequence of random measures (uy) on Ri,
defined by, for feC.(RE™M),

:LLN7 / f S, UN
See Dawson [21] for the technical aspects related to measure valued processes.

2.4. Stochastic Differential Equations. If P is a positive Borelian measure
on R%, and A€B(R.) is a Borelian subset of R, we use the following notation,

(4.9) P(A,dt) = / ]l{weA}P(dx, dt).
rER

We will express the time evolution of the k-unary CRN, as a cadlag process
(Xn(t)=(XN(t),i=1,...,n), solution of the following stochastic differential equa-
tion (SDE). See Laurence and Robert [52]. For iel*, ¢>0,

(410)  dXP () = kiPoi (0, 50i),dt) + > kiPyi (0, (XN (t=)) %), at)
161*\{ }
- Y Py ((o iy (X (t—))““”),dt).
JeN{i}

where Py, 4,5 € I is a family of independent Poisson point processes on Ri with
intensity measure the Lebesgue measure on R3. See Kingman [64].

The martingale and stopping time properties will refer to the smallest filtration
(F:) satistying the usual hypotheses and such that

{Pij(Ax[0,s]) :iel, jeI \ {i}, AcB(R}),s <t} C Fi, Vt>0.

2.5. Invariant Distribution with Product Form Representation. In
the language of chemical reaction networks, a k-unary CRN is weakly reversible
with one linkage class and its deficiency is 0. See Feinberg [27] for the general
definitions for CRNSs.
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The Deterministic CRN.

In a deterministic setting, a dynamical system (un (¢))=(ul’ (t)) on R7 is associated
to this CRN
(4.11) Z‘k( ) —New+ 3 ( wi— O Sk, el

JEeI\{i} JeN{i}
Classical results of Feinberg [26] and Horn and Jackson [42] show that, in this case,
(un(t)) has a unique equilibrium point yy=(N"'/*iu;) which is locally stable, where
Uoo=(u;) is the unique positive solution of the system of equations,

(4.12) Koi + Z u Trji = ub Z Kij, €I’

JEI\{3} Je{i}
See Proposition of Section and Feinberg [27] for a general presentation of
these dynamical systems.

The invariant Measure.
For a=(a;)eN", with a;€{0, ..., k;—1} for all 1<i<n, the Markov process (X (t))
is irreducible on the set S, defined by Relation (4.5). Anderson et al. [7] shows that
the invariant distribution of (X N(t)) on S, is given by

T

’YJN
(4.13) vu(e) = 5 H Su

where Z, is the normalization constant,

117, +piki

Z, = Z %NJr
ke=(ky)ENn i=1 az pik z

and yn=(7; v)=(N'*iu;), where (u;) is the solution of the system (Z.12).

2.6. Timescales. When n=1, the k-unary CRN is

0 22 sy,
K10
in state z, the instantaneous mean drift of Xy is k(/<;01N71<;10x(k)). In view of
Relation , to have a non-trivial time evolution when N is large, this suggests
that z should be of the order of N/¥. Tt is not difficult to show that, provided that
the sequence (X (0)/N'/*) converges, then the sequence of processes

(X{V%ﬁl/k)>

is converging in distribution to (z1(¢)) the solution of the ODE
i1(t) = k(ko1—k1021(1)"),  ¢>0.

See Section The natural timescale of the process (X{¥(t)/N'/*)is (t/N'=1/F). 1f
kE>2, (XN(t)/N'/*) is then a fast process, and when k=1, (X (t)/N) can be seen
as a slow process.

For our general k-unary CRN, fast and slow processes define a partition of the

set of indices i€{1,...,n} based on the fact that k;=1 or k;>2, i.e. I*:I[*]UI[*QH

In the same way, if i, j€I*, is such that k;>k;, then the process (XY (t)/N'/k) is
“faster” than the process (X jN (t)/N'/%3). This leads to a classification of chemical
species according to their natural timescales, i.e. according to the value of k;. This
hierarchy plays an important role in the proofs of convergence in distribution of
this paper.
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2.7. The Convergence Result. With the above remark, the set I, is the
set of indices of fast processes, the asymptotic evolution of (XV(t),i€l 2 +]) is de-
scribed only in terms of its occupation measure. For I7, the set of indices associated
to slow processes, this is the convergence in distribution of the sequence of processes

7N . «
X (1), iely).

DEFINITION 4.3. N
(a) The scaled process (X (t)), is defined for N>1 as

(1.14) () = (¥ 0) = (5.

The initial state X n(0)=zy=(zN)EN" of the process (Xn(t)) is assumed
to satisfy the relation

(4.15) lim (z\ﬁ;ﬂ) = (i) € (RY)".

N—+o00
(b) The occupation measure Ay is the random measure on R fo defined
by, for geCe(Ryx (R%)1),
N . *
(4.16) (AN, 9) :/ g (u, (Xi (u),iel )) du.
Ry

The main result of the paper is the following theorem.

THEOREM 4.4. If (Xn(t)) is the solution of SDE (4.10)) whose initial condition
satisfies Condition (4.15)), then, for the convergence in distribution,

(4.17) lim ((Yﬁv(t),z‘elﬁ]) ,AN) - ((xi(t),iel[*l]) ,AOO),

N—+oc0
where (X x(t)) and occupation measure Ay are defined respectively by Relations (4.14)
and (4.16), with, for g € C. (R+X(R*+)I*),
4.18 Ao, g :/ gls,(x(s), | Li(x(s)), i€l ds,
(4.18) A G CONCIEORS )

where:
(a) If yE(Rj_)Il*ll, L(y)=(Li(y),i€l},,) is the unique solution of the system
(419)  koi+ Y yiks+ Y, Lk =L)"Y ki, i€lhy;
jety, Jery i} JEN{i}

(b) The function (x(t)):(xi(t),iEI[*l}) is the unique solution of the set of

ODEs,
(4.20) di(t) =roi + Y. wi(t)Ays
jels (i}
+ Y L)k —wi(t) Y ki, i€lf,
JE€lf\(i} JEN{i}

with initial point (ov,i€I};).

Not that the coordinates of the scaled vector (X (t)) with indices in Ijj; also
appear in Ay even if there is a much stronger result for the convergence in distri-
bution for them. This is only to have simpler expressions.
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3. A Generalized M /M /oo Queue

In this section, we will study the simplest form of k-unary CRN, a CRN with
only one species,

AN
m

The process (Xn(t)) is a birth and death process with the transition rates, for >0,

k at rate AN,

(4.21) T — x+ {—k . )

When k=1, (Xn(t)) is the Markov process of the M /M /oo queue, with arrival rate
AN, and departure rate u. It is a basic model in the study of stochastic chemical
reaction networks. See Laurence and Robert [52] and Chapter 6 of Robert [67] for
a general presentation.

We start with a simple scaling result.

PROPOSITION 4.5. If the initial condition z,, of the Markov process (X (t)) is

such that
Zn

li —
N—I>I£oo YN
then, for the convergence in distribution, the relation

Jlim <\k/1NXN (t/Nl’l/k) > 0) = (2(t),t > 0),

holds, where (z(t)) is the solution of the ODE i(t)=A—px(t)*, with (0)=c.
PRrROOF. This is done with straightforward stochastic calculus. The SDE (4.10)

is in this case
(4.22) dXn(t) = kPo1((0, AN), dt)—kPy1o ((0, uX 5 (t—)*)), dt),
by integrating this relation, we obtain that, for ¢>0,

:O[,

(4.23) Yi(t) %XN (t/N171E) = Y (0)+ My () +\kt—k /0 t%‘s)(k)ds,

where (My(t)) is a martingale whose previsible increasing process is given by

et pk? /t X (s)*) ds
0 N ’

(My) (t) = N1+1/k +]\71/1{
therefore, with Relation (4.23]) we get
k2t 1k
E((Mn) (1)) < NiFiE T NIE
Doob’s Inequality gives that the sequence of martingales (My(t)) is converging in

distribution to 0. By using again Relation (4.23)), we get that, for any T>0 and
>0, there exists K such that

P (squN(t) > K) <e.
t<T

(Y (0)+A\kt) .

We can then use the criterion of the modulus of continuity, see Theorem 7.3
of Billingsley [14], to show that the sequence (Yx(t)) is tight for the convergence
in distribution. It is then easy to conclude the proof of the proposition. O

When k=1, this is the classical result for the scaled M/M /oo queue that, for
the convergence in distribution

dm () = G (=0) )




3. A GENERALIZED M/M/co QUEUE 137

See Theorem 6.13 in Robert [67].
The case k>2 is in fact more interesting, and more important for our study.
With Definition (4.14]), the above proposition gives the asymptotic behavior of the
—N
process (X (t/N'~1/k)),i.e. on a slower timescale than the timescale () of interest

in our paper. It is quite clear that (X (¢)) should be close to the equilibrium of
the function (x(¢)), i.e. close to loo=3/A/p.

For such a process on a fast timescale, a convergence result of (YN (1)) to (L)
is classically formulated in terms of the convergence in distribution of its occupation
measure. See Section [2.3] Here, however, a stronger result of convergence is a key
ingredient in the proofs of tightness for the convergence results of this paper.

PROPOSITION 4.6. Ifk>2 and Xy (0)=O(/N), then for any 0<n<T, and £>0,

XN(t) )
lim P|{ su Al > =0
N—o0 <77<th VN

holds with ("2 /N p.

PROOF. The proof is carried out in two (similar) steps: with a stochastic upper

bound of X (t)—f~, and then, with a stochastic lower bound of €OO—YN (t).

First, we show that the process reaches the neighborhood of /., before time
7>0 with high probability. Let ¢ >/, define

Sy < inf {tzo Xn()® < (zl)’w} ,
The integration of Relation (4.22)) gives

E (XN(n/\SN)) =any + kE (/OHASN ()\N - M(XN(U))(k)) dU)

< CoV/'N + kp ((goo)k_@l)k) NE(ATN),
for some constant Cy. Therefore we have for N large enough,

Co k—1
E 77/\5]\/) < NY/ R
( B ")
and therefore that (P(Sy>n)) converges to 0.
With the strong Markov property of (Xy(t)), we can therefore assume that

Xn(0) <yn def- 2 W—Fk—l.
Let (Z(t)) be a birth and death process on N starting at 0, with the transitions

{+1 A,
xr — x+

—1 p(l)kif 2>1.

The process (Z(t)) is the process of the number of jobs of an M/M/1 queue with
input rate A and service rate u(¢1)*. See Chapter 5 of Robert [67]. Since u(£;)*>),
this process is positive recurrent.

We now construct a coupling of (Xn(¢)) and (Z(t)) such that the relation

(4.24) Xn(t) < yn+hZ(Nt), V0,

holds, where (Xx(t)) is the solution of the SDE (4.22) with initial point xy<ywy
and (Z(t)) is the solution of the SDE

dt dt
dZ(t) = Po1 ((07>\N), N) — Liz@¢—)>03Pio ((0,#(51)kN), N)

with initial point at 0.
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It is enough to prove Relation by induction on the instants of jumps of
the process (Xn(t), Z(Nt)) in the following way: if the inequality holds at time ¢,
then it also holds at the instant of the next jump of the process (Xy(t), Z(Nt))
after time .

Without loss of generality, we can assume that to=0 and X (0)<yn+kZ(0),
t; is the first instant of jump of (Xn(t), Z(Nt)). Since both processes (X (t)) and
(kZ(Nt)) have the same positive jump sizes at the same instants, we have only to
consider jumps with negative sizes.

(a) Tf Xn(0)>yn, then Xn(0)*F)>(¢y)k. If at time t;, there is a jump for
(Z(Nt)) whose size is —k, it is due to the Poisson process P1g. In view of
the SDE for (X (t)), this implies that there is also a jump —k for (X (¢))
at time ¢;. Relation will then also hold at the first instant of jump
of (Xn(t), Z(Nt)).

(b) If Xn(0)<yn, if there is a negative jump of (Zy(Nt)) at time 1, Rela-
tion will obviously hold at that instant.

All the other possibilities preserve clearly the desired inequality.

Now, for f5 such that fo>/q,

XN () > (o—t1) /N
P( su >0y | <P| sup Z(Nt) > —>————1].
(O<t£T YN T ) ogth (V) 2 k

If, for O<€<€27€17
™~ Linf{t > 0: Z(t) > e YN},

with the last inequality, we have therefore, for NV sufficiently large,

N
(425) P < sup Xk (t) 2 gz) S ]P(TN § NT)
0<t<T N

Proposition 5.11 of Robert |67] on the hitting times of a positive recurrent M/M/1

queue gives that there exists p€(0,1) such that the sequence (p WTN) converges
in distribution to an exponentially distributed random variable. In particular

limsupP(ty < TN) =limsupP (,0 WTN < Np WT) =0.
N—+o00 N—+o00

Since f5 is arbitrarily close to £, Relation gives the relation for the upper
bound. The other case uses the same ingredients. The proposition is proved. [

With the same type of arguments, we can obtain the following corollary.

COROLLARY 4.7. For k>2, if the initial condition of (Xn(t)) satisfies the re-
lation
i 2~ (0)
im
N —+o00 \k/ﬁ
and, for M>m>0 such that o*, \/u€(m, M). then

=a >0,

) XN(S)(k)

4. Uniform Estimates

This section is devoted to the proof of the fact that for any 7>0, with high
probability, the scaled process (X y(t)) of Relation lives in a bounded domain
of the interior of R} uniformly on the time interval [0,7]. Recall that since the
components with index i such that k;>2 are on “fast” timescales, see Section [2.6
uniform estimates on a time interval are more challenging to establish.
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THEOREM 4.8. If (Xn(t)) is the Markov process associated to the k-unary
CRN of Definition whose matriz Ry is irreducible and with initial conditions
satisfying Relation , then for any T>0, there exist two positive vectors (m;)
and (M;) of R such that

li P& li P XiN(t)(ki) M;),Vie{l vi<T 1
N—1>r-ri-loo ( N)iN—lE—Il-loo <N € (mi» i)a ZG{ a"'vn}a 1< ) — 4

with, for JCI,

Ky= {x:(xi)e(RJr)’* Comyg < (z)k < ’“{/Mi,vz'ej*}
def.

(4.26) -
En = {XN(t) S IC],VtST} .

The important implication of this result is that, on the set £y, every reaction
has a rate of the order of N. Note that because of the factorial term in the expression
of the rate of the reactions, the event £y is not the event

{ XN )

N € (m“Ml),VZG{].,,TL},VtST}7

however, when N goes to infinity, both events have the same probability.
The proof of the theorem is done by considering the stopping time HyATy,

where
o XN (¢)) (k)
HNd:f‘inf{tzO:min(’()) < 1},
iel* m; N

def. . (XN () ")
= >(0: ~r >
Ty mf{to WaX N S

(4.27)

and prove that for any 7>0, the sequence (P(HyATN<T)) converges to 0.

The proof is done in several steps. Results on convenient vectors (m;) and (M;)
are established in Section[{.1} Proposition[f:.11]of Section[£.2] proves the result when
I[*l]:(l), i.e. when k;>2 for all ¢€I*. Section {4.3| concludes with the general case.

A coupling argument with a set of independent M /M /oo queues is used and then

Corollary [4.7] of Section

4.1. Some Linear Algebra. The notations and assumptions of Section
are used.

PROPOSITION 4.9. If k€Q(I), then there exists a unique solution €H=(€K7i)E(R’;)I* ,
such that, for iel*,

(4.28) K Ce)b = kot D (e ) Rji,
JEI*\{i}

furthermore,

ks R Koi
(4.29) ((6s)™) = M, (+) ’

s
where ME is an I* x I* matriz whose coefficients are non-negative and depend only
on ki, 1€I, jEI.
Recall that, from Relation (4.8]), if ieT*,

+ E :
R; = Rijo+ Kij-
JF#i
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PROOF. The system (4.28)) can be written as
z- R, =0,

with zo=1 and 2z;=(¢, ;)*, for i€I*. This is simply the system of invariant measure
equations for the Markov process associated to R,, introduced in Section Since
I is finite, the irreducibility property gives the existence and uniqueness of such a
solution z.

Relation (4.29) is just a linear algebra representation of this solution, based on
the fact that the spectral radius of the matrix R:=(k;i/k; ,4,7€I*) is strictly less
than 1, which is a consequence of the irreducibility of Ry,

oo
(ki (C)*) = (Z(RZ)m> *(Koi)-

m=0

O

The following proposition is a key result used in a coupling in the proof of
Theorem .8

PROPOSITION 4.10. If keQ(I), then for any (a;)€(R%)™, there exist two vectors
(m;) and (M;)€R? such that,

(4.30) 0<m; <al <M, Viel,

and

(4.31) Mikf > koi+ Y Mjsj,
JEI\{i}

(4.32) mikl <koit . Mk,

JerI*, d(j)<d(i)
where d is the distance of Definition [{.9

It should be noted that Relations (4.31)) and (4.32) are not symmetrical, because
of the restriction on the summation using the distance d. The result will used for
the vector (a;) associated to the initial conditions, see Relation (4.15)).

PrROOF. Let (2;)=((£,.:)*) be the solution of the system of the type (.28)), for

i=1,..., n,
zik] =1+ Z ZjKji-
JEI\{i}
Relations af"<Mi and hold if we take M;=pz;, with

ki
o .
p > max 7,/<;01-:z:1,...,n, .
(3

The construction of (m;) for the lower bounds is done by induction on the values
of d(i).

If seI* is such that d(i)=1, then necessarily kg;>0, then we can take m; so
that

. Roi ;
0 < m; < min (_:,ai.“) .
Kq

If d(i)=p>2, then there exists jeI* such that d(j)=p—1 and k;;>0, therefore we
can take m;>0 such that

. e 1
m; < min | «;”, /?’ Koi + E MK ji ,
i JET*,d(5)<d(i)

since the sum of the second term is strictly positive. The proposition is proved. [
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4.2. CRN with Only Fast Processes. In this section it is assumed that
I[*l] is empty, i.e. k;>2 for all i€{1,...,n}.

PROPOSITION 4.11. If I[*llz(b, then there exist two vectors (m;) and (M;) with

positive coordinates such that for any T>0, the sequence (P (En)) is converging to
1, where E is the event defined by Relation (4.20)).

ProoF. Let Hy and T be the stopping times defined by Relation (4.27).
We start with the stopping time T. We take (M;) of Proposition satisfying
Relations ([4.30) and (4.31). Let (Yn(t)) = (Y;¥(t)) be the solution of the SDE

d}/lN(t) = klpOl ((Ov H/OiN)v dt) =+ Z kini ((Oa K:jiMjN) 7dt)
Jjer-\{i}

= > kP (0o (N ) ®) at).
JeI\{i}
with Y (0)=Xx(0). Note that we have necessarily that Y;™ (t)— XN (t)€k;Z, for all
iel* and ¢t>0.

We prove that, for all t<Ty, the relations X} (¢)<Y;N(¢) hold for any icI*.
This is done by induction on the sequence of the instants of jumps of the process
(XN (@), YN (t),iel*) in the time interval [0,7x]. As in the proof of Proposi-
tion we assume that XN (0)<Y;V(0) and XN (0)*)<M;N hold for all icT*,
and denote by t; the instant of the first jump of the process (XN (¢), ;™ (t),i€I*).

We show that the above inequalities also hold at time ¢;.
For all i€T*, we have (XV(0))*) < M; N, hence, for, j€I* and t>0,

Pri (0.3 (XN (0)®) x[0,1]) < P (0,30 N) X[0,)),

and if (X}V(¢)) has a jump up at ¢; due to Pj;, so does (Y;V(¢)). Consequently, the
inequality is clearly preserved if the size of the first jump is positive.

If ¢; is an instant of a jump with negative size for (Y, (¢)), if X (0)<Y¥(0),
then necessarily Y,V (0)— X (0)>k;, the relation XV (t1)<Y;"(t1) is therefore sat-
isfied. All the other possibilities for ¢ clearly preserve the desired relations. Our
assertion has been established.

For i€l*, the process (YN (t)) has the same distribution as the process of a
generalized M /M /oo queue, introduced in Section [3] with arrival rate A;N and
departure rate u; given by

i = Koi+ Z Mjliji, i = Ii;r.
JEI\{i}
We have M;>X\;/p; for all i€I* because of Relation (4.31). Since all k;’s are greater

than 2, Corollary applied to these n generalized M /M /oo queues shows that
the relation

i P(T <T) =0

holds. We now take care of the stopping time Hy. A vector (m;) satisfying Re-

lations (4.30) and (4.32) of Propositionis fixed. Let (Zn(t))=(ZN(t)) be the
solution of the SDE
dZN(t) = kiPoi ((0,k0iN),dt) + > kiPji (0, kjim;N) , dt)

jerr
d(7)<d(7)

= 3 Py (0 k07 (1)) ),
JeI\{i}
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with Zn(0)=Xn(0). It is easily seen by induction on the sequence of the instants
of jumps of the process (XN (t), ZN (t)) that the relation XN (¢)>ZN (t) holds for
all t<Hpy and iel*.

For i€l*, the process (Z}(t)) has the same distribution as the process of a
generalized M /M /oo queue with arrival rate A; N and departure rate p; given by

idif Koi+ Z MmjiKji,  Hj e K:;r’
jer
d(j)<d(i)
Since the vector (m;) has been chosen so that m;<\;/u; holds for all i€l*, we
can conclude in the same way as before using Corollary [L.71 The proposition is
proved. O

4.3. Proof of Theorem |4 We first take care of the indices in the set I} (-
We define

1
m% = iamin exp(— $axT)
(4.33)
M} = 2k [ K{T+ D 05 |

JGI[]

With Zax /min=max / min(z;, 1<i<n) for z€R’}.
We show here that for all ZEI[ 1> We can choose m;=mi and M;=Mj. For all

1€l*, it is easily seen that the following upper bound, for t>0,
(4.34)

sukaXN t) < kmax Zx + Z x; +ZP01 [0, ro; N]x[0,T7)

t<T * . H
zGI[ 1] 16[ ZEI[2+] ZEI[ 1

holds. The right-hand side of the last relation divided by N converges almost surely
to

kmax KO+T+ Z «; )

i€l

D) > Mf) =0.

Since the lifetime of a molecule of type i€l [* 1] is exponentially distributed with

hence

=

(4.35) lim P | sup max
N—+o0 t<T’€I[1]

parameter r; , the number of species i at time 7 is stochastically greater than

Z Lpyrsry
k=1

where (E;j’) is a sequence of i.i.d. exponential random variables with parameter
ki . This last quantity divided by N converges almost surely to ; exp(—r; T). We
therefore obtain the relation

N
(4.36) lim P (mf min X (1) < m}) =0.

N—+o0 t<T zel[*ll

From Relations (4.35) and (| ; for node i€l ),
jel H] on the time interval [0, T] is, w1th high probability, upper bounded by ;M

the input rate from node

and lower bounded by j;m.
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Define E:(Eij‘, i,jel[2+]> and @:(ﬁij, i,jEI[ng]), by, for iEI[2+],

Rij = K;j = Kij, J€Ip4;
Kio = Kj0 = Kio + Zjel[*ll Kig;
- 1.
Roi = Koi + Ejel[*l] IijiMl,

_ . 1
Ko; = Koi + Eje[l*l] Kjimy.

Using a coupling argument, one can define the Markov processes (YZ(t)), respec-
tively (Z%(t)), associated to the k-Unary CRN with species It 4y, with com-
plexes (k;S;,i € I[*2 +]) and constant of reactions %, respectively k, both starting

at Xﬁ+](0) and that verify for all t < Ty A Hy,

72 < XN () <YV, Vi€ Iy

Since REQ(I[24]), Proposition applied to the process (Y3(t)) shows that
there exists a vector (M, €lja41), such that

N
Jlim P (XN(t) e 1;[1 (0, k\/ﬁ) thT) —1.

Similarly, by considering , there exists a vector (m;, €lj24)) with positive compo-
nents such that

N
3 X i C kg . —
JJim P (XN(t) € Hl ( K/, \/Ml) ,ng) =1
The theorem is proved.

5. CRN with only fast processes

When If}; is empty, i.e. k;>2 for all i€{l,...,n}, the time evolutions of all
species are fast processes, see Section [2.6f Theorem is only about the con-
vergence in distribution of the sequence of occupation measures (Ay) on Ry xR”
defined by Relation . The absence of chemical species 7 such that k;=1 gives a
kind of instantaneous equilibrium property in the sense that the limit in distribution
of (Ay) is homogeneous with respect to the first coordinate, the time coordinate.
The main result of this section is Theorem [4.17] which is simply Theorem stated
in this context. The motivation of such a separate proof is that it is focused, in
our view, on the key argument of the general proof. The identification of possible
limits of (Ay) is done by induction via the use of an entropy function. The proof
of the general case follows also such line but in a “non-homogeneous”, technically
more complicated, context.

5.1. Tightness of (Ay). We first establish the tightness of (Ay) for the con-
vergence in distribution in the general case.

PROPOSITION 4.12. If the subset I[*1] is empty and if the initial conditions satisfy

Relation (4.15)), then the sequence of measure valued processes (An) on [0,T] X
(Ri)l* 18 tight for the convergence in distribution. Any limiting point A can be
erpressed as,

(4.37) (o, f) = /[ o S @) as

for any function f€C.([0,T]x(Ry)!1"), where () is an optional process with values
in P(Kr), the set of probability measures on the compact subset Ky defined by

Relation (4.26).
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See Dawson [21] for a presentation of the convergence in distribution of measure-
valued processes. The optional property of (75) is used only to have convenient
measurability properties so that time-integrals with respect to (ms, s>0) are indeed
random variables. See Section VI.4 of Rogers and Williams [69].

PROOF. We take the vectors (m;) and (M;) of Theorem and K the com-
pact set of R” and £y the event defined in Relation (4.26)). Since Ay ([0, T|xK1)>T1g,,
with Theorem [4.8] we obtain the relation

B (Ay ((0,7]xK0) = T,

Lemma 1.3 of Kurtz [55] gives that the sequence of random measures (Ay) is tight
for the convergence in distribution, and Lemma 1.4 of the same reference gives the
representation (4.37). The proposition is proved. O

In the following we assume that A is a limit of a subsequence (Ay, ) with the

representation ((4.37]).

LEMMA 4.13. If f is a continuous function on Rf, then the relation

Jlim_ ( / (X)) ds) - ( / t [ @) ds,>

holds for the convergence in distribution of processes.

PRrROOF. This is a straightforward use of the criterion of modulus of continuity,
see Theorem 7.3 of Billingsley [14], and of Theorem For s<t, on the event &y,
we have .
1 (i (9) ds < 2(t-s) sup 7o),
s zeKXr
with the notations of Relation (4.26). We conclude with the identification of the
finite marginals. O

As we have seen in Section [2.6] for i€l*, the value of k; gives in fact the
natural timescale of the process (X; (¢)). On the event Ey, see Relation (4.26)),
every reaction has a rate of order IV, in particular, the rate at which the process
(XN (t)) jumps of +k; is of order N. With the scaling in space of the process,
(va (t)) is significantly changed when there are N'/*i reactions changing (X7 (t)),
and therefore after a duration of time of the order of N'/%~1 If for two species

i and j, k;>k;, then the process (Yiv (t)) changes more rapidly than the process
N

(X5 (1))

From now on in this section it is assumed that [ [*1] is empty.

5.2. A Limiting Equation. For a function f € C2 ((R4)!"), the SDE (£.10)
gives directly, for t€[0, T7,

(438) f (Xn(0) = f (Xn(0)) + Myn(t) + / S kN i (f)(Xn(s)ds

ieI* NI/R
t
+ [ Y R (XN (s)*IV

0 ijer,
i#£0

(X (s))ds,

ki it ki e
N1/kg GO TRy €

with the notations

— for z, a€R"", V,(f)(2)=f(z+a)—f(2);
— for i€I*, e; is the i-th unit vector of R!", and the convention eg=0,
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and (My n(t)) is local martingale whose previsible increasing process is given by,
for t<T,

439 () (0= [ 3 s (Vi (DEn(s)) ds

iel* N1/kq
2
/ Z I‘iz] XN k) (V k / XN( ))) ds
2]61 1/ ¢t 1% €

PROPOSITION 4.14. If the subset I[*1] is empty and (Aso) is a limiting point of
(An) with the representation ([&37), then, for any p>2 and feC*(Ky,,,,), almost

surely, the relation

, d
(4.40) // Kot Y Ky~ 8f(x[2p])7rs(dx)d =0,
Kr T

zEI* jer\{i}
holds for all t€[0,T].
Recall the conventions [y ,)=(7;, iclp, ]) for 2€(R;)"", see Section

Proor. It is assumed that I[’;ﬁé@. Let feC2((Ry)'2r). To simplify expres-
sions in this proof, we will make the slight abuse of notation, f(z)=f(zp,,) for
$€(R+)I*

Since our goal is of characterizing the process (m;), by Theorem without
loss of generality, we can assume that the support of the function f is included in
K1 defined in Relation . Similarly, from now on, all relations are considered
on the event &y whose probability is arbitrarily close to 1 as N gets large. In
particular the process (X n(t),t€[0,7T]) has values in K;.

For t<T', Relation can be rewritten as,

fF(Xn(®)  f(Xn(0)  Myn(t)

(4.41) N1-1/p ~  NI-1/p lel/p
))(k) o
/ S (ror 3w O Ny () (R(s)) ds
161"2 7] J€12,p) N1/k;

(ki) _
/ S rot S my ANWV?N@ ()X w(s))ds

i€l 112,

N (ki) _
/Z > Hij%]\]wv— g g (F)(Xn(s))ds.

7 J
T/h; €t 1% €
i€ty d€lf i} N N

For a, b>0, there exist constants Cy and C such that

A (ki)
ki ( VNz) Co
(4.42) rlréz}steu’g x ~ Nl/k ,
and, for any i, jeI*,
a Of b Of
[V D i o ) i e @)

a b
<G N1/k: +N1/kj !
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We get that, for i€lj3 ], the processes

(399, s (DEn(O)=T)
N1/F; €
vanish if k;#p. With the definition (4.27)), Relation and Doob’s Inequality
give that the martingale (M n(tATx)/N'~1/P) converges in distribution to 0 and
so (My n(t)/N'=1/P) by Theorem
Relation becomes

/Otz Koi+ Z Kji (Y;V(t))kj pgxfi(YN(s))ds

i€l jer\{i}

L (=N, N\ Of ~
— [ 3w (X)) pg (X)) ds = Un (o),
0 ;er+ Li
€l
where (Uy(t)) is a process converging in distribution to 0. This relation can be
written in terms of occupation measure Ay, it is easy to conclude the proof of the
proposition with the help of Lemma [£.13] O

5.3. A Convex Function on ;.

DEFINITION 4.15. If k€Q(I), the function F is defined by, for z=(z;)€K,

er. Z/L
(4.43) F.(2) def Z Ki 2i—FKoi— Z KjiZj m((f .)ki)’

icl* JET*\{:}

where Ky is defined by Relation (4.26) and ER:(EK,,,;)ER{: is the unique solution of
the system (4.28]) of Proposition|4.9

PROPOSITION 4.16. The function F, is mon-negative, strictly convexr on Ky,
with a unique minimum 0 at z=(({,.;)¥), furthermore the mapping (k, z)—F,(2) is
continuous on (I) x K.

PROOF. The existence and uniqueness of /,;, solution of a non-singular linear
system, has been seen in Proposition The continuity of k£, on Q(I) gives
the continuity of (k, z)—F,(2).

We now calculate the Hessian matrix of F,.. For i€l*, we have, for zeKy,

OF, % 1
8; () =kl In <(€ Z)k) + = Ki 2 — Koi— Z KomiZm
‘ ot ' mel*\{i}

_ Z Kim In ((&:Z:)’“m)'

mel*\{i}

Relation (4.28) gives that this quantity is indeed null at z=(({,_,)*"). For jeI*,
j#i, we have the relation

0*F, 1
W(z) = Z—z szi—l-liori-z ZmBmi s
g @ mel*\{i}

O?F, _ KijZit Kjiz

8z¢82j <Z) - ZiZj
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Let H,(z) be the Hessian matrix of F; at z€K;. For u:(ui)eRI* , with the notation
Vij=Kijzi+K;2; for i#j, the associated quadratic form at u is given by

u2
Wt (2)u Z Z %Juw_yz (Kiozit+roi) —5 +Z Z 'y”;
l

icl* jeI*\{i} el ’ i€l* jeI*\{i}

. ZQ Ui Uy 2
—Z(fﬁiozi-FfioZ 3+ Z Z Vig (_zj>

iel* iel* jel*\{i}

This last expression is positive for any non-zero element u=(u;)€R! . The function
F; is strictly convex. This concludes the proof of the proposition. O

5.4. Identification of the Limit. We can now state the main convergence
result of this section.

THEOREM 4.17. If k€Q(I) and the subset I[*l] is empty, if Relation (4.2)) holds
for the initial conditions, then the sequence (An) is converging in distribution to
Ao, such that, almost surely, for any function fECC(R+><(R*+)I*), the relation

+oo
(4.44) /f (s,z)Aoo(ds,dz) = / f(s, ;) ds
0
holds, where £,,=({ ;) is the unique solution of the system (4.28) of Pmposition.

The proof is carried out by induction on the “speed” of the different processes.
We start by the identification of the fastest species, with the largest k;, and identify
step by step each set [ 2 . One of the difficulties is that we have only the functional
equation, Relation , to identify all the species in the set I[’;] for each p > 2.
A convex function, related to a relative entropy functional, will be used to identify
them simultaneously.

PROOF. Let mo>1 and (p,)€N™ such that 2<p,,,<---<p2<p: and
{ki,i€l*} = {pa,a=1,...,mg},

in particular, we have
mo

= It and I=Iy ).
a=1
We will proceed by induction on mg to prove that a random measure A, that

verifies Relation (4.40) is expressed by Relation (4.44).

*

We first consider the species of the set I o1 associated to the fastest processes
*

of (Xn(t)). With the notations of Relation (4.26), Relation (4.40)) gives, for 7>0
and pqp, the identity

T
(4.45) /0 /K Y Kilepg,)] (I[pl]pl)%(m)ﬂs(dx)dszo

holds almost surely for feC?(K;), with, for yeK, ., €Ky, , and i€l

[p1]

d f.
Ki[y]( E HO’L + Z yj ’{']z + Z ZJK/‘” - /ﬁ)j_ZZ
TEIR by AN

[p1]

and the notation zP1=(z;P*).
For yeKy, .., we introduce an I}, x [, matrix %! (y) as follows: For 1, Jel;

J#i, E%j (y):f’%‘j and

—1 o
Foi(y) = Koi + E y] Kjis Rio(y) = Kio + E Kij-
JEI JEI,

p1]’

[2,p2] 2,p2]
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Remark that, for i€y, i,

B (y) = O
Jelp\{i}

It is casily seen that ®'€Q(I},,)) and

Kilylz) =Foi(w) + D zFuy) — R ()=
Jelp, \Mid
Note that if I[*2 .
of course, and Theorem [£.17]is proved for my = 1.
Now if I[*2 2] is not empty, for yGIC[[zypz], the equation

] is empty, then &' is then constant, there is no dependence on y

Ki[y](27)=0

is the system (|4.28]) of Proposition for the set of indices I};,,;; and the matrix
%' (y). It has a unique solution z=L1 [y]=(L} (y), i€lj;, ;). We now define an entropy
function Hy given by, for yeKp, . and 2Ky,

] )

(4.46) Hi[y](z) = g: zIn <L1(y)P) —z.

[p1]

Note that Hj[y] is a C2-function on K;. It is easily checked that Relation (4.45]) for
the function f:x—Hi [z p,)](2[p,]) can be rewritten as

T
(4.47) / / Fileja.p) () (d) ds = 0,
0 Kr

where, for zelCI[m,

def. _ _ _ Zi
ARG Y st w5 sl | (g )
= Jer ‘

Note that, for yeKy, ., Fily] is the function Fzi(,y of Relation (4.43) for the set
of indices I};,,}. Relation (4.47) gives therefore that, almost surely,

[ (L

with the notations of Section|2.3/and, for s>0, i/ (dz|y) is the conditional distribu-
tion on Ky, | of g €P(RL") with respect to yeKr, ,, - Consequently, since Fi[y] is

31 [y](zpl)ﬂﬁ’”](dZIy)) dsorl*P2)(dy) =0,

[2,p2] [P1]

non-negative, up to a negligible set of [0, T| <Ky, ,  for the measure ds@r?re] (dy),
we have the relation

/ Fily) (")) (dz]y) = 0.
Kr

[p1]

Proposition gives that Ly (y) is the only root of the function z+Fy[y](zP*) on

Kr,,,, hence the probability distribution ] (dzx|y) is the Dirac measure at L1 (y).

[
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If h, f1 and fo, are continuous functions on, respectively, [0, T, ICI[QMJ and
then, almost surely,

/ / )1 (@) P2 (@) s () s

- / / A1) / h(s) fo(2)71) (d2ly) 2P (dy) ds
0 JyeEKi, o z€kr,

T ~
- / / h(s) () foEn () m 22 (dy) ds.
0 Jyekip )

K:I[m

We get therefore that for feC.([0,T]xK ), almost surely,

(4.48) / f(s,x)ms(dz) ds —/ / s, (y, L1 (y ))) w2l (dy) ds,
}CI K:I[

with the slight abuse of notation of writing x:(m[g’m], x[p,) for zeRL

We can now use our induction assumption to identify the measure ds®7r£2’p 2) (dy).

To do so, we have to show that a set of equations as in Relation (4.40) holds for

7T£2’p 2] and an appropriate "2,

If we can find some %% € Q(Ij2,,)) depending only on the initial  such that

for all y € Ky, ., for allzGI[Qp],

ki .
(449) woi+ Y mE(LI@) + > Ky — Ry
S TEIf oy 2}
. k; 2
=Fu+ >, Fuy -y
€15 pyy 2}

Applying Relation (4.48)) in Relation (4.40)), for any 2<p<p,, for any feC? (ICI[“]),
almost surely, we have that the relation

o of ]
/-/’C noﬁ— Z /<; :c 2’+mp e (Tr2,p))7 [2’p](dx)d =0,

T12,pg] 161* jeI=\{i}

holds for ¢ € [0, T]. We recognize here the Relations of Proposition for the set
of indices I3 j,) and the matrix % EQ( 2,p2])- We can apply the induction hypoth-

esis on the measure 7[272!, Setting Lg the unique solution of the system (4.28) of
Proposition 4.9| for the set of indices I3, and the matrix %2, Relation (4.48) can

be rewritten as : for feC.([0,T)xKr), almost surely,

(4.50) / Klf s,2)ms(dz) ds —/ /K LQ,Ll(LQ)))d

with the slight abuse of notation of writing = (x[2 pa]s T[py) for xGRI
We conclude the induction by checking that

(L2, L1(L2)) = Ly,
where ¢,=(, ;) is the unique solution of the system (4.28) of Proposition

For the existence of &2 that verifies Relation (4.49). It is done by induction
on the number of elements of the set [, [tv o If this set contains only one index i,
setting &% such that for i, JEI[ py)s T,
(4.51) RO = Kij + M,

v] +
i0
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is suitable. Otherwise, if [, [*;) ] contains more than one element, we remove them,

one by one, by applying the transformation of Relation (4.51)).
The theorem is proved.

6. The General Case

We can now conclude the proof of Theorem [4.4] The difference with Section [5]
is the time-inhomogeneity of the limiting quantltles

ProprosITION 4.18. If the initial conditions satisfy Relation then the

sequence of processes ((X[]f]( ), An), defined by Relations cmd [@1g), s

tight for the convergence in distribution. Any limiting point (( (t))7Aoo) is such
that

(a) Almost surely, (z(t)) is a continuous process with values in Ky

(b) For any function f€C.([0,T]x(R;)""),

[’

(4.52) (Ao f) = /[OT] GG B s
XAy

where (WLQH) is an optional process with values in P(Kr,,,).

Recall the convention of writing an element z of (Ry)!" as r=(x[], T)24]). See

Section 231

PrROOF. The tightness of the occupation measures is shown exactly as in the
proof of Proposition Definition (4.27)), Theorem shows that the tightness
of (X Ny (tATn)) gives the tightness of the sequence of processes (X n(t)). It is estab-
lished via the criterion of the modulus of continuity. See Theorem 7.3 of Billingsley
[14).

For i € I}, (> 0>0, Relation (4.10) gives the relation

w(6) sup XY (O-X7 ()] < koid+2 sup M ()]
s, t<TATN t<TATy
st <5
+ ) /X w)tdu+ > HZ]/X
ey 70 engy 7

where (M y(tATy)) is a martingale whose previsible increasing process at time T
is

k2 T/\TN T/\TN
N |FoTATNE D w / () ®) duty | i / u)®) dy
jer-\{i} 0 je\{i}

The expected value of this quantity on the event &y converge to 0, by Doob’s
Inequality and Theorem the martingale (M y (tATy)) converges in distribution
to 0. The proposition is proved. ]

PROPOSITION 4.19. If ((z(t)),Aw) is a limiting point of (X n(t)), An) with
the representation (4.52)), then for p > 2, for feCQ((Ri)Ilz»PJ), almost surely, for
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all t€]0, T, the relation

k-
(4.53) / / 7 wpmi(s) Froi+ > Ky —KTYL
Kt ’EI[] JET, J€I ) \i}
of

o (Y2, T (dy) ds = 0.

holds.

ProoF. We take a subsequence ((Y[I\lf]” (t)),An,) converging in distribution to
the random variable ((z(t)), Ax). The occupation measure of (Yﬁv (t),i€l[24y) is
converging in distribution to AR defined by

A[2+ / / [2+] (dy) ds,
’C[[

for feC.((Ry)%=+). Since the process (YZ (t),i€l}y)) converges in distribution,
for the uniform norm on [0, T, we obtain a representation of A,

(4.54) / /}C I y)ms(dy) ds = / /}C y)rl2(dy) ds,

’[2+]

for geC.((Ry)!"). With the same method as in the proof of Proposition m
the analogue of Relation (4.40|) is established. We conclude the proof by using

Relation (4.54]). O

PROOF OF THEOREM [£4l In view of Theorem we can assume I[;7#0.

First, lets identify A.. Using Relation (4.54), we only have to identify the
measure ds ® .27 (dy) on ]R+ x (R )T (2,41,

We set for t € [0,T], ®3(t) as follows: For 1, JE€lf s JF4, Ry (t)=ki; and

=3
Foi(t) = oi + E L wi(t)kji,  Fi(t) = ko + E Kij-

J€lh T€lh,

Relation , can be rewritten as Relation , for the set of indices Ijo
and the matrix (8%(t)) € Q(I[2,,))"7). The species i € If}; behave for the fast
species as exterior input, with rate time dependent.

The convergence of the measure 7[>t)(dy) is then shown similarly as in the
proof of Theorem m The only difference is the time dependence of the &3(t),

which does not create any difficulty, since Proposition gives the continuity of
(®3(t)) on [0, 7). Using Relation ([@.54)), for geC.((R4)!"), we have

T T
(A, g) = / /K o(y)ms(dy) ds = / o((x(s)), £(s)) ds,

where for all ¢ € [0,7] £(t) is the unique solution of the system (4.28) of Proposi-
tion for the set of indices I24] and the matrix %%(t). It is easily seen that for
all t € [0,7],

(1) = L(x(t)),

where L is defined in Relation (4.19).
The convergence of the occupation measure is shown.
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For the identification of the function (z(3)(t))=(x:(t),i€1}})), integrating Rela-
tion (4.10) and dividing it by N, we get for t€[0, T, iEI[*l]:

t

455) X; () =X, (0)+M @)+ kX (5)ds
161[1]\{1} 0
/ Z nﬂ dS—IﬁJ /X
J€l24)

where (M} (t)) is a local martingale whose previsible increasing process is given by,
fort <T,

o=y X [x
i COENE® ke
+NZ /Ol-iﬂ ~ dSJrW/OXi (s)ds

—N
Using Doob’s inequality and the bound of (X (¢)) on the event Ex, we get the
convergence in distribution of the martingales to 0.

Relation , Lemma and the convergence of 72+ just proven, shows

that for the convergence in d1str1butlon for j € I} 24>

t XN (g)) (k) t
i (/0 W% ds,t € [0,T]> _ (/O i (L (x(s)))% ds,t € [o,T]),

and therefore, taking N to infinity in Relation (4.55)), we get for t€[0, T, i€l});:

t
) =a;+ Z /K}],LZEJ ds+/ Z ki (L ) ds—x -/xi(s)ds,
0

JEIf i} JE€I 2y

which is exactly Relation (4.20)).

Since (x(1)(t)) lives in K7,;, the solution of this ODE is unique, and therefore
the identification of (z(1)(t)) is complete.
O

Note that ODE (4.20) can be rewritten as

t) = Fo; + Z z; ()R] — Z Rij» 1€l

JEI i} jen{iy

where B€Q(1 (1) is a matrix depending on the initial «, constructed following the
steps of the construction of &2 in the Proof of Theorem The ®* can be
given explicitly in terms of a path between complexes of [, [*1}. The simplified ODE
corresponds to the ODE associated to a CRN with only the complexes

{0y{Si,iclfy },

whith reactions defined by %*. As an example, the limit (z4(t)) of (Yiv(t)) in the
CRN of Figure [1] is solution of the ODE associated to the CRN

—4
Koa
(Z) T S47
Kio0
with
= Ro1R12kK24 R01K13K34 Ro1KR12K23K34 d 7 = R43K30

04 = Kao =
P P KTRIRT w7
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1. Introduction

In this paper, we consider a general class of weakly reversible stochastic chem-
ical reaction networks (CRNs) with two chemical species S; and S3. They are
referred to as 2D-CRNs, such a CRN can be described with a finite set of chemical
reactions of the type

(5.1) Yy S1tys So =y S1+vs Sa,

where y~=(y7 ,y5 ) and y*=(y;,y3 )eN.

With the kinetics of the law of mass action, see Voit et al. and Lund [56],
the time evolution of a 2D-CRN can be represented by a Markov process (X (t))
with values in N2. In state z=(x1,x2)€N?, provided that x1>y; and o>y, , the
transition associated to the reaction is x—x+y*t—y~ and its rate is given

x1! xa! e
K ~ kit ah?

(1=y1 ) (w2—y5 )!

for x1 and x5 large.

The stability of this class of CRNs, i.e. the positive recurrence of (X (t)), is
investigated in Agazzi et al. [2] by showing that the entropy function (V(z)) is a Lya-
punov function for the infinitesimal generator of (X (t)), with, for 2=(z1,z2)€R?,
(5.2) V(z) =v(z1) +v(ze) with v:y € N— yln(y)—y+1,

with the convention 01n(0)=0.
Our goal in this paper is of showing that, starting from a large state in the
interior of N2, then there exists some K >0 such that

Tre < inf{t>0 : min(X;(t), Xo(t)) < K}

is integrable and there exists a constant C such that
(5.3) E.(Tk) < CoV (2),
for all x=(z1,x2) such that min(xy, z9)>K.

153
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This general result gives us an insight on the amount of time required for the
process to return to the boundary of the domain. It is specific to the interior of the
domain and uniform in the sense that the bound of Relation with the function
V holds for all such CRNs.

The proof is done with the use of Filonov’s formulation of the Lyapunov con-
dition introduced in Laurence and Robert [52] with the entropy function. One has
to show that there exists positive constants v, K and an integrable stopping time
7 such that, for x=(x1,12)€N? with min(z1,z2)>K, then

(5.4) B, (V(X()=V(X(0)) < =7Eq (7).

In this case, it can be shown that Relation holds. Filonov’s approach has
already been used for specific examples of CRNs in Laurence and Robert [52]
and Laurence and Robert [54] to prove the positive recurrence of the associated
Markov processes. In this chapter we show that it can also be used in the context
of a quite large class of CRNs.

To establish Relation , a finite partition of the interior of the state space is
used to define a convenient stopping time 7. Ideas related to the notion of endotactic
CRN developed in [10] are used. For some subsets of the partition, taking 7=t; is
enough, where t; is the first instant of jump of the process (X (¢)). For the other
cases, functional limit theorems for the Markov process on a convenient timescale
are necessary to define the appropriate 7.

The approach of the stability of 2D-CRNs of Agazzi et al. |2] considers essen-
tially the case when 7 is taken as ¢;. Finding v and K such that Relation
holds for this choice of 7 turns out to be quite technical in fact.

It should be noted that, starting from a neighborhood of the boundary, the
time evolution of the process towards the origin is much more complicated. There
does not exist a bound of the type with a fixed function V' independent of the
CRN. See Section 7 of Laurence and Robert [52] for an example of 2D-CRN with
a (very) slow return along one of the boundaries.

2. Model and main results

We introduce the main notations and definitions of this paper in this section.
A general overview of the results is presented.

2.1. Chemical reaction network. In this paper, we study a general class
of CRNs with two species (2D-CRN). Such a CRN is defined by a triple X =
(S,C,R), where S = {1, 2} is the set of species, reduced to two elements, the set of
complexes C is a finite subset of N2, and the set of reactions R is a finite subset of
(€ xO\{(y:9),y € C}.

The species i € S is often written S;, and for a complex y € C, we use the
notation

Y = y1.51 + Y252,
and () refers to the complex associated to the null vector (0,0). A reaction (y~,y")eR
is usually written y= — y7T.

The reaction graph associated to a CRN is the directed graph whose vertices
are the complexes and whose set of directed edges is R.

The connected components of the graph of the CRN determine a partition of
the complexes into linkage classes. We set ¢ the number of linkage classes of the
CRN studied, (C;) the partition of C, and X; = (S,C;, R;) the CRN that compose
the ith linkage class: for 1 <1 </,

def. _ _
Ri ={(y .y eR:y ,yt eC}.
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We make the assumption that the CRN studied is weakly reversible : each connected
component of its reaction graph is strongly connected.

2.2. The Stochastic Markov process. The state of the CRN X is given
by a vector x=(z1,22)EN?, for i = 1,2, x; is the number of copies of chemical
species S;. A chemical reaction r=y~ — y* corresponds to the change of state, for
x=(z1,x2),

(5.5) r— z+yt—y~,

provided that y; <z; holds for ¢ = 1,2, i.e. there are at least y; copies of chemical
species of type i, for all i€S, otherwise the reaction cannot happen.

The dynamical behavior of the system is governed by the law of mass action,
see Voit et al. |76, Lund [56] for surveys on the law of mass action and the historical
reference Guldberg and Waage [35]. A vector k=(k,,r€R) of positive numbers is
added to the parameters of the model. For r € R, &, is the constant rate of reaction
r, and the rate of transition in state € N? is given by
def. 1! 5!
o I e I G D e

The process (X (t)) associated to the CRN X is defined by his infinitesimal
generator A:

(5.7) ANy = Y A@)(fla+yt —y7) - f@)

=y~ _\y+ ER

for any function f: N? — R.

2.3. Filonov’s Criterion. We will show that there exist an integrable stop-
ping time 7 and a constant v > 0 such that Relation holds for x € G, for some
convenient subset G of N, where (V/(z)) is the function defined by Relation (5.2).

When G¢ is a finite subset of N2, Relation is in fact sufficient to show
the stability of the process (X (¢)). This is Filonov’s criterion. See Laurence and
Robert [52].

We will show that Relation holds in the interior of the space of states,
away from the boundaries of the state space. Besides, since we consider general 2D-
CRNs, the chemical species S7 and Sy have symmetrical roles, hence, considering
states x:(xl,x2)€N2 such that xy > xo is enough. The convenient subset G is
B(Kl, KQ), with

def.

(5.8) B(K1,Ks) = {x eEN?: |z > Ky and x> a9 > Kg},

for K1 > Ky > 1, where ||y|| = y1 + ya, for y € N2.

Such a subset is chosen so that the boundary behaviors of the system, mentioned
in the introduction, do not impact our study. To ensure this, we will choose K>
large enough so that if x € B(Ky, K3), every reaction of the system can happen at
state x:

Ky > 2max{y;, ye€C,i=1,2}.

When the stopping time 7 in Relation (5.4]) is chosen as the first instant of

jump of the process, i.e. when 7 = ¢; with
(5.9) t inf{t > 0: X(t—) £ X(®)},

provided that convenient integrability properties hold, for 2 € N2,

E. (V(X(1)) - V(z) = E. ( [ aw)ie) ds) — AWV)(@)E. (b),
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so that Relation (5.4)) is equivalent to
(5.10) A(V)(z)<—~.

It is usually this form of the criterion that is used in the literature of stochastic CRN.
However, showing this inequality on B(K7, K3) requires a complicated modification
of the function V', defined piecewise on a partition of the space of states. For
Filonov’s criterion, we can choose to fix the entropy as the energy at all states, and
then vary the definition of the stopping time 7 to get the decrease of the energy.

2.4. Main result. The purpose of this paper is to show the following propo-
sition :

THEOREM 5.1. If (X (¢)) is the Markov process associated to a weakly reversible
2D-CRN, irreducible on £ C N2 infinite, there exists an integrable stopping time T
and constants v > 0, K1 > Ko > 1 such that for all x € B(K;, K3),

E.(V(X(1))=V(X(0))) < —vE.(7)

holds with V' as the entropy function defined by Relation (5.2)), and B(K1, K3) is
defined in Relation (5.8)).

The following Corollary is a consequence of this theorem and Theorem 8.13
of Robert [67]. It shows that the process exits quite quickly the interior of the state
space to hit a neighborhood of the boundary of the domain.

COROLLARY 5.2. Let Ty the first time when (X(t)) gets to the boundary of
width k>1:
T < inf{t > 0 : min{ X, (), Xo(t)} < k},
then there exist K>0 such that

E.(Tx) < V(ﬂ

if x=(z1,x2) is such that min(xy, z2)>K.

This is a rather strong result, since the upper bound of the mean value of the
stopping time does not depend closely on the CRN studied: only the constants K
and -y depend on it. Starting from a state z, = (27, x%) such that

lim sup M <1,
n—+oco N

we know that for some constant K > 1,

E, (T
lim sup 796"( K)

< +o00.
n—otoo nln(n)

The strategy to use Filonov’s criterion is to remark that once the energy of the
system is fixed, here as the entropy function V, the stopping time can be chosen
according to the initial state of the system. The space of states is partitioned into
subsets on which a stopping time is defined. We will exploit Relation :

(a) At the states where we can show that Relation holds, we will set
the stopping time 7 as #;.

(b) For all the other states, a closer study of the time evolution of (V (X (t)))
will be necessary to set the right stopping time 7. Scaling arguments will
be used.
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2.5. Estimation of A(V)(z). We start by getting some estimate for A(V)(x),
for z€B(K1, K2). To do so, we first estimate the contribution of one reaction
r=y~—yT at state z, i.e. we estimate

Ar(@) (Ve +y" —y7) = V(x)),
for states of the form
x=uzy = (N,N“?),
where wy € (0,1] and N is large. We set w = (1,wa).
At x, the following approximation holds :

V! !
(@ =y ) (25 —y3)!
Using the Taylor expansion of V, we get
(5.11) V(ex+y*—y) =V (on) = (5 —yi ) (V) + (5 3 Jwa In(N) +o(In(N).
If (-,) is the usual scalar product on R?, the following approximation holds:
A(zn) (Ve +y* —y7) = V(zn))
= hr (y* =y~ w) N ) (V) + o(N (=0 7) In()).

Ar(TN) = Ky = K, NV T920 4 o(NVI Tw@2us ),

As a consequence, if

def.
po(w) = max{(y,w), y €C},
we can show that the dominant terms of A(V')(x ) are the contributions of reactions
r =y~ — y*, such that y~ verify (y~,w) = po(w). In state xy, these reactions
are the fastest reactions.
This leads to the following estimate of A(V)(xn):

(5.12)  A(V)(zn)
= Z re((yT,w) — po(w)) NP In(N) + o (N”O(“’) 1n(N)> .

r=y~ —yTER:
(v~ w)y=po(w)

Because of the maximality of pg(w), the terms ((y*,w) — po(w)) in the sum are
negative or null. If one of these terms is non zero, this estimate is sufficient to show
Relation for N large enough. If not, one has to take the Taylor expansion to
the next level.

The next step consist in understanding whether or not a reaction r =y~ — y*
such that (y~,w) = po(w) and (y* —y~,w) < 0 exists.

2.6. Classification of the states. As mentioned above, to see the entropy
decrease at state x, one has to find a dissipative reaction, i.e. a reaction r=y~ —
y+ such that

<y+ - y_7w> < 0.
If such a reaction exists, we set pg(w) as
def. - -
pa(w) = max {(w,y7) 1y~ =y €R (¥ —y ,w) <0}
Of the dissipative reactions, the ones with the largest rate verify (y—,w) =pq(w).
If we have pg(w) = po(w), then Relation (5.12]) allows us to conclude to Rela-

tion (5.10)), and therefore to Relation (5.4) with 7=t;.

However, if pg(w) < po(w), Relation (5.12)) is rewritten
AV)(an) = o (N™ In(N))

and we are not able to conclude yet.
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More precisely, Relation (5.10) can be shown for each state in B(K7, K3), except
for the states in the sets H.(w), for some wy € (0,1], w = (1,ws2) and ¢ > 0 such
that

(a) w is such that pg(w) < p1(w)
(b) The states in H.(w) are precisely at the same order of magnitude as
(N, N“2). H.(w) is defined as the set

def. _ x
Hc(w)é{xENQ:eCS 52§e‘3}.
Ty

These states will be called H-states.

2.7. The H-states. Remains to show Relation (5.4)) for the states in H.(w),
where w verify

(5.13) pa(w) < po(w).

In this configuration, the fastest reactions (with rate O(N*°(“))) do not change the
entropy of the system. One has to wait for a dissipative reaction, whose rate is
O(NP4(«)), to happen.

In practice, we will use scaling arguments to show that on the timescale th/di(“’)_l7
the entropy of the system decreases significantly. We will show a result of the form,
for tg > 0,

ey B (VOXCo/N7 1)

<1
l[2]l—+o0, T€Ho(w) V(z)

from which Relation (5.4) will be deduced, setting 7 = to/N?a(«)=1,

2.8. Overview of the Paper. In Section [3| are introduced definitions and
properties of the CRN used all through the proofs: we formally introduce the fastest
reactions, the dissipative reactions, and characterize the w such that Relation
holds.

We then proceed to the proof of Theorem In order to prove Relation ,
we first study CRNs with one linkage class, in Section [@ In this case, at most one
w = (1,ws) verifies Relation (5.13). Except in the set H.(w) associated to this w,
we are able to show Relation

In Section[f] using an argument of superposition for the infinitesimal generator,
we deduce Relation for the whole CRN, except for the H-states. Finally, in
Section [0} we deal with the H-states using scaling arguments.

2.9. Notations. The following notations will be used throughout the paper.
As a convention, when some ws € [0, 1] is introduced, w = (1, ws).
For z, 2’ € R?, we denote ||z|| = |21| + |22| and the usual scalar product

! / !
(2,2") = z212] + z925.
For z € R%, y € R%, we denote z¥ = z{" 24>,

If AeB(Ry) is a Borelian subset of Ry, and P is a Poisson process on R%, with
intensity measure the Lebesgue measure on Ri we use the following notation,

(5.14) P(A,dt) = / ]l{fﬁeA}'P(dx, dt).

TERL
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3. Properties of the 2D-CRN

Let X = {{51,52},C, R} a weakly reversible 2D-CRN. In this section are in-
troduces some definitions and properties associated to the graph of the CRN.

DEFINITION 5.3. For some w = (1,ws) € [0,1]%, we set

(5.15) po(w) & max{(w,y), y € C},

and the set I*(w) as

(5.16) M'w) S {yeC: (wy)=pow)}.

We also define the set

(5.17) Fw @ yec: IJy—yter: (y" —y,w) <0}
and if I4(w) # 0,

(5.18) paw) = max{{w,5) ,y € F(w)}.

We use the convention pg(w) = —1 if I4(w) = 0.

Note that since X' is weakly reversible, each complex is source of at least one
reaction.

We saw in Section [2| that for the states zx = (N, N“2) for w = (1,w2) € [0,1]2,
and N > 1, the “classification” of the reactions and complexes can be done easily,
using the sets of Definition [5.3

— At state x, a reaction y~ — y* has a rate proportional to N<‘*”y_>, and
changes the entropy of the order of (y™ — y~, w) In(N).

— The fastest reactions, i.e. the reactions with the largest rates, are the
reactions starting from a complex in I'(w), and their rate is proportional
to NPO(UJ).

— The dissipative reactions, i.e. the reactions decreasing the entropy are re-
actions starting from a complex in I%(w). The fastest dissipative reactions
have a rate proportional to N”¢(«),

The properties and [5.9] are consequences of the weak reversibility
of the CRN. They are mainly straightforward, they will be used repeatedly in the

following. Their proof is given in the Appendix.

PROPOSITION 5.4. The fastest reactions that change the entropy of the system
are dissipative : for w = (1,wz) € [0,1]% and y~ — yT € R,

(a) If (w,y™) > pa(w), then (w,yT —y~) =0.

(b) If (w,y~) = pa(w), then (w,y* —y~) <0.

(c) If (w,yT™ —y~) >0, then (w,y™) < pg(w).
Furthermore, if I%(w) # 0, then I'*(w) # C.

In the next definition, we introduce the set of wy € [0, 1] for which, at the states
xn = (N, N“2), the fastest reactions do not decrease the entropy.

DEFINITION 5.5. Define W(X) as the set
W(X) = {w=(1,ws) € (0,1]* : I'(w)NI%w)=0}.
If w e W(X), we define

= wy —

He(w) o {x ENZie < 22 < ec} .
1

for some ¢ > 0. An element of H.(w) is called an H-state.
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Note that (1,0) ¢ W(X).
At first, we will study weakly reversible 2D-CRNs with one linkage class. The
following proposition gives the specific properties of such CRNs.

PROPOSITION 5.6. Suppose X has only one linkage class. Let w = (1,ws) €
[0, 1]2.
a) If ACC and A #C, there are y~ € A and y* € C\ A such that y~— —
yt eR.
b) If I*(w) # 0, then I*(w) N I4(w) # 0.
) If I'(w) N I(w) = 0, then for all y € C, {y,w) = po(w). Moreover, if
y#y', then ys # .
d) W(X) has at most one element.
We are only interested in processes irreducible on an infinite subset of N2, hence
the following definition.

DEFINITION 5.7. The stoichiometric compatibility class associated to the CRN
X, from a state v € N?, is the set (x + S) N N2, where

def. _
§= Z ar(y™ —y7), (ar)€ A
r=y~—yteR
The CRN X is said to have infinite stoichiometric compatibility classes if the set
(x + S)NN? are infinite, except for a finite number of x € N2.

The following proposition characterize the dimension of the stoichiometric com-
patibility class according to the existence of a dissipative reaction.

PROPOSITION 5.8. If X has infinite stoichiometric compatibility classes, 1¢(w) #
0 for all w = (1,wsq) € (0,1]>.

This last proposition shows that their is a finite number of set of H-states:
PROPOSITION 5.9. If the CRN X has ¢ linkage classes (X;),
W(X) C Ui W(X),
and W(X) has at most £ elements.

4. 2D-CRN with one linkage class
In this section, we study a 2D-CRN & with one linkage class.

PROPOSITION 5.10. If X' has one linkage class (¢ =1), then
(i) IfW(X) =0, we can find some K1 > Ko > 1 such that for allz€B(K1, K»),
the inequality A(V)(z)< — 1 holds,
(il) If W(X) = {w}, we can find some K1 > Ko > 1 and some ¢ > 0 such that
for all x € B(K1, K2) \ He(w), the inequality A(V)(xz) < —1 holds,
where A is the infinitesimal generator of the process associated to X, V is the
entropy function defined in Relation , B is defined in Relation and W
and H.(w) in Definition [5.5,

The proof of Proposition is carried out by contradiction: in (ii), if w €
W(X), we make the assumption that a sequence (x,) with value in B(K7, K2) \
He(w) verifies ||z, || — 400 and A(V)(zp,) > —1 for all p.

The goal is then to show that for some subsequence (z,, ), we have A(V)(z,, ) —
—oo which contradicts the former hypothesis.

To do so, we distinguish two situations, according to the limit of the sequence

gp =In(xp2)/In(zp1):
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(a) If the sequence is converging to the boundary of H.(w), i.e. if £, = wo,
we are able to give an approximation of A(V)(z,) at an order O(mZ?l(w))
(one step further than the approximation given in Relation ), which
goes to —oo when ;1 goes to +o00.

(b) If (g,) converges to & # wo, with similar ideas as in Anderson and Kim [§]:
we classify the rates of the reactions along the sequence (z,), and show
that at least one of the fastest reactions along (z,) is dissipative.

PrOOF OF PROPOSITION [5.10] The following simple inequalities are used through-
out the paper: For x > 1, for a € R, 2|a| < x, for the function v : z — zIn(x)—z+1,
(5.19)

[v(x +a) —v(z)] <2)a|ln(z) and |v(z+a)—v(z) —aln(x)] < 2la]

lal?
< .
x—la] T =

They can be shown using Taylor’s theorem.

This proof is done in the case where w = (1,ws) € [0, 1]? is such that I (w)NI?(w)=0,
i.e. in situation (i) of the proposition, or in situation (ii) with w = (1,0). It can be
easily adapted to the case where no such w exists.

First, recall that we assume

Ky > 2max{y;, y€C,i =1,2}

so that at @ € B(Kj, K3), each reaction is “active” (i.e. A.(z) > 0 for each
reaction).

Let ¢ > 0, K7 > Ky > 1 specified later, and (z,) € B(K1, K2) \ He(w) a
sequence of states such that

tim_fa, | = +o0

and by contradiction, for all p > 1,
(5.20) AV)(xp) > —1.

Until the end of the proof, we may take several subsequences of the sequence (z,),
that we will still write (x).
We set the sequence
_ In(xp0)
Ep =
ln(xp@)
By definition, €, € [0,1] for all p > 1. Up to a subsequence, we can assume that
(ep) converges to € € [0, 1].
1) If e = w.
Since z, ¢ H(w),

Vp et (ep —wa)In(zp1) > ¢ or v, < —c
Note that if wy = 0, resp. wy = 1, then necessarily, v, > ¢, resp. v, < —c.
Up to a sub-sequence, we can make the assumption that one of the
inequalities is always valid. Here, lets assume that v, > c for all p, the
other side is dealt in the same way.
For all y € C, (y,w) = po(w), see Proposition Therefore, for any
reaction r =y~ — y™T,
(' =y, (Lep)) n(zp1) = (45 — ¥2 )V,
and by Relation (5.19)),
Ar(@p)(V(zp +y* —y7) = V() 4 2yt =y

< VpYy +_
Zol(w) = Rr€ (y2 y2 )V;D K2

X
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and therefore A(V)(z,) <z ‘_Jl(w)g(up) where g is as follows, for u € R,

def. wys _ 2|yt —y |
o) S e | -y A,

r=y— —yt

Setting ki, def- max{y, ,y € C} = max{yz,y € C} and Yy, = (y1,m, km ) the
(unique) associated complex, one gets

1

lim — e (yd — k) | = 1.
u——+00 g(u) r=ym¥y+e72 ' ( 2 m)

In the last sum, y;r — km < 0 holds for each term because of Proposi-
tion c¢) and therefore all terms in the sum are negative. Hence, we can
find some wg > 0 such that g(u) < —1 for all u > ug.

We set ¢ > ug in the definition of H.(w), and if w = (1,0), we set
K2 Z [

This choice of constant contradicts Condition and therefore we
can’t have ¢ = ws.

If 7é wa.

We order the reactions “along the sequence (z,)”. Applying Lemma
5.1 of Anderson et al. [9], one can construct a subsequence of (z,), and
define a set T(lmp) C C such that the following limits hold :

— Fory € T(lxp) and y' € C,

’

:Z:y
lim % < 4o0.
p——+o00 Tp

— For y,y' € T(lwp)7 there exists some C > 0 such that

Y
lim -2 =C.
p—+o0 mg
1 1
— ForyeTg ,if y ¢ Te,
zY
lim —Z =0
p—+oo Tp

The construction of the subsequence can be found in the proof of Lemma
4.2 in Anderson [5], and relies mainly in taking a subsequence for which
the following order holds, for some indexation of the complexes {yx, 1 <

E<|C|}=C:

Y1 Y2 Yicl
Z, pr > ... 2xp .

The reactions starting from the complexes in T(lxp) are the fastest reac-

tions along (x,), meaning that when p goes to infinity, in state z,, these
reactions have the largest rate.
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We now estimate the value of A(V)(z,). Lets set for x € N2,

def. _
Di(@) = Y A@)(Ve+yt —yT) = Vi),
r=y”"—yTeR
yi¢T(11~p)
def. _
Dyz) = Y A@V(z+yt—y) - V(2),
r=y"—yTER
vyt €T,
def. _
Ds(x) = > Ar(@)(V(z+y* —y™) = V().
r=y"—yTER
YT ET )y Ty,
For all z, A(V)(z) = Di(x) + D2(x) + D3(xz). We deal with each part
separately.
First note that for a reaction » =y~ — y™, for some 0 < ¢, < C,.,

A
¢ < lim ;(xf )
p——+o00 ‘,I:?;é

< C,.

Let yr € T(lgvp).
— Dy (x) is the contribution of the slow reactions along (x,). For a
reaction r = y~ — y* such that y~ ¢ T(l%), we have

Ar ¥ YT
lim sup (Jip) — = In <§> =0,
z

p—+oo  xp  Tp v

and

p—too  Tp

A Y’
lim sup T(ypr) In <xZT> =0.
P
Using Relation (5.19)), this leads to

im 21%)

p—+o0 x%T

— Dy (x) is the contribution of the fast reactions along (x,), that do not
decrease the entropy. For a reaction r = y~ — yT € R such that
y,yt e T(l%), we have

Ar
lim sup (;;p )

p—+oo  Tp

for some constant Cs, and using Relation (5.19)),

+
l’y

In %
Ty

for some constant 0 < Cs3 < Cy. Therefore,

< Cy,

V(e +y* —y™) = V(z,)| < + O3 < Oy

D2(xp) < C5

limsup ——-—= <
p—+oo  Tp

for some C5 > 0.

— Dj3(x) is the contribution of the fast reactions along (z,), that de-
crease the entropy.



164 5. 2D-CRN

First, lets show that this sum is not empty. Let w’ = (1,¢). Since w’ #
w, I4w") # 0, and therefore I'(w’) # C, see Proposition Hence,
using Proposition a), showing that T’ (1%) C I'(w') is sufficient.

Fory ¢ I'(w'), and yo € I'(w'), (y — yo,w’) = —n < 0 and for p large
enough, |(y2 — yo,2)(ep — )| < n/2. Therefore,

Y

lim —po: lim =z
p—+00 Tp p—+00

and T(lxp) c I'(w").
We now estimate this sum. For r = y~ — yT € R such that y~ €
T(lwp)7 yt ¢ T(lxp), using Relation (5.19)), one gets

(v —yo.w’)+(ep—€)(y2—y0,2)
p,1

:O7

2"

V(zp+yt -y )= V(zp)) <In % + Cg = —00,
Tp

and since besides,

lim % =C, >0,
p—+oo  Tp
one gets
lim Ds(xy) = —00.

p——+o0 ng
Summing up all these estimates, we get

lim_ AV () = —ox,
which leads once again to a contradiction of Condition ({5.20]).
The proposition is proved. O
5. General 2D-CRN : Superposition of the linkage classes

We now study a general weakly reversible 2D-CRN &X', with ¢ linkage classes
(Xi,1 <@ <0, for £ > 1. We set (X(¢)) its associated Markov chain, and A
its infinitesimal generator. To use the results of Section (4] we use the following
superposition relation :

)4
(5.21) A(f)(z) =) Ailf)(x)
i=1
with Ai(f)(z)= Y M@(f@+y"—y7) - f(2).

r=(y~,yT)ER;

5.1. An example. Lets sum up our advances on the following example:

(5.22) 25 == G + 285, 38, == .
K2 K4

This CRN has two linkage classes, C; = {251, S1+S52} and Co = {352,51}. It is
easy to verify that in this case,

W(X) =W(X) ={(1,1/2)} and W(&3) ={(1,1/3)}.

Therefore, as a consequence of Proposition [5.10, we can find some c¢j,co > 0,
Ky > Ky > 1 such that for x € B(K1, K3), ¢ H, ((1,1/2)) UH,,((1,1/3)),

AV)(2) = A (V)(z) + A2 (V) (2) < =2.

We still have to deal with the H-states of both CRN X} and X5, i.e. with both sets
He, ((1,1/2)) and H,,((1,1/3)).
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In this section, it is the set H.,((1,1/3)) that is studied. Even if H-states for the
CRN A5, for the whole CRN, these states are not H-states since (1,1/3) ¢ W(X).

The states in this set are of order (N, N“?) with we = 1/3, and in these states,
the fastest reaction is 257 — S7 + 2S5, which is dissipative :

<(S1 +252) —251,w> = —1/3 < 0.

Therefore, we are in the simple situation described in Section[2.5} we know precisely
the order of magnitude of the state, which will enable us to show a similar Relation

5.2. The false H-states.

PROPOSITION 5.11. We can find some Ki > Ko > 1, and some ¢, > 0 for
each w € W(X)) such that, for all

xEB(K1,K2)\ U ch(w) >
wEW(X)

the inequality A(V)(z) < —1 holds.

Using Relation (5.21]), we know that in all the states @ such that A;(V)(z) < —1
for all 1 <4 < /¢, A(V)(z) < —1 holds. To conclude with the result, we only have
to prove this Relation for the states in H.(w) for the w such that w € W(X;) for
some 4, but w ¢ W(X). This is done by contradiction, similarly as in the proof of
Proposition [5.10

Proor. We set

¢
T def.
W= Jw(x).
i=1
As a consequence of Proposition and Relation ([5.21)), the inequality A(V)(z) <
—1 is verified for z in

B(K\, K2\ | | #* ()|,
weW

for some K1 > K5 > 1 and ¢, > 0.

If w € W but w ¢ W(X), lets show that we can find some K¢ > K, K§ > K>
such that, for z € B(KY, K¥) N H% (w), the inequality A(V)(z) < —1 holds.

The proof is identical to the second part (when & # wq) of the Proof of Propo-
sition By contradiction, we take (z;,) a sequence of states of H(w)® (w) that
verify A(V')(z,) > —1 for all p > 1, and such that

tim_fa, | = +o0

The fact that z, € H (w) allows an easier partition of the different complexes
according to the speed of the reactions. Indeed, we can show that in this situation,

T(lwp) = I'(w), and that
\%4
i AV
pree

which contradicts the first hypothesis, and allows to conclude the proof.
O
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6. A scaling argument for the H-states

In this section, we find a stopping time 7 for the last states still remaining: the
H-states. The 2D-CRN is taken weakly reversible, with an infinite stoichiometric
compatibility classes, see Definition [5.7]

PROPOSITION 5.12. If w € W(X), wa < 1 and ¢ > 0, one can find some
stopping time 7, and some 0 < b < 1 such that

E vy (V(X (T
lim sup sup , Zé\vf)l( ](V ™) <b
N—+oo (N,z))eH(w) n(N)
En oy (T
and limsup sup M =0.
Notoo (Nad)eHo(w) IV

6.1. Ideas behind the proof. In this section, we focus on the states zny =
(N, 25 such that
e N« < xév < eN«2,
and we call (X (¢)) the process starting at zy. Since w € W(X), the fastest
reactions at this state are not dissipative, and one has to wait for a reaction with
smaller rate to occur to see the energy decrease. This phenomenon is well described

by looking at the different timescales present in the system.
Let us sum up the role of each reaction here:

(a) The fastest reactions are the reactions y~ — yT such that y~ € I'(w).
Here, all these reactions verify (w,y™ —y~) =0, and do not dissipate the
entropy of the system. Therefore, starting from xp, since these are the
reactions that happen first with high probability, we can’t choose 7 = t;

in Relation (5.4))

(b) The reactions y~ — y™ that dissipate the entropy of the system verify
<y+ - y_,w> <0.

These are the reactions that we want to see happening. In particular,
the fastest of these reactions will give us the “right timescale” to see the
decrease of the entropy of the system. The reactions we are interested in
are the reactions y~ — y* that are dissipative and such that (y~,w) =
pa(w), where pg(w) is introduced in Definition

To study the evolution of (V(X™(¢))), making the assumption that (X2 (¢))
remains O(N“?) on the studied timescale, we use the following approximation :
XN(t XN (¢ XN (1),

VO e) X g (XN 0)

NlIn(N) N N

+o(1).

This motivates the study of the process (SN (t)) = ((XN(t),w)).

This process has the advantage of not being disturbed by the fast reactions. In
fact, the fastest reactions changing (S™(t)) are the reactions r = y~ — y* such
that (y~,w) = pg(w), and because of Proposition they verify (y* —y~,w) <0,
and therefore are decreasing the process (SN (t)).

Since we need to see (SN (t)/N) decrease significantly, we need to see O(N)
such reactions to happen, and therefore the relevant timescale here is

¢
e e

The rest of the proof uses standard scaling methods.
The proof is carried out in three steps:
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— We first show that (X2 (t/NP¢(«“)=1)) stays of order N2, using a coupling
argument and the upper bound of an M/M/1 queue, see Proposition m
of Appendix [7}

— We then show that (SN (t/N°¢(«)=1)/N) can’t increase.

— Finally, we show using a scaling argument that (SN (t/N*¢(“)~1)/N) has
decreased significantly after a time ¢y > 0.

6.2. Formal proof.

PROOF. Since the process is weakly reversible and has infinite stoichiometric
compatibility classes, Proposition shows that I9(w) # 0. We introduce po(w)
and pg(w) as in Definition and v = pg(w) —1 > —1. Recall that wy > 0.

For N > 1, let oy = (N, zY) € H.(w). 22 verifies the Relation

N

—C T c
(5.23) e < Ni2 < €.

(XN (t)) is the process associated to X starting at zy, and solution of the following
stochastic differential equation (SDE). See Section 2 of Laurence and Robert [52].

529y AxXMe) = Y -y )P (0 (X)) ),
r=y-—yTER

where (P,,r € R) is a family of independent Poisson processes on Rﬁ_, with intensity
measure the Lebesgue measure on Ri, and for z € N2, y € N2,

21! 2,'2!
(z1 = y1)! (22 — w2)
We set SN (t) = (XN (t),w), and for all N > 1,

N N N (SYUNT) XY N X (A7)
E 0.3 0. X ) (A, T, 2

L) —

!]1{2121/1}1{2221/2}'

Lets set
HY, inf{tZO:Yf(t) > Ml},
HY = inf {t >0: Yfi(t) < ml},
HY, 4t inf{t >0: X0 (1) > M2“’2},
{tzozfév(t)gm;’?},
and HY et min{H}N , HN } for i = 1,2, for some constant m; < 1 < M; and
0<my < e_c/“2/2 < 2e°/*“2 < M, specified later.
Let tg > 0, to be specified later, and set

(5.25) 7n = min{to, HY, HY} and 7y = %
We first show that
(5.26) lim sup sup E(N,xg’)(gN(?N)) <b

N=r+0o (N,z) ) eHe(w)

holds for some 0 < b < 1, and some choice of msg, M, tg > 0.
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Control of HY : Uniform bound of (Y;V(t)) We show that

: N Ny _
Jlm PO <ty AH{Y) =0.

The bound is shown in two steps, the upper and the lower-bound. Since both steps
are very similar, we will only do here the proof for the upper-bound, i.e. show that
limy sy oo P(HY, < to A H{) = 0. The process (X2'(t)) is mainly governed by the
fastest reactions, i.e. the reactions starting from a complex in I'(w). For the sake
of simplicity, in this proof we don’t take into account the other reactions. It is not
very hard to generalize it to the real process. Similarly, we will use the following
approximation \.(z) & k,z¥ for the rates of reaction r = y~ — yT, which is valid
since both species are in large number.
Let k,, = max{ys,y € I'(w)}, and 7, = y; — y a reaction such that y, €
I'(w) and y, 5 = k. Note that since w € W(X),
— ify~ € IY(w) and y~ — y+ € R, then y* € I'(w).
— forall y € I'(w), if y # y;, then yo <y, .
Let (Z(t)) be a birth and death process on N starting at 0, with the transitions

+hm A,
T — T+ .
-1 pifz>1,

def . o[ Mo\
A= Z tor M M;Jz(km_l) and p def- nr*m?*’l (2> )
2
r=y” —yTER,
y el (w), y; <ys

The process (Z(t)) is almost an M/M/1 queue, with steps up equal to k,,, and
steps down equal to —1. Choosing M, large enough, depending on m; and My, we
can make the assumption that kA < p.

Using a similar argument as the argument used in the proof of Proposition 6 in
Laurence and Robert [53], we can construct a coupling of (X2 (¢)) and (Z(t)) such
that the relation

M. w2
XNt ATy) < <22N) + Z((t AT )NP@) vt >0,
holds. This leads to
_ M. “2
P, (Sup Xy (snHY) > M;2) <P (sup Z(NPO=Y) > (2N> ) :
t<to t<to 2

and using Proposition [5.15] of Appendix [7, we can conclude for the upper-bound.
The lower-bound is shown similarly.

Control of H{, : Upper bound of (Yiv(t)) For all t > 1, XV (t) < SN(t), and
(SN (t)) is solution of the SDE

621) AV = Y (v )W) P ((o mXN(t—))(y’)) ,dt) :
r=y-—yteR
in which all the positive terms verify (y~,w) <pq(w), see Proposition Therefore,

(0)

(5.28) sup (?N(t A 7N)) ~35"

t<to

1 fo Yy w2Yqy ) dt def.
<3 2 / 73,«((0,/%1\41 M Ny >>di(w)1> 'k R (to),
~Syter,”?

r=y Y
<y_ 7w> <pd (w)
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and when N goes to infinity, (Ry(to)) goes to 0 almost surely. Taking M; > 1, this
leads to

lim P(HY, in{to, HYY ,H)'}) = 0.
Ny (Hi} <minfto, H;", Hy' }) =0

Decrease of (?N(t)). Let rg = y; — yj € R a reaction such that (y;,w) =

pa(w) and <y;' - y;,w> = —dq < 0. If ty = Ty, integrating Relation (5.27)), one
gets :

(5.20) " (to) < 5" (0) + R (to)
6d fo Y, wWals pa(w) dt
TN, 7’”((0’””7"11 my T NP )’7di<w>—1 )

and the right part of the inequality converges almost surely when N goes to infinity

to

b(te)

Setting to small enough so that 1 > b(tg) > mq, we get

Yy Waly
1 —datokr,my" mgy 2.

lim sup sup E (gN(?N)> < M, lim P(HY AHY =7n) + b(to)
N—+00 (N,z) )eH (w) N—oo
and using the previous results, this leads to Relation .
Proof of Proposition[5.14 We choose 7 = 7. The second limit is straightfor-
ward, since v > —1, and 75 < to/N7.
If for N>1, (y,yY) is such that ¥V /N € [my, My] and y5 /N2 € [mq, My,
using a simple Taylor expansion, one gets

Viyn) _ oyl _ (yv,w)
and therefore,
E(V(X _
lim sup sup M = limsup sup E (SN (FN))
Notoo (Nad)er.w)  NVIn(N) N—s+oo (Nal )eHe (w)
which concludes the proof. ]

6.3. The case of wy = 1.

PROPOSITION 5.13. If w = (1,1) € W(X) and ¢ > 0, one can find some
stopping time T, and some a > 0 such that

(E(Mg)(WX(T))) V(N )) c o u

(5.30) limsup sup

N—t00 e—e<adl /N<1 NIn(N) ~ NIn(N)
E NN\T
and limsup sup M -0
N—+00 e—cgmé\’/N§1 N

PROOF. The proof is very similar to the proof of Proposition [5.12] except that
(X2 (t)) does not have to be uniformly bounded as before. We keep the notations
defined in the previous proof, with ws = 1. We have

SN(t) = X1 (8) + X3 (8).
Relation [5.28]still holds until 7, and therefore, taking M7, My > 2, one gets easily

lim sup Py (HY ANHY =75) =0.
N~>+ooe,c§méV/NS1 ( ’xz)( + + )

Similarly, Relation (5.29) still holds (with the same notations for reaction rq4 and
d4), and taking mq < 1, me < e~ ¢ and ¢y > 0 such that

def. T way,
a(ty) = 6dtonrdm1{1 mQQy2
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verify a(tg) <1 —m and a(ty) < e ¢ — mg, we get

N
(5.31) lim sup sup <E(N7zéV)(SN(7'N)) S ?2[) < —af(tp).
N—400 e=e<zll /N<1

If for N>1, (y&¥,y) is such that ¥y /N € [mq, M| and y5 /N € [ma, My,
using a simple Taylor expansion, one gets

Viyy) oyt +ud (yw, w)
= O(1/1n(N)) = O(1/In(N
and therefore, Relation ([5.31)) leads to the first inequality of Proposition the
second inequality being straightforward. O

6.4. Practical corollary. The following corollary is a direct consequence of

Propositions and

COROLLARY 5.14. If w € W(X), and ¢ > 0, one can find some stopping time
7, such that for N large enough, for all (N,zY) € H.(w) such that zY < N,

(5.32) E(n ey (V(X(7)) = V(zn) € —E(y o) (7).

7. Conclusion

Proor oF THEOREM [5.1l Proposition [5.11] gives us some K; > K5 > 1, and
some ¢, > 0 for each w € W(X)) such that Relation (5.4) holds for z in

B(Ki, Ko)\ | | He(w) ],
WEW(X)

and 7 = ¢; the first instant of jump of the process, defined in Relation (5.9).

For the states in H,,_ (w), for each of the w € W(X), we use Corollary Ko
is not changed, and we choose K large enough so that if N > K /2, Relation (5.32)
holds. This concludes the proof of Theorem ]

Appendix
A technical result: upper bound of an M/M/1 queue.
LEMMA 5.15. Letp > 1. If (Z(t)) is a process starting at 0 and with transitions

(5.33) }_}{x—i—p with rate A
. x

r—1 with rate u,

with 0 < Ap < p, for a,ty > 0, the following limit holds:
(5.34) lim P (sup{Z(tNa)} > N) =0.
N—+o0 t<to

PrROOF. Let N, and N, be independent Poisson processes with respective in-
tensities Adt on R} and pdt on Ry, and set for t>0

S(t) = pNa((0,1]), =N ((0, 1)),
First, lets show that

5, & p (supS(s) > 1) < 1.
s>0
The ergodic theorem implies that (S(¢)/t) is converging to Ap—u<0, almost
surely. If 0. is 1, then the variable

Ty =inf{t>0: S(t) > 1}
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is almost surely finite. Since (S(t+71)—S(T1)) has the same distribution as (S(¢)),
one concludes that the limsup of (S(t)) is +00. Contradiction.

Now for N > 1, let

Hy < inf{t: Z(t) > N}.
Lets show that we can find o € (0,1) such that (o’ Hy) converges in distribution
to +oco. This is enough to conclude to the result of Lemma [5.15]

Aslong as (X (t)) does not hit 0, the process behaves as the random walk (S(¢)).
Hence, starting from x>0, the process (X (t)) returns to 0 before going above z+1
with a probability at least 1—3.>0. The duration of this step is stochastically lower
bounded by an exponential random variable with parameter A+pu.

To reach N starting from 0, we must have at least N,=| N/p| consecutive pos-
itive jumps in a row without returning to 0. Let (B;) a sequence of i.i.d. Bernoulli
random variables with parameter §. and, for n>1,

VUp = 1nf{k2n : Bk—n—i-l:Bk—n—i-Q: s :Bk = 1}
For k€N, we have
P(v,<k) < k7.
We denote by (F;) an i.i.d. sequence of exponential random variables with param-

eter A+pu. By using the fact that I} has a finite positive exponential moment, for
wo<1/(A+p), there exist constants, C, a1 €(0,1) and My>0, such that for M > M,

M
1
P (M ZFl < ’LU0> < C()OJ{VI.

i=1
For a2€(0,1),

VNP
P(ad Hy <T) <IP’< ZF <T>

1 Ko [a2

<P ZF

< T | +P(vn, < Ko[az™]
Koaévfon NW ( ? )

< Gl 4 Kooz V62,

If we fix cuge(éi/p,l)7 and Ny so large that if N>Np, then o [azV]>1/2 and
N> NVMy, and, finally K,>1 large enough so that 2T/ Ko<wyp, then we get a
constant az€(0,1) and C;>0, such that for N>Ny, the relation

P (O(éVHN S T) S C1aév
holds. The proposition is proved. O

Proofs from Section 3] We will here give a sketch of the proofs of the propo-
sitions in Section [3l

Proposition is a consequence of the weak reversibility of the CRN. The
proof would be tedious to write but presents no difficulty.

For Proposition [5.6] X has one single linkage class.

(a) Let (y,y') € AxC\ A. Since the CRN is weakly reversible and has a single
linkage class, there is a path from y to 3’, and therefore there is necessarily
a reaction y~ — yT € R such that y~ € A and y*™ ¢ A.

(b) If I4(w) # 0, we can’t have I'(w) = C, and using (a), we can conclude.

(c) If I'(w)NI%(w) = 0, then I%(w) = (), and therefor I'(w) = C. Moreover, if
y # vy, since (w,y) = (w,y’), we have y; — y; = wa(yh — y=2), and therefore
Y2 # Ys-
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(d) Ifw,w € W(X), because of (c ) fory,y' € C, (w,y —y) =0= (' y —y>
Note that we still have w; = w] = 1. Therefore, wa(y5 — y2) = wh(yh — y2),
which leads to ws = wj.

For Proposition lets do the proof by contradiction. If for some wo€(0,1],
setting w=(1,ws), I*(w)=0, then for each reaction y~—y*€R, (w,y™ —y~) = 0.
Therefore, (X (t)) verify a mass conservation equation, and (x + S) N N? is finite.

Proposition is straightforward.
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