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Abstract: Reaction networks are widely used models to describe biochemical processes. Stochastic
fluctuations in the counts of biological macromolecules have amplified consequences due to their small
population sizes. This makes it necessary to favor stochastic, discrete population, continuous time
models. The stationary distributions provide snapshots of the model behavior at the stationary regime,
and as such finding their expression in terms of the model parameters is of great interest. The aim of
the present paper is to describe when the stationary distributions of the original model, whose state
space is potentially infinite, coincide exactly with the stationary distributions of the process truncated
to finite subsets of states, up to a normalizing constant. The finite subsets of states we identify are called
copies and are inspired by the modular topology of reaction network models. With such a choice we
prove a novel graphical characterization of the concept of complex balancing for stochastic models of
reaction networks. The results of the paper hold for the commonly used mass-action kinetics but are
not restricted to it, and are in fact stated for more general setting.

Keywords: reaction networks; stochastic models; state space truncation; stationary distribution

1. Introduction

Reaction networks are mathematical models for studying the evolution of biochemical systems,
widely used in applications. Formally, reaction networks are made of a set of species whose popula-
tions evolve in time guided by a set of reactions such as the ones in the example below:

A+BZ=;2(:,AZ=23. (1.1)

Each species has a discrete number of molecules whose counts change as the molecules react or are
produced from reactions. In many circumstances, the counts are sufficiently high so that the granularity
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may be ignored and it suffices to model species concentrations rather than counts. However, several
biological macromolecules such as proteins and enzymes are present only in small numbers (~ 100)
and it becomes necessary to both track individual numbers and be mindful of stochastic fluctuations
in those numbers. Due to such considerations, Z" is the natural state space for the stochastic model (a
continuous-time Markov chain) that we consider here. For readable references on stochastic reaction
network models and connections with applications, see [1,2].

The stationary distribution of a stochastic system, assuming it exists, describes the state of the sys-
tem over a long period of time. So in a sense it is an attracting steady state of the dynamic model.
Having an analytic expression of the stationary distribution in terms of the model parameters is useful
for various reasons: first of all, the expected level and the fluctuations of different proteins in stationary
biological systems is of great interest. Controlling the stationary regime is also attracting an increasing
interest, given the novel technological possibilities of changing the cell DNA and, hence, the rate and
the form of the biological reactions occurring inside. Notable examples of how the emerging field of
synthetic biology focuses on the control of stationary regimes are given in [3—5]. Finally, the approxi-
mation of complex biological systems with reaction rates spanning over different orders of magnitudes
can be performed if the stationary distribution of the faster subsystem is known [6]. The study of mul-
tiscale biological system is of crucial importance and is recognized as one of the key ingredients to
unlock the function of genetic and cellular compositions in the Perspectives in Mathematical Biology
individuated by the European Society for Mathematical and Theoretical Biology (ESMTB) [7, 8].

The aim of the present paper is twofold: first, typical computational techniques to calculate an
approximation of the stationary distribution of interest consists in truncating the (potentially infinite)
state space to a smaller finite set, and calculate the stationary distribution of the process restricted to
it [9, 10]. The approximation error is often hard to calculate. A natural question is whether the same
stationary distribution of the full model is also a stationary distribution of the restricted one; if that is
the case then the approximation error only concerns the normalizing constant, but not the ratio of the
distribution in different states. In the present paper we consider restrictions of the state space to the
images of copies (or union thereof). A copy of a reaction network is an embedding of the reaction
graph into the state space. Figure 1 illustrates how the state space of

A+ B

/ N\, (1.2)

0 A

can be decomposed into copies.

We prove that the process restricted to arbitrary unions of copies has the same stationary measure
of the original one only in the case of complex balancing. In the case of complex balanced systems,
an exact formula for the stationary distributions is already known [11], however the general line of
thought can be pursued for other types of restrictions different from copies. In fact, in future work
we will use this idea to efficiently calculate exact analytical expressions of stationary distributions that
have not appeared in the existing literature.

Secondly, the paper focuses on the connection between stationary distributions and graphical sym-
metries. This perspective is based on links between steady states and graphical features of the
model which have been fruitfully and extensively studied for deterministic models of reaction net-
works [12-20]. Connections between graphical symmetries of the model and the shape of its station-
ary distribution have been successfully unlocked in several recent papers [11,21-25]. In this work, we
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Figure 1. The figures depicts the transition graph of the continuous time Markov chain
associated with the reaction network (1.2). Different colors indicate different copies, which
are different embedding of the graph (1.2) in the state space Zio.

define a new type of graphical symmetry (balancing of copies, as defined below) and we show that it
characterizes the notion of complex balancing under general assumptions.

While our study is valid for the commonly used mass-action kinetics, the scope of our results
is not restricted to such kinetics but is much broader. Some general results can be stated for any
admissible choice of reaction rates, and others hold for a generalization of mass-action kinetics that
we call product-form kinetics, considered for example in [11,26-28].

2. Background

2.1. Notation

LetR, R, and R, represent the reals, the non-negative reals and the positive reals, respectively. Let
Z, Zs and Z represent the integers, the non-negative integers and the positive integers, respectively.
Forve R |v|ly =|vi+...+v,|. Forv,w € R", v < w (v < w) means that v; < w; (v; < w;) for all
ie€f{l,...,n}. Forv,w e R" we define

1 1 , vw
{fvsw} = .
= 0 , otherwise.

If v > 0 then v is said to be positive. Similarly, if v > 0 then v is said to be nonnegative. Finally, supp v
denotes the index set of the non-zero components. For example, if v = (0, 1, 1) then supp v = {2, 3}.
If x € R}, and v € Z7 ), we define

n n
vV Vi —_
X :]—[xl., and v!—l—[vi!,
i=1

i=1

with the conventions that 0! = 1 and 0° = 1.

Mathematical Biosciences and Engineering Volume 19, Issue 8, 7649-7668.
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2.2. Reaction networks

A reaction network is a triple G = (S, C, R), where S is a set of n species, C is a set of m complexes,
and R € C x C is a set of r reactions, such that (y,y) ¢ R for all y € C. The complexes are linear
combinations of species over N, identified as vectors in R”. A reaction (y,y’) € Ris denoted by y — y’,
and the vector y’ — y is the corresponding reaction vector. We require that every species has a nonzero
coordinate in at least one complex and that every complex appears in at least one reaction. With this
convention, there are no “redundant” species or complexes and G is uniquely determined by R. In
(1.1), there are n = 3 species (A, B, C), m = 4 complexes (A + B,2C, A, B), and r = 4 reactions.

A reaction network G = (S, C, R) can be viewed as a graph with node set C and edge set R in a
natural manner. We will frequently use the viewpoint of a reaction network as a graph in the rest of the
paper.

A reaction network G is weakly reversible if every reaction y — y’ € R is contained in a closed
directed path. Moreover, G is reversible if for any reaction y — y’" € R, y’ — yisin R. It is clear
that each reversible reaction network is also weakly reversible. As an example, the network in (1.1) is
reversible, and therefore weakly reversible.

The stoichiometric subspace of G is the linear subspace of R" generated by the reaction vectors,
namely

S =span(y’ —yly = ¥ € R).

For v € R, the sets (v + §) N RY, are called the stoichiometric compatibility classes of G.

2.3. Reaction systems

We will consider dynamics of a reaction network with n species both on RY and Z7,. R is the
usual underlying state space for deterministic models, while for classic stochastic models the state
space is ZZ,. It is worth mentioning that dynamics of a reaction network can also be modeled via
stochastic differential equations, an example of stochastic models whose underlying state space is
RZ, [29-32]. However we do not consider this case in this paper.

2.3.1. Deterministic dynamics

Let G be a reaction network. We want to associate each reaction y — y’ € R with a rate function

Ay, whose domain is R . Formally, we define as deterministic kinetics the following correspondence

between reactions and rate functions:
A:(y—=Y)- Ay
It is required that foreachy — y' e R
Ay—y(x) >0 onlyif suppy C supp x. (2.1)

The pair (G, A) is called continuous reaction system. In the deterministic context, the evolution of the
species concentrations z(f) € RZ is determined by the system of ODEs

d
é = Z o _y)/lyﬁy’(Z)' (2.2)

yoy'eR

Mathematical Biosciences and Engineering Volume 19, Issue 8, 7649-7668.
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Condition (2.1) implies that any solution to (2.2) is non-negative at all times for which it is defined.
The solution z(z) is also confined to its stoichiometric compatibility class:

z(t) € (z(0) + §) N RY,,.
A state ¢ € R" is said to be a steady state of a continuous reaction system (G, A) if

D0 =MAoy(@) =0,

yoy'eR

2.3.2. Stochastic dynamics

Let G be a reaction network. We now want to associate each reaction y — y’ € R with a rate
Junction A,_,,,, whose domain is Z . Similarly to before, we define as stochastic kinetics the following
correspondence between reactions and rate functions:

A:(y—=Y)- Any.

We require

Aysy(x) >0 onlyif x > y. (2.3)
The pair (G, A) is called stochastic reaction system. In this setting, a state x = (xi,...,x,) € Z%,
represents the counts x; of each species i = 1,...,n. X(¢) represents the state of the system at time

t, and is considered to be a continuous-time Markov chain with transition rate from state x to state x’
given by
Q(x’ x,) = Z ﬂy—)y' (x)'

y—y' eR
y'=y=x'-x

Equivalently, each rate function described the rate of occurrence of the associated reaction, and when-
ever areaction y — y’ takes place the process X(-) moves from the current state x to x+y’—y. Condition
(2.3) forces the process X(-) to the positive orthant.

We say that X € ZI, is accessible from x € Z7,, if there is a sequence of states (x =
Ug, Uy oo Up_1, Uy = X) such that for each consecutive f)air of states (u;,u;41), 0 < i < n-1, we
have g(u;, ;1) > 0. A non-empty set I' C Z | is an closed irreducible set of (G, A) if for all x € I' and
all u € Z",, u is accessible from x if and onlgf if u € I' [33]. A probability distribution r is a stationary

>0
distribution for a continuous-time Markov chain if for all # € Ry and x € ZZ,

PX(®) = x|X(0) ~ ) = n(x).

By standard theory on Markov chains, the support of 7 (that is, the largest set of states where 7 has
a positive value) is a union of closed irreducible sets [33]. Moreover, by standard theory on Markov
chains, if the continuous-time Markov chain is non-explosive (in the sense of [33]) then a probability
distribution 7 is stationary if and only if for all states x

7)) D Ay = Y ax+y =)Aoy (x+y - ). (2.4)

y—y'eR y—y' eR

We further give the definitions below.

Mathematical Biosciences and Engineering Volume 19, Issue 8, 7649-7668.
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Definition 2.1. Let (G, A) be a discrete reaction system and let u be a measure on ZZ,

1) w is said to be a stationary measure if for all x € ZZ,

PO DS Ay = D0 ey =) Ap(x+y =), (2.5)

y—y' eR y—y eR

2) p is said to be a o-finite measure if u(x) < oo for all x € Z%,. x is said to be a finite measure if
erZgo ,u(x) < oo,

Note that based on the definitions used in this paper, if a stationary measure is a probability distribu-
tion is not necessarily a stationary distribution, unless the model is non-explosive. Non-explosiveness
of the process can be assessed if it is complex balanced, as stated in Theorem 3.3 below.

2.3.3. Mass-action kinetics

An important choice of kinetics is mass-action kinetics.
Definition 2.2. Consider a reaction network G = (S, C, R).

1) A deterministic mass-action system is a continuous reaction system (G, A?) with
D )
KK (y - y,)(Z) = Ky—>y’Z}
for some constants «,_,, € R., called rate constants.

2) A stochastic mass-action system is a discrete reaction system (G, K;(9 ) with

KS ()’ -y )(X) = Kysy 7 ( 1{x>} (26)

)v
for some constants «,_,, € R., called rate constants.

Many generalizations of mass-action kinetics have been proposed both for stochastic and determin-
istic models. In the present paper, we will study the following generalization for stochastic models,
considered for example in [11,26-28]. We define the stochastic product-form kinetics as the discrete

kinetics
n yi—1

Ky = @) =k | | |0 = s 2.7)
i=1 j=0
for some constants «,_,, € R.y, called rate constants, and some functions 6;: Z — Ry satisfying
6;(m) = 0 if and only if m < 0. A stochastic reaction system (G, K’ f o) Will be called stochastic product-
form system.
Note that if 6;(m) = m1,0) for all i, then K7, = K7 . Finally, we give the following definition:

Definition 2.3. A stochastic product-form system is called non-saturating if lim,,_,, 6;(m) = oo for all
1<i<n.

Mathematical Biosciences and Engineering Volume 19, Issue 8, 7649-7668.
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3. Complex balancing

The definition of complex balancing dates back to [12, 13], where deterministic models were of
interest. The definition is the following:

Definition 3.1. Let (G, A) be a continuous reaction system. A state ¢ € R is complex balanced if for

all complexes y € C we have
Z /ly—>y’ (C) = Z /ly’—>y(c)'

yeC:y—y' eR YeC:y —yeR

In words, ¢ is complex balanced if the sum of rates of reactions “entering” any complex y is equal
to the sum of the rates of reactions “exiting” from y, calculated in c. It is known that every complex
balanced state is a steady state, while the opposite is not true in general [12]. The following are classical
results from [12, 13]:

Theorem 3.1. Let (G, KP) be a deterministic mass-action system. If a positive complex balanced state
c exists, then G is weakly reversible, all positive steady states are complex balanced, and exactly one
positive steady state exists within each stoichiometric compatibility class.

Theorem 3.1 implies that the positive steady states of a deterministic mass-action system are either
all complex balanced, or none of them is. Moreover, in the former case non-positive steady states are
necessarily complex balanced as well as shown in [21, Theorem 4]. Mass- action systems are called
complex balanced if at least one positive steady state is complex balanced, which by Theorem 3.1 is
equivalent to the existence of at least a positive steady state and to all of them being complex balanced.

In [11] the first connection between complex balancing and stochastic dynamics is performed, and
the following result is proven.

Theorem 3.2. Let G be a reaction network. Assume the deterministic mass-action system (G, KP) is
complex balanced and ¢ € R is a positive complex balanced state. Then the stochastic reaction
system (G, Kf o) With Kf o defined as in (2.7) and the same rate constants as (G, KP) has a stationary

measure of the form
n Xi 1
p(x) = c* — (3.1)
L—l[ 1/:—1[ 0:(j)

If K,i , reduced to mass-action kinetics, then (3.1) becomes proportional to a product-form Poisson
distribution, which is a stationary distribution because the process is non-explosive as proven in [34].
In [26, Theorem 4.1] mild conditions implying finiteness of (3.1) and non-explosiveness of the model
are derived:

Theorem 3.3. Let G be a reaction network. Assume the deterministic mass-action system (G, KP)
is complex balanced and ¢ € R’ is a positive complex balanced state. Consider a stochastic non-
saturating product-form system (G, Kfe) with the same rate constants as (G, KP). Then, the associated

process X(-) is non-explosive and the measure (3.1) is finite.

Theorem 3.1, non-explosiveness of the process and finiteness of (3.1) imply that (3.1) is propor-
tional to a stationary distribution of X(-). In [21] a parallel theory on complex balancing is developed
for stochastic models. A complex balanced measure is defined as follows.

Mathematical Biosciences and Engineering Volume 19, Issue 8, 7649-7668.
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Definition 3.2. Let (G, A) be a discrete reaction system. A measure u with support in Z, is complex
balanced if for all complexes y € C and all states x € Z7; we have

DAy = Y Ay =y +y =), (3.2)

yeC:y—y'eR y'eC:y —»yeR

In words, a measure is complex balanced if, at any state x, the sum of the ingoing fluxes of reactions
“entering” any complex y is equal to the sum of the outgoing fluxes of reactions “exiting” from y. It is
not difficult to check that a complex balanced measure is necessary stationary, while the converse does
not hold in general. Definition 3.2 was given for probability distributions in [21] and then extended to
measures in [23]. In particular, it is proven in [23, Proposition 4.13] that under the hypothesis of mass-
action a o-finite complex balanced measure is finite, hence normalizable to a probability distribution.
A strong connection between complex balancing in stochastic and deterministic models exists, as stated
below.

Theorem 3.4. A stochastic non-saturating product-form system (G, K3 ) has a ofinite, positive, com-
plex balanced measure if and only if the deterministic mass-action system (G, KP) with the same choice
of rate constants is complex balanced.

Theorem 3.4 is proven in [21] in the case of stochastic mass-action kinetics. The proof for the more
general result above is given in Section 6.

4. Main results

Here we state and prove our main results. Perhaps it is worth mentioning that our results hold not
only for mass-conserving systems with only finitely many accessible states but also for more general
systems where the number of accessible states may be infinite.

Definition 4.1. Let G be a reaction network. A function f : C — ZI; is a copy of G if for every
y —y € R, we have f(y') — f(y) =y —y. We further say that a copy f is active if every y — y" € Ris
active at f(y).

Denote by f(C) the image of f. G induces a directed graph on f(C) in a natural manner by associ-
ating a directed edge from f(y) to f(y’) whenever y — y’ € R. With this understanding, the inclusion
copy ¢ : C — Z, corresponds to the geometrically embedded graph of G defined in [35]. We state
here a lemma that will be useful to prove our main results.

Lemma 4.1. Let (G, A) be a stochastic reaction system. Let y — y' be a reaction active at a state Xx.
Then, there exists an injective copy f of G with f(y) = x. Moreover, if A is such that A,_,,(X) > 0 if
and only if X >y, then there exists an injective, active copy f of G with f(y) = x.

Proof. Let h = x —y. Since y — Y’ is active at x, it follows from (2.3) that 2 € Z},. Consider the
function f: C — Z., defined by f(y) = h+y. We have f(y) = h+y = x. Moreover, for all two
complexes 7,5 € C we have f(7) — f(3) =7 —7, so f is a copy of G and is injective. Moreover, if
Ay (X) > 01f and only if X > y then f is active. Hence, the proof is concluded.

Definition 4.2. Let (G, A) be a stochastic reaction system. Let f be a copy of G and let 4 be a measure
on ZZ.

Mathematical Biosciences and Engineering Volume 19, Issue 8, 7649-7668.
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e fis active with respect to (A, ) if forally —» y" € R

RUEGY ), Ae(fG) >0
f@):}(;?}'g’z):#(y’)

e fis node balanced with respect to (A, p) if for every x € f(C)

pe) > A@= Y HFODA (O (4.1)

YoV eR f(y)=x Y oyeR: f(y)=x

To understand the meaning of node balancing, let W(-) be the continuous-time Markov chain whose
transition graph is the one induced f, and the transition rates are given by

Q(X, X/) = Z /ly—>y’ (X)
y—y' eR:
FO)=xf(/)=x

Then, the following holds.

Proposition 4.2. Let (G, A) be a stochastic reaction system. Let f be a copy of G and let u be a o-finite
measure of ... Then, there exists a stationary distribution of Wy(-) proportional to the restriction of
to f(C) if and only if f is node balanced with respect to (A, ).

Proof. The state space of W, is f(C), which is finite. Then, there exists a stationary distribution
proportional to the restriction of u to f(C) if and only if the latter is a stationary measure, which is
equivalent to (4.1). The proof is then concluded.

Proposition 4.2 implies that if a copy f is node balanced with respect to (A, ), then the restriction
of 7 to f(C) is stationary for W,. If x is a stationary distribution of X(-), then x is stationary for both
X(-) and W,(-). The same holds for union of copies, as expressed in the following corollary.

Corollary 4.3. Let (G, A) be a stochastic reaction system and let yu be a o-finite measure of Z.,,. For
some h > 1, let ® = {fi,..., fn} be a set of node balanced copies of G with respect to (A, u). Then, the
continuous-time Markov chain on state space Z, with transition rates

h
CEIEDY Ay (3), (4.2)
i=1 y—y' eRr:
fi0)=x.fi(y")=x'
has a stationary distribution m = yu where 7y is a positive real constant.

Proof. The proof is concluded by simply noting that, due to Proposition 4.2, for every state x and any

1 <i < hwehave
D@ Y Ae@= Y p) D A,

X' €ZL, y—y eRr: X ez, y—y' eRr:
fi=x.fi(y")=x fi=x".fi(y))=x

Hence, by summing both sides over i we obtain that u is a stationary measure, hence proportional to a
stationary distribution by classic theory of Markov chains.

Mathematical Biosciences and Engineering Volume 19, Issue 8, 7649-7668.
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Corollary 4.3 implies that the stationary distributions of the full model can be found, up to a nor-
malizing constant, by studying the stationary distributions of the finite continuous time Markov chain
with rates 4.2, as long as the copies are node balanced with respect to them. As already mentioned in
the introduction, the node balancing of the copies is intimately related to complex balancing, in a way
made precise by the results below.

Theorem 4.4. Let (G, A) be a stochastic reaction system and let u be a measure. Then the following
are equivalent:

(1) every injective copy of G is node balanced with respect to (A, u);

(2) wis a complex balanced measure;

(3) every copy of G is node balanced with respect to (\, p).

Proof. We will prove that (1) implies (2), which implies (3), which implies (1).

(1) = (2). Fixy € Cand x € ZJ. If x # y then 4,,,(x) = 0 for all reactions y — y" € R by (2.3).
Moreover, for all reactions y’ — y € R we have x +y" —y # y" which implies 4,,_,,(x +y" —y) =0
and again A, (x) = 0 by (2.3). It follows that (3.2) holds. If x > y then by Lemma 4.1 there
exists an injective copy f of G with f(x) = y, which is node balanced with respect to (A, u). By
injectivity, (4.1) becomes (3.2). In conclusion, (3.2) holds for every y € C and every x € Z, and
(2) is proven.

(2) = (3). Let f be a copy of G and let x € f(C). Then, summing both sides of (3.2) over the
complexes y with f(y) = x we obtain (4.1), so (3) holds.

(3) = (1). This is trivially true as injective copies of G are copies of G.

With more assumptions on the form of the kinetics, a finite number of node balanced copies with
respect to (A, u) are sufficient to imply complex balancing of u, as detailed below.

Theorem 4.5. Let (G, K,f o) be a stochastic reaction system and let y be a positive stationary measure.
Then there exist positive and finite constants My, M, such that the following are equivalent:

1) all the injective copies of G that intersect the cube [0, M]" are node balanced with respect to
(K/fQ?l't);

2) a closed irreducible set I" containing a state x with ||x|| > M, is such that all copies f of G with
f(C) C T are node balanced with respect to (K,i g M);

3) pis a complex balanced measure.

The above theorem states that if enough, finitely many copies are node balanced, then the measure u
is complex balanced. The same holds even if all the copies in a single, large enough, closed irreducible
set are node balanced. The proof is given in Section 6. In the following, if f is a copy of G and v € Z",
we denote by f + v the function defined by (f + v)(y) = f(y) + v for all y € C. Note that for v € Z ,
f +visacopy of G while this may not always hold for general v € Z". )

Mathematical Biosciences and Engineering Volume 19, Issue 8, 7649-7668.
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Theorem 4.6. Let (G, K,‘z o) be a stochastic product-form system and let u be of the form (3.1). Then
the following are equivalent:

(1) there is an active, injective, node balanced copy of G with respect to (Ki 9o )5
(2) uis a complex balanced measure.

Proof. In what follows we will use that, by substituting the rate functions with (2.7) and u with (3.1)
and by simplifying, we get that for all y’ — y” € R and for all X € Z7, with ¥ > y”

DAy (D) = ryyr | | 4.3)

(1) = (2). Fix y € C and let x be such that f(x) = y. By injectivity and node balancing of f we have

pE) Y Ay = D ax Y = DA+ Y - ),
yeC:y—y eR y'eC:y —yeR
which by (4.3) becomes
I R (44)

yeC:y—y'eR yeC:y —yeR

which is in turn equivalent to (3.2) for mass-action kinetics and hence proves that (G, K?) is
complex balanced. Moreover, by using (4.3) again we have that for all X € Zj with X > y

n_ Xi—yi
X+ T+ Ty 1
Z #('x+y _y)/ly’—)y(x+y —y): Z C+y yKy’—)yl_[:I—lei( )
YEC:y —-yeR Y eC:y —yeR i=1 j=1 J
S e g
= C Kysy —
y'eC:y—-yeR i=1 j=1 91(])
_ Z (D) Ay (5),

VeC:y —yeR
where the second equality follows from (4.3). Thus, (2) is proven.

(2) = (1). The existence of an injective, active copy follows from Lemma 4.1, and the fact that is
node balanced follows from Theorem 4.4.

Our last result only concerns mass-action models.

Theorem 4.7. Let (G, K3) be a stochastic mass-action system and let u be of the form (3.1). Then the
following are equivalent:

(1) there is a copy f of G such that f + v is node balanced with respect to (K;z g M) forall v e Z2 ;

>0’

(2) there is an active copy f of G such that f + v is node balanced with respect to (Kf: M) forallv € =
where E C Z, is such that the only polynomial of degree at most d = max{|[yll, : y — y" € R} that
vanishes on Z is the zero polynomial;
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(3) wis a complex balanced measure.

Proof. We will prove that (1) implies (2), which implies (3), which implies (1). Similarly to what done
in the proof of Theorem 4.6, we first note that by substituting the rate functions with (2.6) and u with
(3.1) and by simplifying, we get that for all y’ — y” € R and for all X € Z7 with ¥ >y’

. . 1
,U()C)/ly/_)yﬂ(x) =C Ky/_)yu(x_—y,)'. (45)

(1) = (2). This simply follows from the existence of a set = as described. A finite set = can always
be constructed, but to prove (2) it is enough to note that = can be chosen as Z’;O, since the only
polynomial vanishing on Z is the zero polynomial.

(2) = (3). Let x be in f(C). By definition of node balancing we have

ux +v) Z Aoy (X +v) = Z UX+v+Y =)Ao (x+v+y —y)
y—y €R: f(y)=x V' —-yeR: f(y)=x

for all v € E. By multiplying both sides by (x + v)! and by applying (4.5) we get

Z % Z Ky—y = Z ¢ Vkyy| = 0.

yeC: f(y)=x YeC:y—y'eR YeC:y —yeR

Note that the above is a polynomial of degree at most d in the variable v and it vanishes for all
v € E. Hence, it is the zero polynomial and as a consequence (G, K?) is complex balanced with
complex balanced steady state c. Then, by using (4.5) again we have that for all X € Z7 with

x>y
HE+Y = DAy (R4 =) = T
¥ =y y -y y'_’y(;c_ )!
yeC:y —yeR VeC:y —yeR Y):
- 1
Y et
¥ —v)!
Y eC:y—y' eR (*-)!
= D, MO,
yeC:y —yeR

where the second equality follows from (4.5). Thus, (2) is proven.

(3) = (1). This follows from Theorem 4.4.

We give here an example showing that condition 1 alone does not imply u is complex balanced,
unless u is assumed to be of the form (3.1).

Example 4.1. Consider the stochastic mass-action system
O K1 A ’ 3A K2 2A,
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where the reaction rates have been written above the corresponding reactions. Let m be the unique
stationary distribution, whose support is in {m € Z : m > 2}. Since the model is a birth and death
chain, & is detailed balanced: for all m > 2 we have n(m)q(m,m + 1) = n(m + 1)g(m + 1,m) [33].
Specifically, we have

m(m)Adga(m) = n(m + 1)Azp04(m + 1) (4.6)

The deterministically modeled system cannot be complex balanced by Theorem 3.1 because it is not
weakly reversible. By [21, Corollary 19], n cannot be complex balanced. However, it follows from
(4.6) that the copy defined by f(0) = f(2A) = 2 and f(A) = f(3A) = 3 is node balanced with respect
to (K2, xr), and the same holds for all the copies f + v with v € Z,.

5. Discussion

We end by recapitulating the consequences of our results. The truncation of the state space, as
already discussed in the Introduction, is a widely used tool to approximate the stationary distribution
of stochastic models. A truncation is specified in two steps: the first is a description of the restricted
state space and the second is the definition of the constrained process. In particular, a prescription for
the allowed transitions of the process on the boundary of the truncated space needs to be given. As an
example, in [9] the outgoing transitions from the truncated state space are redirected to a designated
state within the truncated state space. Many other strategies have been studied, as discussed in the
review [10]. While truncation methods normally give an approximation to the stationary distribution
of the original process, our interest lies in identifying the situations where the approximation is exact,
except for a normalizing constant.

In the context of this paper, we consider as a truncation a finite set of copies { f1, .. ., f,}, as described
in (4.2). By Corollary 4.3, if the copies f; : 1 <i < h are node balanced with respect to the kinetics and
a measure y, then yu is a stationary distribution of the truncated process, up to normalization. We are
interested in understanding whether u is also equal to a stationary distribution of the original process, up
to normalization. A consequence of Theorem 4.5 is that this happens if the truncated state space is large
enough and the kinetics have product form, a generalization of mass-action kinetics. Unfortunately,
in this case and still by the same theorem, we have that u is a complex balanced measure. Hence, we
knew already that u is proportional to (3.1) by Theorems 3.2 and 3.4, so the application of truncation
methods is not useful. In future works, we will identify exact approximation via different truncation
methods related to copies and avail the exact stationary distributions of models that are not complex
balanced.

The second important consequence of our results, mainly from a theoretical point of view, is that
we have a further characterization of complex balancing given by Theorems 4.4—4.7.

6. Proofs

6.1. Deficiency theory

The main idea behind the proofs in this section is based upon classical notions of deficiency theory
which we will briefly introduce here. We start with giving the definition of deficiency, first given
in [13].
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Definition 6.1. The deficiency of a reaction network G = (S, C,R) is the number 6 = m — { — dim S,
where ¢ is the number of connected components of the directed graph (C, R) and S is the stoichiometric
subspace of G.

The following geometric interpretation will be used in our proofs: let {e,},cc be the canonical basis

of R™, where each coordinate is univocally associated with a complex. Further, define d,_,, = e, — e,
fory — y € R. Let D = span(d,—,, : y — Y’ € R). Itis proven in [12, 13] that dim D = m — {. Then,
the space D is linearly isomorphic to S if and only if 6 = 0. Specifically, consider the homomorphism
¢: R"™ —» R”

e

oy 6.1)
: .

Fory — y" € R, we have ¢(dy—,y) =y —yand ¢p: D — § is thus a surjective homomorphism.
Therefore,
dimKergp =dimD-s=m—-{—-s5=0, (6.2)

which implies that ¢ is an isomorphism if and only if ¢ = 0. It further follows that the deficiency is a
non-negative number.
The following classical result is proven in [12,13].

Theorem 6.1. Let (G, KP) be a deterministic mass-action system. If G is weakly reversible and its
deficiency is zero, then (G, K?) is complex balanced for any choice of rate constants.

6.2. A new model
Consider a stochastic reaction system (G, Kf o) With G = (S,C,R) and Kf, p as in (2.7). We will
follow an idea first proposed in [21], and consider the reaction network G = (S, C,R) with
S=8SUA, :yeC}, C={y+A,:yeC}, and R={y+A, >y +A, : y—>y eR}). (6.3
It follows from the construction above that G is weakly reversible if and only if G is weakly reversible.
Moreover, the following holds.
Lemma 6.2. The deficiency of G as defined in (6.3) is zero.

Proof. Consider the linear homomorphism ¢ as defined in (6.1), for the reaction network G. Since the
vectors associated with the complexes y + A, are linear independent, ¢ is an isomorphism and as a
consequence the deficiency of G is 0.

We associate G with a general mass-action kinetics Kf 5 such that the rate of any reaction y + A, —
Y +Ay € R is of the form

Kzé(y +A, > Y + A u) = KLy = ¥)(0us,  forall (x,u) € ZLy x Z2%,.
The following is the key result of this paper, on which the proof of the other main theorems are based
on.

Theorem 6.3. Let (G, Klf o) be a stochastic reaction system with Kf g as in (2.7). Let u be a o-finite
measure on Z.,,. Define (" as the set of pairs (x,y) € Z%, X C such that there exists an active, injective
copy f of G that is node balanced with respect to (K;z o> M), satisfies f(y) = x, and fulfils f(C) C supp u.
Let R be a subset of reactions whose reaction vectors form a basis of S. Assume that
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1) there exists X € Z, such that (X,y) € Y for all y € C;

Kk

2) for all y* — y** € R\ R, there exist a sequence of (potentially repeated) reactions {y; — ylf}f.’:1
contained in {y* — y**} U R such that

(a) y* =y =y1 =y
(b) Y (v, —y) =0
(c) forall j=0,1,2,...,h—1 we have

J
[)AC + Z(y: —)’i),)’j+1] €.
P

Then, the deterministic mass-action system (G, K?) is complex balanced.

Proof. Consider (x,e,) € Z., X ZZ,. If x > y, then any reaction of the form y + A, — y’ + A, can take
place and move the process_ from (x, ey) to (x +y" —y,ey). From x > y it follows that x +y" —y >y’
hence at (x + )" — y,ey) any reaction of the form y’ + A, — y” + A, can take place and move
the process to (x +y” — y, ey ), and so on. Since G is weakly reversible it is possible to eventually
return to the original state (x, e,), and the closed irreducible set containing (x, e,) is precisely given
by {(x +¥ —y,e5) : y € Cy}, where C, denotes the connected component of (C, R) containing y. We
denote the closed irreducible set containing (x, e,) by I'i... Of course the notation is not bijective:
for example if x > y then I = F(Hy,_y,ey,). If (x,y) € T, then be definition there exists an active,
injective copy f of G that is node balanced with respect to (K,i g M) and that satisfies f(y) = x. Hence,
by definition of node balancing, for all j € C, we have

POHT =D Aop(x+F=y) = D ple+y = )Aesx+Y =),
Y €C:H—y eR y'eC:y’—yeR

which implies

Z ux+y— y)/lj'+A}~,—>y/+Ay/ (x+y—y,e5)
Y EC:I+A; >y +Ay eR

= Z X+ Y =N Ayia, yea (X +Y =y, ep).
y eC:y’ +A}" —>)~/+A5)€ﬁ

Since I'(.,) 1s finite, it follows from the equation above that u restricted to I', . is proportional to
the unique stationary distribution of (G, KS 5 Wwith support I'. ). Since G has deficiency zero by
Lemma 6.2 and is weakly reversible because G is weakly reversible, by Theorems 6.1 and 3.1 we

have .
- |
O +3 =) = Mueiae' | | 5. 6.4)
L 0i())

where (¢, ) € R, x RY is a complex balanced steady state of &, KP) and M., is a proportionality
constant depending on the closed irreducible set I'i.,), hence the notation is not bijective and M, =
M 315y forall y € C,.
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We now want to show that there exists a vector ¢ € RZ, such that

Ca;

=& forally —y €R. (6.5)

CAy

First, note that (6.5) holds forally — y" € R, because it is equivalent to
(/' —y)" logé =logcs, —logcs, forally—y e R.

The latter has a solution because the reaction vectors of the reactions in R are linearly independent.
If y — y € R\ R then by hypothesis there exists a sequence of reactions {y; — y: }ﬁ’:] contained in

{y = y’} UR such that y; — Yy =y—y and

J
X+ Z()’; -y, yj+1|€T.
P

forall j =0,1,2,...,h— 1. Hence, it follows from y" — y + Z?zl(y; —y;) = 0 and from applying (6.4)

recursively that

My = Mgoyyisth ooy
Ca, Ca,
_ Yh-1 M ; _ Yh-1 M et
- é ()?+y'—y+2,-l:1(yf—yi),y},,l) - ° E+y' =y+ 25, (Y,{_YI)’yh—l)
A)'l A)’]
Ca, Ca, Ca, Ca,
Y ) M i R ) M i
= —EA Zn G4y =y + 205 0=y, —EA Zn Gy =+ 2 0=y yn-2)
Y1 Yh—1 Y1 Yh—1
h EAV/.
= e e e — A !
- - M(x,yl) G
i=1 A)‘i

As a consequence,
h Cy,

n EAyi. =1

i=1

If y — ) appears « times in the sequence {y; — y/}i,, and all other reactions § — ' appear S;_y

times, then
iy

C CAs @ ’ ’
Ay — | | ( Ay ) — 6._%2;4;/5&5}%}'0’ -y) — é\y -y

Cay

5/—)5/’67?
Hence, (6.5) is proven. For all y € C we have (%, y) € T, which implies
P4y = D plr+y =)y s(x+Y =),
yeC:y—y' eR y'eCy' —yeR

By substituting the expressions for the transition rates and u (over the image of node balanced copies)
and by simplifying we obtain

CA ’ ’
X _ Y Xx+y' =y
C Ky_>y/ = E —C Ky’—)y

C
yeC:y—y eR y'eCy' —»yeR Ay
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which by (6.5) implies

n n
D k| J@ey = T ke[ e,
i=1 i=1

Y eCy—y eR Y eC:y' —»yeR

hence a positive complex balanced steady state exists for (G, K?), which concludes the proof.

6.3. Proof of Theorem 3.4

By Theorem 3.2 we already know that if (G, K?) is complex balanced, then there exists a o-finite,
positive, stationary measure for (G, K KS o) given by p as in (3.1). Checking that u is complex balanced is
not difficult, since by substituting the reaction rates with (2.7) and u with (3.1), Eq (3.2) simplifies to

Z Ky—y = Z Cy,_yKy’—w’
yeC:y—yeR YeC:y —yeR
which holds because (G, K”) is complex balanced.

Conversely, assume a o-finite, positive, complex balanced measure for (G, Kf, o) exists. Then, all
copies of G are node balanced with respect to (G, K,i o) by Theorem 4.4. Moreover, since u is positive
then for all copies f of G we have f(C) C suppu. Hence, the proof is concluded by Theorem 6.3 by
choosing % € Z, large enough.

6.4. Proof of Theorem 4.5

It follows from Theorem 4.4 that (3) implies (1) for any M,. Moreover, the existence of a positive
complex balanced measure implies that G is weakly reversible [23, Theorem 4.4] hence Z is union
of closed irreducible sets [36]. As a consequence, the existence of a closed irreducible set asin (2) is
implied by Theorem 4.4 for any M,.

Conversely, since p is positive, it is always possible to choose M| large enough such that all injective
copies intersecting [0, M;]" being node balanced with respect to (K,i o) implies that the assumptions of
Theorem 6.3 are satisfied. Hence, for large enough M, (1) implies that (G, K?) is complex balanced.
In turn, this implies that u is proportional to (3.1) on every closed irreducible set because the model is
non-explosive by Theorem 3.3 (hence all stationary measures are proportional to each other on every
closed irreducible set by standard Markov chain theory [33]). By substituting the reaction rates with
(2.7) and u as proportional to (3.1), Eq (3.2) simplifies to

Z Ky—y = Z Cy/_y’(y’—w’
YeC:y—y eR yeC:y —yeR
which holds because (G, KKD ) is complex balanced.

Similarly, since u is positive, all injective copies in a closed irreducible set with large enough states
being node balanced with respect to (Kf, ,) implies that the assumptions of Theorem 6.3 are satisfied.
By following the same reasoning as above, this implies (3) and concludes the proof.
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