Dynamic System Properties of
Biochemical Reaction Systems

Balazs Boros

Thesis for the Master of Science degree in Applied Mathematics at
Institute of Mathematics, Faculty of Science,
Edtvos Lorand University, Budapest
and
thesis for the Master of Science degree in Mathematics at
Department of Mathematics, Faculty of Science,
VU University Amsterdam, Amsterdam

vrije Universiteit amsterdam

May, 2008



Advisors:

Gyorgy Michaletzky

Institute of Mathematics, Faculty of Science,

Eo6tvos Lorand University, Budapest

André C.M. Ran

Department of Mathematics, Faculty of Science,

VU University Amsterdam, Amsterdam

Jan H. van Schuppen

Centrum voor Wiskunde en Informatica

(CWI,; research institute for mathematics and computer science),
Amsterdam;

Department of Mathematics, Faculty of Science,

VU University Amsterdam, Amsterdam

ii



Contents

Preface
1 Introduction
2 Notations

3 Biochemical reaction systems
3.1 Purposes of the modelling of a biochemical reaction system . . ... ... ..
3.2 Biochemical reaction networks . . . . . .. ... L L oo

3.3 Biochemical reaction systems . . . . . .. ... .. L oL

4 Preliminaries on graphs
4.1 Directed graphs . . . . . . . ..
4.2 The incidence matrix . . . . . . . . . . .. e

4.3 Circulations . . . . . . . . e

5 Deficiency
5.1 Imtroduction . . . . . . . . . .. L
5.2 Linkage classes . . . . . . . . .
5.3 Deficiency of a reaction network . . . . . . .. ... oL Lo

5.4 Deficiency of a linkage class . . . . . . .. .. . oL

6 Dynamic system properties of biochemical reaction systems
6.1 Forward invariance of the positive and the nonnegative orthants. . . . . . . .
6.2 Stoichiometric classes . . . . . . ...
6.3 Forward invariant sets on the boundary of the nonnegative orthant . . . . . .
6.4 Interior equilibria . . . . . . . ... L L
6.5 Boundary equilibria . . . .. ..o
6.6 Stability . . . . ...

6.7 Periodic solutions . . . . . ... L
7 Concluding remarks

Bibliography

iii

13
13
15
16

21
21
22
22
25

29
29
32
33
39
47
53
99

61

63



iv



Preface

I had been working on this master thesis in Amsterdam between September 2007 and May
2008. The thesis is submitted to both the Institute of Mathematics at E6tvos Lorand Uni-
versity in Budapest and the Department of Mathematics at VU University Amsterdam in
Amsterdam.
I would like to thank Jan H. van Schuppen for the fruitful discussions we made during
the time I had been working on the master project. It has been a pleasure to work with him.
I am also thankful to Gyorgy Michaletzky, André C.M. Ran, and Jana Némcova for their

many valuable comments on the manuscript of this thesis.



vi



Chapter 1

Introduction

The functioning of a cell is driven by biochemical processes. For their detailed study, we
model the individual chemical reactions and integrate them into a reaction network. There
is a difference between ordinary chemistry, anorganic chemistry, and biochemical chemistry,
organic chemistry. In biochemistry the reactions are catalyzed by enzymes which are very
large molecules on which small molecules are assembled into larger ones. This makes bio-
chemistry different from ordinary chemistry.

Mathematical models of biochemical reaction networks have been investigated for many
decades. Nowadays, as the genome is known, there is a reinforced interest into mathematical
models of the biochemical reactions of the cell. The attention has been focused mainly on
the dynamic system properties of a biochemical reaction system such as investigating the
set of equilibria, the stability properties of equilibrium points, and periodic trajectories.
Accordingly, control theory of biochemical reaction networks is also gaining interest. This

introductory text is based on [12].

The objective of this thesis is to provide an introduction to the basic known facts about
the theory of biochemical reaction systems. In most cases, detailed proofs are presented.
These proofs often use a different approach than it is common in the literature. We also
extend some of the results.

After a short chapter on notations, the model of a biochemical reaction system is intro-
duced in Chapter 3. This model consist of a biochemical reaction network and of a kinetics
on it. We shall consider a continuous-time model in which the state of the system will be the
instantaneous concentrations of the chemical species included in the model. The evolution
of the species concentrations in time is governed by an ordinary differential equation. As we
shall see, the model also includes a directed graph. Several dynamic system properties are
direct consequences of certain properties of that graph. Therefore basic concepts of graph
theory such as the incidence matrix and circulations are useful to introduce. Hence, Chap-
ter 4 will serve as a detailed summary on the needed notions of graph theory. It is more
convenient to discuss properties of biochemical reaction systems by using the terminology
of graph theory.

As we shall see, an integer number can be associated to each reaction network. This
number is called the deficiency of the network. As it will turn out, the deficiency has an
important role in the dynamic behaviour of a reaction system. For instance, in case of a spe-

cial kind of kinetics, if the deficiency is zero then the set of equilibria has a nice structure.



Namely, each positive stoichiometric class contains exactly one interior equilibrium point.
Moreover, in this case, asymptotic stability of equilibrium points relative to stoichiometric
classes can also be proven. It turns out that the existence and uniqueness of interior equi-
librium points in positive stoichiometric classes can be extended to a considerable wider
class of systems. At the same time, the stability property does not remain valid. Chapter 5
therefore deals with the notion of deficiency. We present three definitions for the deficiency
of a reaction network and we show that those three notions coincide. It is depending on the
situation which definition of these three is the most convenient to use.

One can be interested in the long term behaviour of a biochemical reaction system.
Chapter 6 summarizes the basic known facts about it. From Section 6.1 till Section 6.3 we
deal with forward invariant sets for the differential equation that governs the evolution of
the system in time. In Section 6.4 and Section 6.5 we examine the set of equilibria for that
differential equation. The latter section contains a construction of a new system from the
original one. The connection between these two systems allows us to reduce questions about
the set of boundary equilibria to the investigation of the set of interior equilibria. Then we
investigate stability properties of equilibrium points and also convergence of solutions of
the above mentioned differential equation in Section 6.6. We conclude Chapter 6 by a short
section on periodic solutions.

Chapter 7 serves as a brief summary on the contributions of this thesis to the theory of

biochemical reaction systems. We also mention possible directions of further research.



Chapter 2

Notations

In this chapter we introduce notations, which are then used throughout the thesis.

Denote by Z the set of integers. Let p, q € Z. Define the set p,q by
Pg={keZ|p<k<gq}

Denote by R the set of the real numbers. We refer to Ry = {z € R | z > 0} as the set of
positive real numbers and to R>g = {x € R | > 0} as the set of nonnegative real numbers.

Let n be a positive integer. Then the functional (-,-) : R™ x R™ — R is the scalar product
defined by

(x,y) = szys for z,y € R™.

s=1

Orthogonality in this thesis is always understood with respect to this scalar product. Let
|z| = \/(z,z) for x € R". Define the positive orthant R’} and the nonnegative orthant R%
by

R}Y = {zeR"|z;eR; forall sel,n} and

% = {zeR" |z, € Ry foralls el n}

Note that if the topology on R™ is defined by the above scalar product then RZ is closed
and its interior is R . Denote by Rfj the boundary of RZ. Note that

Rf = RY,\R} = {z € RY, | there exists s € T,n such that z, = 0}.

Clearly, R% is the disjoint union of RY} and Ry.
Define the distance between x € R™ and H C R” by

dist(z, H) = inf{|z — h| | h € H}.

If A is any matrix then A; ., A. ;, and A; ; denote the 7th row, the jth column, and the
(4, 7)th element of A, respectively.

The function sgn : R — {—1,0, 1} is the sign function (sgn(x) = 1 for x > 0, sgn(z) = —1
for x < 0, and sgn(0) = 0).

The empty sum is always defined to be zero.






Chapter 3

Biochemical reaction systems

In this chapter we introduce the concept of a biochemical reaction system. Properties of

such systems are then investigated in the subsequent chapters.

3.1 Purposes of the modelling of a biochemical reaction

system

This section is based on [12]. A mathematical model of the dynamic behaviour of the chemical
species in a cell is needed. The purposes of the model are to evaluate the behaviour of the
chemical reaction network; to determine the dynamic system properties of networks such
as the existence of an equilibrium point, the uniqueness or the multiplicity of equilibrium
points, local or global asymptotic stability of equilibrium points, periodic trajectories; and
to analyse control of such networks for rational drug design or for biotechnology. The subject
of this thesis is to investigate these properties, except the control theoretical aspects, which
are not discussed here.

The exposition of Section 3.2 and Section 3.3 is based on the formalism developed by M.
Feinberg, F.J.M. Horn, and R. Jackson [5, 6, 7] and follows quite closely the paper of M.
Feinberg, [5].

3.2 Biochemical reaction networks

Before we introduce biochemical reaction networks, we need to introduce several related
notions and terminology.

Consider chemical species also referred to as chemical substances of chemical compounds.
We shall refer to chemical species as species. Let A be a nonempty finite set of species. Let
n = | A|. Denote the elements of A by the symbols Ay,..., A,.

We shall use the notations A = {Ay,...,A4,} and 1,n = {1,...,n} interchangeably.

Accordingly, the notation s € A is also used, where s € 1,n.

A chemical complex or complex consists of species. More precisely, one can specify a
complex by associating nonnegative integer numbers to each species. Those numbers are
then called the stoichiometric coefficients. In other words, a complex can be specified by
an n-tuple (p1,...,pn), where ps is a nonnegative integer for all s € 1,n. One can then

refer to a complex as py Ay + -+ + pr,A,. However, we do not display those species in this



notation, for which the stoichiometric coefficient is zero. For example, if n = 3 then the
complex associated to the triple (3,2,0) is 34; + 2As. The complex associated to (0,...,0)
is called the zero complez. One can refer to the zero complex by the symbol 0. The practical
utility of allowing the zero complex in the model is described in [5]. The set of complexes
is denoted by C, which is assumed to be a nonempty finite set. Denote by ¢ the number of
complexes. The complexes are denoted by the symbols C1, ..., C.. One can use the notation
Ci;=p1A1+---+pnA, (i €1,c). In this case we shall say that the stoichiometric coefficient
of the species A in complex C; is p, (s € 1,n).

We shall use the notations C = {C1,...,C.} and 1,¢ = {1,...,c} interchangeably. Ac-

cordingly, the notation i € C is also used, where i € 1, c.

We assume that if i and j are distinct elements of the set 1, c then there exists s € 1,n
such that the stoichiometric coeflicient of species As in C; and in C; are not the same.
Roughly speaking, it means that complexes are listed only once.

To define reaction networks, another object is needed. An ordered pair of complexes is
called a reaction. If (C;, C;) is a reaction for some 4,5 € 1,c¢ then we say that complex C;
reacts to become C;. In this case, C; and C; are called the reactant and the product of
the reaction (C;, C;), respectively. The set of reactions is denoted by R and assumed to be

nonempty. The number of reactions is denoted by m. We also assume that if ¢ € 1, ¢ then

(Ci,Ci) ¢ R. So
D#£RC(CxCO\{(C;,C;)eCxC|ieT,c}

We also assume that for every C; € C there exists C; € C such that at least one of the
ordered pairs (C;, C;) and (Cj, C;) is an element of R. This means that if a complex is not
involved in any of the reactions then that complex is not part of the model.

We often write (4, j) instead of (C;, C;).

We are now in the position to define what we mean by a biochemical reaction network.

Definition 3.2.1 A biochemical reaction network is a triple (A,C,R) of three nonempty
finite sets, where A is the set of species, C is the set of complexes, and R is the set of

reactions as described above.

By reaction network and network we always mean biochemical reaction network.

An example for reaction network follows.

Example 3.2.2 Let the set of species be A = {A;,..., Ag}. Let the set of complexes be
C ={C,...,Cr}, where

Ci=A14+A;, Cyo=A43, C3=A4+ A5 C4= A,

05:2141, 06:A2+A7, and C7ZA8~

For instance, the notation Cg = Ao + A7 means that the stoichiometric coefficient of both
species Ao and A7 in complex Cg is 1. The stoichiometric coefficients of other species in
complex Cg are zero. As another instance, the stoichiometric coefficient of species A; in
complex Cj is 2, while stoichiometric coefficient in complex C' is 0 for the other species. Let

the set of reactions be

R—{ (01702)a(02’01)’(02’03)7(03704)7(04703)7 }

(3.1)
(Cs, Cs), (Cs,C7), (C7, Cs), (C7,C5)

6



Note that n = 8,¢ =7, and m = 9 in this example. ]

Reaction networks can be visualized using reaction schemes. One can represent complexes
in a figure and indicate reactions by arrows. As an example, the reaction scheme of the

reaction network in Example 3.2.2 is displayed in Figure 3.1.

A1+A2 — A3 —_— A4+A5 Pu— A@

241 ——  As+ Ar

N

Figure 3.1: Scheme of the reaction network in Example 3.2.2

A convenient way to specify the set of complexes is to provide an n x ¢ matrix whose
entries are nonnegative integers. Denote this matrix by B. The matrix B € R™*¢ is called
the matriz of complezes. Using the introduced terminology, B, ; is then the stoichiometric
coefficient of species A, in complex C; (s € 1,n,i € 1,c¢). The fact that complexes are listed
only once can be expressed in terms of the B matrix by requiring that if 4,5 € 1,c and i # j
then B.; # B. ;. We remark that if the zero complex is involved in the network then one of
the columns of B has only zero entries.

The matrix of complexes for Example 3.2.2 is

(1.0 00 2 0 0]
1000010
0100000
B[00 1000 0| pae
0010000
0001000
0000010
L0000 O0O0 1]

Sometimes the assumption that no row of B vanishes is made for convenience [10]. This
would mean that if a certain species is not involved in any of the complexes then that species
is not considered to be part of the model. However, we do not make this assumption in this
thesis.

The notations and terminology introduced in this section are used throughout the thesis.

3.3 Biochemical reaction systems

The notion of biochemical reaction networks was defined in the previous section. However,
it was not discussed how exactly the complexes become other complexes. In other words,
the dynamic evolution was not yet investigated.

Consider a biochemical reaction network (A,C,R). Let us represent by the vector z €
RZ, the concentrations of the species in a biochemical reaction network. The sth coordinate
ofix, T, represents the concentration of the species Ay (s € 1,m). A continuous-time model

will be considered, where the species concentrations are changing in accordance with a
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differential equation. We are interested in the evolution of the species concentrations in time.
A vector z € R™ denotes then the state of the biochemical reaction system. Accordingly, the
linear space R is called the state space of the biochemical reaction system. Note however
that we are always interested in nonnegative states, because the coordinates of the vector
x are representing species concentrations. The notion of a biochemical reaction system is
defined below.

It will be useful to introduce the following notation. Let = € R™. Denote by supp(z) the

set
supp(z) = {s € Ln | z; # 0}.

Recall that B € R™*¢ is the matrix of complexes.

Definition 3.3.1 Let (A,C, R) be a biochemical reaction network. Let (i,7) € R. A locally
Lipschitz continuous function R(; ;) : R — R is called a rate function of the reaction (4, j)

if the properties

R(; jy(w) > 0 if and only if supp(B. ;) C supp(x) (3.3)

)

hold for all x € RY,. The value R; j)(z) of R(; ;) at x € RY is called the reaction rate of

reaction (Z,7) at .

An example of a rate function is the following. Let (i,7) € R. Define the function

R(i,j)(x) _ K(i’j)‘xl‘Bl,i|x2|B2,i .. ‘xn|Bn,i = K ) H |$S|Bs,i (3.4)
s=1

for x € R", where k(; ;) > 0. The positive number £, ;) is called the rate constant of the

Y is considered to be 1 for all z > 0. One can easily check that the

reaction (4, j). The power 2z
above defined function is indeed a rate function in the sense of Definition 3.3.1. The local
Lipschitz continuity is guaranteed by the fact that the entries of B are nonnegative integers.

We are now in the position to introduce the notion of a biochemical reaction system.

Recall that m denotes the number of reactions.

Definition 3.3.2 Let (A,C,R) be a biochemical reaction network. Let R : R" — R™ be
any function. Assume that the coordinate functions of R are indexed by the set of reactions.
m):R"HRisa

rate function of the reaction (7, ) in the sense of Definition 3.3.1 for all (4,j) € R.

The quadruple (A,C, R, R) is called a biochemical reaction system if R

By reaction system and system we always mean a biochemical reaction system.

A reaction systems is called a mass action system if the coordinates of R are defined by
(3.4).

We introduce now the differential equation that governs the evolution of species con-
centrations in time, in other words we introduce the kinetics of a biochemical reaction system.
We remark at this point that if one understands a differential equation automatically to be

a scalar one then the precise terminology in our case would be to speak about system of

8



differential equations. However, we shall use the term differential equation even when it is
not a scalar one, but a system of scalar differential equations.

Consider a reaction system (A, C, R, R). Recall that B € R™*¢ is the matrix of complexes.
We shall consider a model in which the species concentrations are evolving in accordance

with the autonomous differential equation

= f(z) = Z R j)(2)(B.; — B.i) (3.5)

(i,7)€ER
with state space R™. Note that f : R™ — R™ in (3.5) is locally Lipschitz continuous. This is
guaranteed by the fact that a rate function is assumed to be locally Lipschitz continuous.
Hence, for all ¢y € R and for all £ € R™ there exists a maximal open interval J(tg,£) C R
containing to and there exists a unique differentiable function ¢(-;tp,§) : J(to,€) — R,

which satisfies

B(5t0,€) = f(d(5t0,€)), (tosto, &) =&

Because (3.5) is autonomous, one can assume without loss of generality that the initial
time ¢o is 0. Hence, let tg = 0 from now on. Denote by J(&) the interval J(0,¢). For the
sake of convenience, denote by J4(§) and by J>((§) the intervals J(§) NRy and J(§) NRxq,
respectively. Similarly, let us denote by ¢(-;€) the function ¢(-;0,&).

As the introduced differential equation describes the evolution of species concentrations,
we are always interested in solutions with initial value in the nonnegative orthant. We shall
show in Section 6.1 that no solution starting from £ € RZ, can leave the nonnegative
orthant. This means that the mathematical model of a bioche;nical reaction system satisfies
the qualitative property that no species concentration can become negative.

We now give a short explanation on the assumptions imposed on the rate functions. Let
(¢,7) € R. The local Lipschitz continuity is made to guarantee the existence and uniqueness
of the solution of (3.5) for every initial value. Further conditions are imposed on the re-
striction of the rate function R(; ;) to the nonnegative orthant RY,. The function R; j ‘Rﬁo
describes how the instantaneous occurrence of reaction (i, j) depends on the instantaneous
concentrations. This explains why the values are assumed to be nonnegative. Condition (3.3)
expresses that the occurrence of reaction (i,j) is positive if and only if all the ingredient
species of the reactant complex C; are actually present in the system (i.e. their concentra-
tions are positive). Conditions (3.2) and (3.3) are the ones that are imposed on the rate
functions in [5]. It is stated in [5] that for particular purposes one should consider a different
class of rate functions. Rather, these conditions are regarded as the natural ones that are
likely to be respected by a wide variety of kinetic models.

We provide now further explanation on the differential equation (3.5). Let s € 1,n.
Consider the sth equation in (3.5):

#o=fu(@) = > Riy(@)(Bs; — Bai), (3.6)

(i,7)ER
for x € R™. The subindex of f indicates the corresponding coordinate function. Thus i
equals to the weighted sum of the reaction rates at x over the set of reactions. The weight
for (7,j) € R is the difference between the stoichiometric coefficients of A, in the product
complex C; and in the reactant complex C;. Suppose now that R(; j)(z) > 0 for some
z € RY,. Then the sign of R jy(x)(Bs,j — Bs,;) equals to the sign of By ; — B ;. Therefore

9



the concentration of the species A, in that individual reaction increases, decreases, or does
not change, respectively to the sign of B, ; — B, ;.

Another form of (3.5) is useful to introduce. Recall that m denotes the number of elements
of the set of reactions R and the coordinate functions of the function R : R* — R™ are
indexed by the reactions. Let ¢ : R — 1, m be a bijection. Define S € R**™ by

S.,k = B.,j — B.ﬂ‘

for k € 1,m, where ¢(i,j) = k. The matrix S is called the stoichiometric matriz. Denote
the range of S by §. The linear space S is called the stoichiometric subspace. If we label the
reactions in Example 3.2.2 according to (3.1) then the stoichiometric matrix S € R8*9 in

that example is

-1 1 -2 0 0 2

-1 1 1 -1 1 0

1 -1 -1 0 0 0

g_| 0 0 1 - 0 0 0
0 0 1 -1 1 0 0 0

0 0 0 1 -1 0 0 0

0 0 0 1 - 1 0

L 0 0 0 0 1 -1 -1 |

One can now easily see that (3.5) can be written equivalently in the form
=S8"R(z). (3.7)

We remark that (3.7) allows us to reduce the dimension of the state space of the reaction
system. Assume that the s*th row of S is a linear combination of the other rows of S for

some s* € 1,n:
Sex. = Z asSs,.,

sel,n\{s*}

where ag € R for s € 1,n\{s*}. Let £ € R be the initial value of (3.7). Then
b= Y g,

sel,n\{s*}

and hence there exists d € R such that
P (t§§) - Z as¢s(t;§) =d
seln\{s*}

for all t € J(£), where the subindex of ¢ indicates the corresponding coordinate function.

The constant d equals to

¢ (0:8) = D ebu(0;) =6 — > ke

s€ln\{s*} se€T,n\{s*}
After one has the constant d, it is possible to write for s € 1,n\{s*}
Ts=fs |21, .., xsx_1, | d+ Z 5Ts | ,Tsr g1,y Ty
se€ln\{s*}

10



A new differential equation with state space R"~! can thus be obtained. Clearly, if one has
established certain dynamic system properties of the new differential equation then direct
consequences for the original system can also be derived. Using this procedure successively,
one can reduce the dimension of the state space of the system to rank S. However, we will
not consider this reduction in this thesis, we shall examine the differential equation in its
original form.

We conclude this section by introducing another equivalent form of (3.5) in case of mass
action systems. This form is then not used later in this thesis, but it is worth to mention
that one can also investigate dynamic system properties using this new form. This way is
followed in [10].

Recall that the rate functions are defined by (3.4) in case of a mass action system. Note
that for mass action systems the rate functions R; ;) and R(; ;,) differ only in the constants
k(i) and K ) ((4,51), (4, j2) € R). In other words, if two reactions have the same reactant
complex then the rate functions corresponding to those reactions satisfy the equality

1 1

i) = ——Rijn)-
K(ign) (4,41) K(ida) (4,52)

Define the diagonal matrix G' € R®<¢ by

Gii= Y. Ky
(i",5")eR

’
=1

for i € 1, c. Define G € R*¢ by

Gi o ’i(j,i)a if (]72) € Ra
! 0, if (i) ¢ R

for i,j € 1, c. Define the function ©p : R" — RS, by

Bs,l

H::l |zs
@B($> = .

HZ:1 |358|BS’C

for z € R™. It is casy to see that in case of mass action systems, S-R(z) = B-(G—G)-O5(x).

Hence, one can reformulate (3.5) as
i=B-(G-QG) 0p). (3.8)

Let i,j € T, ¢ such that i # j. Then (G — @), ; # 0 if and only if (j,7) € R. We remark
that one can define irreducibility of a square matrix in several equivalent ways. It turns
out that G — G is irreducible if and only if the directed graph (C,R) is strongly connected.
Directed graphs and related notions are discussed in Chapter 4. However, we do not discuss

in more detail irreducibility, because we will not use (3.8) later.

11
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Chapter 4

Preliminaries on graphs

In Chapter 3 the notion of biochemical reaction network is introduced. It is natural to
associate a directed graph to a biochemical reaction network. First we introduce the notion
of a directed graph and explain how can one relate a directed graph to a biochemical reaction
network. This graph will be called the graph of complexes.

In this chapter we introduce some well known concepts of graph theory. General reference
for these concepts is [9]. The terminology and results of this chapter are then applied to the

graph of complexes in the subsequent chapters.

4.1 Directed graphs

In this section we introduce the notion of directed graphs and also related notions to it. All
the definitions in this section are well known, they are collected here for the sake of complete-
ness. The definitions however are adjusted to the situation we have in case of biochemical
reaction networks. For instance, we do not consider infinite graphs.

Let V' be a nonempty finite set with ¢ elements. Let A be a nonempty family of ordered
pairs from V. Then the ordered pair D = (V, A) is called a directed graph, or digraph. The
set V is called the set of vertices of D and the family A is called the family of arcs of D.
The term family is used to indicate that the same pair of vertices may occur several times
in A. A pair occurring more than once is called a multiple arc. An arc of the form (i,14) is
called a loop (i € V). A directed graph is said to be simple if A does not contain any loop
or multiple arc.

In this thesis the term graph always refers to a directed graph.

Recall that the nonempty finite set C denotes the set of complexes of a biochemical
reaction network. Recall also that R denotes the set of reactions. The ordered pair (C,R)
is a directed graph in the sense of the above definition. This graph is called the graph of
complezes. Note that (C,R) is a simple directed graph. The terminology and results of this
chapter are applied to the graph of complexes. Hence, a directed graph in this chapter is
automatically understood to be a simple one. In case of simple graphs, one does not have
to use the term family. We shall always call A to be the set of arcs.

Let (V, A) be a directed graph. Let (¢,j) € A. Then ¢ € V is called the tail of the arc
(¢,7) and j € V is called the head of the arc (i, 7).

Directed graphs are often visualized in figures. One can represent vertices by points and

13



indicate arcs by arrows. The arrows are pointing from the tail of the arc to the head of the
arc. For reaction networks, these figures are called reaction schemes. For instance, the graph
of complexes for Example 3.2.2 is displayed in Figure 3.1.

In terms of graphs, that each complex of a reaction network is involved in at least one
reaction of the biochemical reaction network means that for all vertices there exists an arc
for which that vertex is the head or the tail. We also assume from now on that all the
considered graphs have this property.

Further terminology follows.

Definition 4.1.1 Let D = (V, A) be a directed graph. Let I > 0, ig,i1,...,4 € V, and
ai,...,a; € A. Then P = (ig,a1,i1,...,a;,14;) is called a directed walk between ig and i; if
ap = (ip_1,ix) for all k € 1,1. A directed walk between iy and i is called a directed path if
10,191, - - ., 1; are all distinct. A directed walk between iy and i; is called a directed circuit if

1o =11, l > 1, and 41,...,7; are all distinct.

Definition 4.1.2 Let D = (V, A) be a directed graph. Let | > 0, ig,i1,...,4; € V, and
ay,...,a; € A. Then P = (ig,ay,i1,...,a;,4;) is called an undirected walk between ig and
iy if ap = (ix_1,ix) or ap = (ix,ix_1) for all k € 1,1. The arcs ap with ap = (ix_1,4z) are
called the forward arcs of P and the arcs ap with ar = (i, ix—1) are called the backward
arcs of P (k € 1,1). An undirected walk between iy and i; is called an undirected path if
10,41, . ..,1; are all distinct. An undirected walk between iy and 4; is called an undirected

circuit if ig =14;, I > 1, and iy, ..., are all distinct.

Definition 4.1.3 Let D = (V, A) be a directed graph. The directed graph D’ = (V' , A")
is called a subgraph of D if V' CV and A’ C A. If V' = V then D’ is called a spanning
subgraph of D.

Definition 4.1.4 Let D = (V, A) be a directed graph. Then D is called connected if for all
1,7 € V there exists an undirected path between ¢ and j. The directed graph D is called
strongly connected if for all 4, j € V there exists a directed path between ¢ and j. A maximal

connected subgraph of D is called a connected component, or just a component, of D.

The term maximal in the above definition is taken with respect to taking subgraphs.

We remark that sometimes the terms weakly connected and weakly connected component
are used instead of connected and connected component, respectively. However, we avoid
these terms, because in Chapter 6 we introduce the notion of a weakly reversible reaction
network, which is defined in [5]. As we shall see, it would be misleading to use the terms
weakly connected and weakly connected component when speaking about biochemical reac-
tion networks.

It shall turn out later that the directed graphs, which have the property that all of its
components are strongly connected are especially interesting in the study of biochemical

reaction systems.

Definition 4.1.5 A directed graph is called a directed forest if there is no undirected circuit

in it. A connected directed forest is called a directed tree.
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4.2 The incidence matrix

The aim of this section is to introduce the notion of incidence matrix of a directed graph.
The main results of this section are two proposition about the rank and the range of an
incidence matrix. These propositions are then applied in Chapter 5.

Even though the content of this section is well known, we present also the proofs of the
statements, because the reader of this thesis may not be familiar with graph theory.

Let us start with the definition of the incidence matrix. Let D = (V, A) be a directed
graph. Consider V to be the set 1, ¢ for some positive integer c. Denote by m the number of

elements of A. Let ¢ : A — 1, m be a bijection.

Definition 4.2.1 Let us define the incidence matriz I € R*™ of the directed graph D =
(V, A) by

—1, if ¢g7(k) = (4,7) for some j € V,
Liry=1<¢ +1, ifqg 1 (k)= (j,i) for some j € V,

)

0, otherwise,
where i € 1,cand k € 1,m.

The following proposition contains the main observation that will be applied in the

proposition that establishes the rank of the incidence matrix.

Proposition 4.2.2 Let I be the incidence matrix of the directed graph D = (V| A). Then
the columns of I are linearly dependent if and only if the graph contains an undirected

circuit.

Proof Suppose that the graph contains an undirected circuit. Consider a linear combination
of the columns of the incidence matrix corresponding to this undirected circuit, where the
coefficients are 1 and —1 depending on whether the arc is a forward or a backward one of
that undirected circuit. Clearly, the result is the zero vector in R, hence, the columns of 1
are linearly dependent.

To show the converse direction, assume that the columns of I are linearly dependent. Let
us choose a nonempty linearly dependent subset of the columns (i.e. a subset of the arcs)
such that all its nonempty proper subsets consists of linearly independent vectors. Consider
a nontrivial linear combination of the chosen vectors, which results the zero vector. By the
above property, all the coefficients are nonzero. Consider the vertices, which are tails or
heads of at least one chosen arc. Then there exist at least two of chosen arcs for which these
vertices are heads or tails (by the nonzero coefficients). One can then easily construct an

undirected circuit. O
Denote by ¢ the number of connected components of D.

Proposition 4.2.3 Let I be the incidence matrix of the directed graph D = (V, A). Then
rank [ =c — /.

Proof Pick any linearly independent subset of the columns of the incidence matrix such
that adding any other column to that subset yields in a set of linearly dependent vectors.

The rank of the incidence matrix equals to the cardinality of such a set. By Proposition
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4.2.2, we get linearly independent columns of the incidence matrix exactly when we choose
columns for which the corresponding subgraph of (V, A) does not contain any undirected
circuit (i.e. it is a directed forest). Thus, to choose maximal number of linearly independent
columns is exactly to choose a directed forest, which is maximal among the directed trees,
which are spanning subgraphs of D. Clearly, the number of vertices and the number of
connected components of this chosen directed tree are the same as in D. This concludes the
proof, because the number of arcs in a directed forest equals to the number of vertices minus

the number of connected components. O

Due to the above proposition, rank I = ¢ — £. It is also possible to completely determine
the range of I. There is a natural way of enumerating the vertices and arcs. Let us assume
that D = (V,A) has ¢ connected components: D; = (Vi,41),Dy = (Va,As),..., Dy =
(Vi, Ag). Then V is the disjoint union of the sets Vi, Vs, ..., V; and A is the disjoint union of
the sets Ay, As, ..., Ag. Let ¢, = |V,.| and m,. = |A,| (r € 1,¢). Let us enumerate the vertices
and arcs according to these partitions and let us denote by I € R *"r the incidence matrix
of D, = (V;,A,) (r € 1,£). Then the incidence matrix I has the following block diagonal

form:
o -~ 0
2 ...
I = 0 0 e R en)x (X me)
0 0 ... If

We also write the incidence matrix I in the following form:
I=[L,1I,..., 1],

where I, € R*™r (r € 1,/).
It can be seen from these forms of the incidence matrix that

ranl =ranl; @ranly, @ --- B ranly,

where ran denotes the range of a matrix and the symbol & denotes direct sum. One can see
from these observations that it is enough to determine the range of the incidence matrix for
a connected graph. If D,. = (V,., A;) is connected then rank I"” = ¢, — 1 due to Proposition
4.2.3 (r € 1,£). The sum of the rows of the incidence matrix I” is the zero vector in R,
because all the columns contains an entry 1, an entry -1, and the other entries are zeros. This
means that ran I” is a linear subspace of the linear space {v € R : vy +va + -+ v, = 0}
(r € 1,£). But the dimensions of these two linear spaces are equal, thus these linear spaces

must be equal. Thus, we have proven the following proposition:

Proposition 4.2.4 The range of the incidence matrix I is
{’U € R° | UN,4+1 T UN, 42 + -+ UN,4¢, =0 for all r € W},

where N, = Y7 ¢; (r € 1, 0).

4.3 Circulations

In this section we introduce the notion of a circulation on a directed graph. As it turns out in

the subsequent chapters, this is a useful tool for examining some dynamic system properties
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of biochemical reaction systems. The notion of a circulation is standard in graph theory (see
e.g. [9]).

Let D = (V, A) be a directed graph and T'C V. Let us define the sets A5(T") and A,(T')
by

&
G
I

{(i,j) e AlieT,j € V\T} and

In words, an arc in As(7T) has its tail in T and its head in V\T'. Similarly, an arc in A,(T)
has its tail in V\T and its head in V. Clearly, As(T) = A,(V\T) and A,(T) = A;(V\T).
Let y : A — R be a function. Using the above notations, define §,(7") and o,(T") by

6y(T) = Z y(i,j) and

(i,7)€As(T)

oy(T) = > ylirj)
(4,7)€AL(T)
Clearly, 6,(T) = 0,(V\T) and ¢,(T) = 6,(V\T).
The symbol § will have a different meaning in the subsequent chapters. This will not
cause ambiguity, because notations of this section that are containing the symbol ¢ are not

used in those chapters.

Definition 4.3.1 Let D = (V, A) be a directed graph. A function y : A — R is called a
circulation if 6, ({i}) = o,({i}) for all i € V.

The requirement in the definition is called the conservation rule. Clearly, we have an
equivalent definition for circulation if we require that 6, (1) = o,(T) for all T'C V. An

example of a circulation can be found in Figure 4.1.

2

Figure 4.1: Example of a circulation

An important observation is the following proposition. Recall that I denotes the incidence

matrix of D = (V, A) and ¢ : A — 1,m is a bijection.

Proposition 4.3.2 Let D = (V, A) be a directed graph. Let y : A — R be any function.
Let us define the vector y € R™ by y, = y(g~t(k)) for k € T,m. Then y is a circulation if
and only if y € ker I.

Proof The statement is clear from the definitions of the incidence matrix and of a circu-
lation. O

As we shall see in the subsequent chapters, when examining equilibrium points of bio-
chemical reaction systems, ker I is of interest. Hence, the above observation about the con-

nection between the kernel of the incidence matrix and circulations on a directed graph
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allows us to use tools of graph theory when investigating the set of equilibria for a biochem-
ical reaction system. For this purpose, we work out statements about circulations.

For biochemical reaction systems, the elements of ker I for which all entries are positive
are the most interesting. Let us call a circulation to be a positive circulation if y(i,7) > 0
for all (i,7) € A. Clearly, if y is defined by y(i,j) = 0 for (i,5) € A then y is a circulation.
Call this circulation the zero circulation. Any other circulation than the zero circulation is

called nonzero circulation.

Theorem 4.3.3 Let D = (V, A) be a directed graph. Then there exists a positive circulation

on D if and only if all the components of D are strongly connected.

Proof Assume that there exists a positive circulation y : A — R4 on D. Let D' = (V' A')
be a connected component of D, which is not strongly connected. Then there exist ) # T C
V"’ such that A;(T) = 0 and A,(T") # (. Then, by the positivity of y, 0 = §,(T") = 0,(T) > 0,
contradiction. Hence, all the components of D must be strongly connected.

Assume now that all of the components of D are strongly connected. We shall show a
construction of a positive circulation y. If P = (ip,a1,%1,...,a;,%;) is a directed circuit then
let us define yp : A — R by

o 1, if (4,5) = ay for some k € 1,1,
yP(ZaJ) = .
0, otherwise

for (i,j) € A. Clearly, yp is a circulation. Since ker I is a linear space, linear combination of
circulations is a circulation due to Proposition 4.3.2. We assumed that all the components of
D are strongly connected. This means that for each (4,5) € A there exists a directed circuit
through (7, 7). Choose a set of directed circuits such that each (i,j) € A is covered by at
least one of the chosen directed circuits. For each directed circuit we define a circulation as
it was shown for P. Sum these circulations and the resulting circulation is clearly a positive

circulation. 0O

The preceding theorem tells us what property of a graph is equivalent to the existence
of a positive circulation on it. Another question is also arising when biochemical reaction
systems are examined. Which property of a graph can guarantee that there exists a positive
circulation y for which y(i,j1) = y(i, j2) holds for all (i,j1), (i,752) € A? In words, if two
arcs have common tail then the value of  on those arcs must be equal. It turns out that if
a positive circulation exists then a positive circulation with the above property also exists.
We shall show that this claim holds, moreover, a little more is also true.

Let us start with a well known proposition of linear algebra.

Proposition 4.3.4 If u,v € R’ are linearly independent vectors then the linear subspace

of R™ generated by u and v contains vectors with both positive and negative coordinates.

Proof Let us define the function g : R — R™ by g(A\) = v — Au for A € R. Let \; =
min{% | k € 1,m} and Ay = max{}* | k € 1,m}. The imposed requirements on u and v
ensure that 0 < A\; < Ay < 0o0. For any X\ € (A1, A2), g(}\) is in the linear subspace generated

by u and v, and has both positive and negative coordinates. |

It is not known to the author of this thesis whether the implication of Theorem 4.3.5 is

known or not.
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Let y : A — R be any function. If @ € R then define ay : A — R by (ay)(i,5) = a-y(i,7)
for (i,7) € A.

Theorem 4.3.5 Let us assume that D = (V, A) is a strongly connected graph. Let k : A —

R, be a given function. Then there exists a positive circulation y : A — R such that

y(i,g1) _ ylisga) (4.1)

k(i,j1) k(i J2)

for all (4, 41), (4, j2) € A. Moreover, if y : A — R is such a circulation then the set
{ay: A—->R|aeR.}
gives all the circulations with the above property.

Proof Note that A # () and the strong connectivity of D implies that for all ¢ € V there
exists a € A for which 7 is the tail of a. Let us fix ¢ € V. Assume that there are ¢; different
arcs in A with tail 4: (¢,71),...,(¢,Ji,) € A. Due to the first sentence of this proof, t; > 1.

Then there are t; — 1 homogeneous linear requirements of the form

y(i,51)  y(i,jw) (4.2)

r(i, 1) w(i, i)

for k € 2,¢;. It means that we have >, (t; — 1) = (3_,cy ti) — ¢ = m — ¢ homogeneous
linear equations. We also have c linear equations for a circulation from the incidence matrix
(see Proposition 4.3.2). So altogether we have (m — ¢)+c¢ = m homogeneous linear equations
for the m values of a circulation. But these conditions are linearly dependent, because the
sum of the rows of the incidence matrix is the zero vector in R™. It means that there exists
a nonzero circulation which satisfies condition (4.1).

The next step is to show that a positive circulation with the above property also exists.
Let y : A — R be a nonzero circulation which satisfies condition (4.1). Recall that the values
of Kk are positive. This implies that the value of y on arcs with common tail have the same
sign: sgn(y(i,j1)) = sgn(y(i,j2)) ((4,41), (i,52) € A). Let us define the sets V_, V, and V4
by

Vo = {ieV]y(i,j) <0 for arcs with tail i},
Vo = {ieV]y(i,j)=0 for arcs with tail i}, and
Vi = {ieV ]y(ij) >0 for arcs with tail ¢}.

Clearly, V is the disjoint union of V_, Vj, and V. Suppose that V_ # () and VUV, # 0. The
digraph D = (V, A) is assumed to be strongly connected, hence As(V_) = A,(Vo U Vi) # 0
and A,(V_) = As(VouV,) # 0. Then 0 > 0, (V) = 0,(V_) = 0, (VoUV,) > 0, contradiction.
(Note that the conservation rule was used for the set V_.) This means that either V_ = () or
VoUVy =0.If VouV, = 0 then V_ =V and —y satisfies all the conditions in the statement
of the theorem and we are done. If V_ = ) then V = V; U V. The set V. cannot be the
empty set, because y is assumed to be nonzero. If V # ) then As5(Vy) = A,(Vy) # 0 and
Ay,(Vo) = A5(Vy) # 0. Then 0 = 6, (Vo) = 0y(Vo) = 64(V4) > 0, contradiction. (Note that
the conservation rule was used for the set V4.) This means that Vy = 0 and V, = V. Hence,
y is a positive circulation.

It is clear from the previous paragraph that if a nonzero circulation y satisfies condition

(4.1) then either y or —y is positive.
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Pick now any positive circulation y that satisfies condition (4.1). Clearly, ay (o € R4)
also satisfies all the conditions in the statement of the theorem. Moreover, if we leave the
positivity requirement then circulations satisfying condition (4.1) constitute a linear space.
It remains to show that all the positive circulations satisfying condition (4.1) are positive
multiples of y. Suppose by contradiction that there exist two positive circulations y; and ¥
that satisfy condition (4.1). Suppose that y; and y; are linearly independent. Then y; and ya
satisfy the conditions of Proposition 4.3.4. This means that there exists a circulation which
has both positive and negative values and satisfies conditions (4.1). But this is not possible,

as we saw it in the previous paragraph of this proof. This concludes the proof. O

A similar statement to the above theorem also holds when the graph has more than
one component and each of the components is strongly connected. Recall that ¢ denotes
the number of connected components of D = (V, A). Let us denote by A, C A the set of
arcs in the rth connected component (r € 1,¢). Clearly, A is the disjoint union of the sets
Ay, Ay, ... A Ify : A — R is a circulation and » € 1,/ then let us define the circulation
yr: A — R by

N y(z,]), lf (Zvj) € AT7
yr(i,J) = e
0, if (i,7) € A\A,.

Clearly, y, is indeed a circulation on D = (V, A). The following theorem is an immediate

consequence of Theorem 4.3.5.

Theorem 4.3.6 Let us assume that all components of the graph D = (V, A) are strongly
connected. Let k : A — Ry be a given function. Then there exists a positive circulation
y : A — R such that

y(i, 1) y(i, jo)

k(i,71)  k(i,52)

for all (¢,41), (4, j2) € A. Moreover, if y : A — R is such a circulation then the set

¢
{ZaryT:AHR

r=1

a, € Ry for all r el,z}

gives all the circulations with the above property.

We conclude this section by a remark. Suppose that all the components of D = (V, A) are
strongly connected and the function x : A — R, in Theorem 4.3.6 is defined by x(i,j) =1
for (i,7) € A. Then the conclusion is that there exists a positive circulation y : A — R on

D such that the values of y are equal on arcs with common tail.
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Chapter 5

Deficiency

In this chapter we introduce the notion of deficiency. It turns out that this notion plays an

important role in the dynamic behaviour of biochemical reaction systems.

5.1 Introduction

Biochemical reaction systems are defined in Chapter 3. Let (A, C, R, R) be a reaction system.
Recall that n denotes the number of species, ¢ denotes the number of complexes, and m
denotes the number of reactions in the underlying biochemical reaction network. Recall also
the definition of the n x m stoichiometric matrix S. We repeat (3.7), the differential equation,

which governs the evolution of the system:
=S R(x). (5.1)

Having in hand the notion of the incidence matrix, the differential equation (5.1) can be
written in a new form. Namely, the stoichiometric matrix S can be written as a product of
two matrices. Recall that B € R™*¢ is the matrix of complexes. Denote by I the incidence
matrix of the directed graph (C,R). Then I € Re*™.

Proposition 5.1.1 The stoichiometric matrix is the product of the matrix of complexes

and the incidence matrix of the graph of complexes: S = B - I.

Proof Recall that ¢ : R — 1,m is a bijection. If ¢(i,j) = k then the kth column of I
contains an entry -1 in its ith row and an entry 1 in its jth row. The other entries in the
kth column are zeros. This means that the kth column of the product B -1 is B.; — B. ;.
The definition of S is the same. g

By Proposition 5.1.1, the differential equation (5.1) can be written in the form
i=DB-1-R(x). (5.2)

One can expect that certain properties of the matrices S, B, and I have crucial role in the
behaviour of the system. The notion of deficiency relates an integer number to a reaction
network via these matrices. Note that these matrices are determined by the underlying
reaction network of a reaction system. In other words, they are not depending on the precise
nature of the rate functions. In Chapter 6, assumption on the deficiency of the underlying

reaction network is often imposed.
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5.2 Linkage classes

Before introducing the notion of deficiency, we define the linkage classes of a biochemical
reaction network.

Let (C,R) be the graph of complexes. Denote by ¢ the number of connected components
of (C,R). Let the connected components be (C1,R1),...,(Cs, R¢). The sets Cy,...,Cp are
called the linkage classes of a reaction network [5]. Using this terminology, the linkage classes

for Example 3.2.2 are the sets
{Al + AQ, A3, Ag+ A57 Ag} and {21417 Ag + A7, Ag}

However, the author of this thesis proposes to call the components of (C,R) to be the
linkage classes of a reaction network. This seems to be more convenient, because then one
can speak about reactions in a certain linkage class. It also allows us to speak about graph
theoretic properties of a linkage class, for instance, one can say that a certain linkage class
is strongly connected. Applying this new terminology, the linkage classes in Example 3.2.2

are the connected graphs
Al +Ay — As — A4+ Ay — Ag

and

241 —— Ay + Ar

N

Throughout this thesis, we shall use the proposed new terminology.

Denote by ¢ the number of linkage classes. In Example 3.2.2, £ = 2.

Assume that the linkage classes are labeled by the elements of the set 1,¢. Let r € 1, £.
Then it is natural to introduce quantities for the rth linkage class. As it was already done
before, denote by C, and by R, the set of complexes and the set of reactions in the rth
linkage class, respectively. Using these notations, the linkage classes of a reaction network
are the directed graphs (C1,R1), ..., (C¢, Re). Denote by ¢, and m,. the number of complexes
and the number of reactions in the rth linkage class, respectively. Other notions, for instance
the stoichiometric matrix of a linkage class, are also useful to introduce, but this is done at

the moment when we first need them.

5.3 Deficiency of a reaction network

In this section we define the notion of deficiency for a reaction network. Alternative defini-
tions are also discussed.

Recall that ¢ denotes the number of linkage classes of a biochemical reaction network.
The following definition is due to M. Feinberg [5].

Definition 5.3.1 Define the deficiency of a reaction network as c—¢—rank S. Usual notation

for the deficiency is the symbol §.
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In Definition 5.3.1, using the notations introduced in Chapter 3, one can replace rank S
by dim S. The deficiency of the reaction network in Example 3.2.2 can be calculated easily.
In that example, rank .S = 5 and therefore § =7—-2 -5 =0.

We emphasise that the deficiency is defined for a reaction network. Naturally, one can
speak about the deficiency of a reaction system. Namely, it is the deficiency of its reaction
network. The deficiency of a reaction system is therefore not depending on the kinetics
of the system. The following proposition implies that the deficiency of a network is not
depending on how the reactions connect complexes inside a linkage class. In other words,
one can determine the deficiency of a network just by knowing how the set of complexes C
is partitioned according to the connected components of the graph of complexes (C,R).

Recall that B € R™*¢ denotes the matrix of complexes and S denotes the range of the

stoichiometric matrix S € R?»*™,

Proposition 5.3.2 Let
S =span{B.; — B.; € R" | i,j € C, with r € 1,(}. (5.3)
Then § = §'.

Proof Since the set of spanning vectors of S is a subset of the set of spanning vectors of
S, S§CS.

Observe that the stoichiometric subspace S can also be defined by
S =span{B.; — B.; € R" | (i,j) € R or (j,i) € R}.

Pick any 4, j € C, with r € 1, ¢ such that i # j. Since C; and C; are from the same component
of the graph of complexes (C, R), there exists an undirected path (i, a1,41,...,a;-1,41-1, a1, J)
between ¢ and j for some [ > 1. Using the notations ig = ¢ and ¢; = j, due to the above

made observation,

B.;

2vq

—B.,_,€Sforalqgell

The observation

l
B.j-B;=Y (B —B._)

q=1

implies that B. ; — B.; € S. This shows that S O &'. O

The deficiency of a reaction network is an integer number. Due to the following propo-

sition, the deficiency is always nonnegative.

Proposition 5.3.3 The deficiency of a reaction network is always nonnegative.

Proof We have to show that dimS < ¢ — /.
Fix any i, € C, for all » € 1,£. Define the linear subspace S” of R™ by

S" =span{B.; — B.; € R" | j € C,\{i,} with r € 1,¢}.

We claim that &’ = §”, where &’ is defined by (5.3). Clearly, the inclusion &’ O §” holds.
To show the converse inclusion, fix any r € 1,/. Pick any i, j € C, such that i # j. Then

B;-B,=(B;—B.;)—(B;—DB.,).
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This shows that S’ C S”.
Proposition 5.3.2 then implies that dim S = dim S§”. From the definition of dim S” it is

clear that
¢
dimS” < Z(CT' —1)=c—{,
r=1

where ¢, denotes the number of complexes in the rth linkage class (r € 1,¢). This concludes
the proof. |

An alternative definition of deficiency is sometimes used [1]. Namely, the deficiency of a

reaction network is defined by
0 = dimker S — dimker I. (5.4)

Before we prove that the two notions coincide, we recall a theorem of linear algebra.

Theorem 5.3.4 Let U and V be finite dimensional vector spaces and let A : U — V be a
linear map. Then dim U = dim ker A + rank A.

Proposition 5.3.5 The equality ¢ — ¢ —rank .S = dim ker S — dim ker I holds for all reaction

networks.
Proof By Theorem 5.3.4 and Proposition 4.2.3,

dimker S — dimker I = (m —rank S) — (m —rank ) =

=rank ] —rankS =c¢— ¢ —rank S.

O

We remark that Proposition 5.3.3 is an immediate consequence of Proposition 5.3.5 and
Proposition 5.1.1, because S = B - I and hence the kernel of I is a linear subspace of the
kernel of S.

As a matter of fact, we propose a third alternative definition for the deficiency. That
this third alternative definition is equivalent to Definition 5.3.1 can be found in [4] as a
side remark. This alternative definition was discovered by the author of this thesis prior to
reading that paper.

Recall that m, denotes the number of reactions in the rth linkage class (r € 1,¢). The

matrix B can be written in the block form
B= [317327 .. '7BZ]5

where B, € R"*™ and the columns of B, correspond to the complexes in the rth linkage
class (r € T, 7). Define the block matrix B € R(n+0xc by

B; B, By
1---1 0---0
B=1]0---0
| 0---0 0---0 1oo1
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The third alternative definition of the deficiency of a reaction network is
§ = dimker B. (5.5)

The following proposition shows that the third alternative definition is equivalent to the

previous ones.

Proposition 5.3.6 The equality dimker S — dimker I = dim ker B holds for all reaction

network.

Proof Letej,...,e; be a basis of ker I and ey,..., ey, €441,--.,€, be a basis of ker S.
(If t; = to then dimker S — dimker I < dim ker B obviously holds. Hence, we can assume
that ¢; < t2.) Denote by U the linear subspace of R™, which is spanned by e;, +1,...,€,.
Then Ies 41,..., e, is an independent system of to — ¢; vectors in ran /. We claim that
lei 41, .., e, are elements of ker B. Indeed, S = B-I implies that B-Ie, = Se, = 0 for all
q € t1 + 1,t3. Due to Proposition 4.2.4, every element in the range of the incidence matrix
has the property that the sum of its coordinates corresponding to the same component of
the graph is zero. Therefore Ie; 41,...,Ies, € ker B. So dimker S — dimker I = to —t1 <
dim ker B.

It remains to show that dim ker S—dim ker I > dim ker B. Let us choose a basis fio s frg
in ker B. (If t3 = 0 then the statement trivially holds. Hence, we can assume that t3 >
0.) Due to Proposition 4.2.4, fi,..., f;; are in the range of I. If I|y is considered as
the restriction of the map I to the linear space U then I|y is a linear bijection. Hence,
(Ilo) Y fa,...,(I|ly)" fi, are independent elements in U. (Note that t3 > 0 therefore im-
plies that ¢; < t2.) So dimker B = t3 <ty —t; < dimker S — dimker I. O

We summarize the contents of Proposition 5.3.5 and Proposition 5.3.6 in the following

theorem:

Theorem 5.3.7 The deficiency of a reaction network is
§=c— ¢ —rank S = dimker S — dimker I = dim ker B.

We remark that the nonnegativity of the deficiency is an immediate consequence of the
fact that the deficiency of a reaction network equals to dim ker B.

We also remark that the previously mentioned fact that the deficiency of a reaction
network is not depending on how the reactions connect complexes inside a linkage class can
be seen directly from (5.5). This is due to the fact that the matrix B does not depend on
how reactions connect complexes inside connected components of (C,R).

It is worth to mention what is the meaning of the B matrix in the language of reaction
networks. Let us introduce ¢ extra species A,11,..., Ant+e. In the rth linkage class, add to
each complex the new species A, (r € 1,£). Then the matrix of the complexes for the

~

resulting new reaction network is B.

5.4 Deficiency of a linkage class

After one has defined the deficiency of a reaction network, the notion of deficiency of a
linkage class is quite natural. In this section, we introduce this notion and we also provide

several propositions, which are then used in Chapter 6.
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When a linkage class of a network is under consideration, it can happen that there exists
s € 1,n such that the species A, is not appearing in any of the complexes of that linkage
class. However, we continue to regard the network as a network with n species.

Consider a reaction network. Recall that m,. denotes the number of reactions in the rth
linkage class (r € 1,£). Clearly, Zf,zl m, = m. Let us assume that the arcs of the graph of
complexes (C, R) are labeled in such a way that the stoichiometric matrix can be written in
the block form

S: [517527...,S£],

where S, € R ™ and the columns of S, are corresponding to reactions inside the rth
linkage class (r € 1,£). Recall also that ¢, denotes the number of complexes in the rth

linkage class (r € 1,7).

Definition 5.4.1 Let r € 1,¢. Define the deficiency of the rth linkage class of a reaction
network as ¢, — 1 —rank S,.. Usual notation for the deficiency of the rth linkage class is the

symbol 6.

For instance, if the upper linkage class in Figure 3.1 is considered to be the first one and

the lower one to be the second one in Example 3.2.2 then ¢; = 4, ¢co = 3,

-1 -2 0
-1

|
—_
= = O O O

, and Sy =

_ o O O O = O
O O O O O O N

—1
1 -1 -1

o O O O O = = =

o o 0o o o
o o O R o=

I

—
o R O O o O =

One can then calculate that rank S; = 3 and rank Sy = 2. Hence, 1 =4 —1—-3 = 0 and
0g=3-1-2=0.

The following proposition is an immediate consequence of Proposition 5.3.2 and Proposi-
tion 5.3.3, because one can consider a linkage class to be a reaction network with one linkage
class. Note that the assumption that no row of B vanishes was not made. Hence, one can
regard a linkage class as a reaction network with the same set of species as the original
network has, even if there exists species, which appears in the complexes of the original

network, but does not appear in the complexes of that linkage class.

Proposition 5.4.2 Let r € 1,4. Let S, = ran S,. and
S, =span{B.; — B., € R" | i,j € C,}.
Then S, = S/ and 4, > 0.

Let us call for later reference S, in the above proposition the stoichiometric subspace of
the rth linkage class.
Naturally, alternative definitions for the deficiency of a linkage class can also be intro-

duced. Recall from Section 4.2 that the incidence matrix I can be written in the block

26



form
I=1[L,...,1,

where I, € R*™r and the columns of I, are corresponding to the arcs in the rth connected

component of (C,R). Similarly, let
B=[Bi,..., B,

where ﬁr e R(*+Oxer and the columns of ﬁr are corresponding to the complexes in the rth

linkage class.

Theorem 5.4.3 Let r € 1,£. Then
5. = ¢, — 1 —rank S, = dimker S, — dim ker I, = dim ker B,..

Proof Let r € 1,7. The kernel of I, and the kernel of the incidence matrix of the graph
(Cr,R,) are clearly the same. Similarly, the kernel of ]§r and the kernel of the matrix

B,
1---1

c R(nJrl) Xcp

are the same. Hence, application of Theorem 5.3.7 for the network, which consists of the rth

linkage class yields the result. |

The following proposition shows a relation between the deficiency of a reaction network

and the deficiencies of its linkage classes.

Proposition 5.4.4 The sum of the deficiencies of the linkage classes is less than or equal

to the deficiency of the whole network:
Byt 8yt 40 <0,

Furthermore, §; + d2 + --- + d, = ¢ if and only if the stoichiometric subspace is the direct

sum of the stoichiometric subspaces of the linkage classes.

Proof Recall that S = [S1,Sa,...,S¢] and hence rank S < Z£:1 rank S,.. Using Definition
5.3.1 and Definition 5.4.1, the first statement of the proposition follows:

oS- (£0) - (55) - (S

r=1 r=1 r=1

¢
=c—V{— (ZrankSr> <c¢—¥f—rank S =94.

r=1

It is also apparent from the above estimation that equality between § and Z£=1 6, holds if
and only if rank S = Zf:l rank S,.. The latter is equivalent to the fact that the stoichiometric

subspace is the direct sum of the stoichiometric subspaces of the linkage classes. ([l

We remark that the above proposition can also be proven by using the second alternative
definitions and the fact that

ranl =ranly ® --- dranly.
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The following estimation gives the alternative proof.
¢ ¢

¢
Zér = Z(dimker Sy —dimker I,.) = Z((mr —rank S,) — (m, —rank[,)) =
r=1

r=1 r=1

0
=— (Z rankST> +rank ] < —rank S + rank ] =

r=1
= —(m —dimker S) + (m — dimker I') = 6.

The following estimation shows how the first part of Proposition 5.4.4 can be proven by

using the third alternative definitions.

¢ ¢ ¢ ¢ ¢
25,, = Zdimker B, = Z(Cr —rank B,) = (Z Cr) - (Z rank Er) =
r=1 r=1 =

r=1 r=1

¢
=c— <Zrank§T> < ¢ —rank B = dim ker B = 6.
r=1

The above estimation also shows that an equivalent condition to §; + do + -+ + §; = 6 can
also be formulated in terms of the B matrix. We summarize this and an earlier result in the

following proposition.

Proposition 5.4.5 Denote by B the linear space ran B. Similarly, denote by B} the linear

space ran Er for 7 € 1, 4. Then the following are equivalent.
(i) § =01+ + s,
(i) S=81 & & S8,
(i) B=B, @ - @ By.
The following proposition shows that deficiency zero networks have the property that

the stoichiometric subspace is the direct sum of the stoichiometric subspaces of the linkage

classes.

Proposition 5.4.6 Assume that 6 = 0. Then § = §; + -+ + ;.

Proof The nonnegativity of the deficiencies of the linkage classes and the inequality part
of Proposition 5.4.4 implies that &, = 0 for all € 1,¢. Hence, the result of this proposition
follows. 0

We conclude this section by providing a simple proposition, which is then used in Chapter
6. Recall that the function f : R™ — R™ denotes the right hand side of the differential
equation (3.5). Let r € 1, /. Define the function f": R"™ — R" by
fr@)= Y Ruy()(B.,;—B.) (5.6)
(,3)ERr

for € R™. Clearly, f(z) = f(x) +--- + f*(x) for all z € R".

Proposition 5.4.7 Assume that § = 61 +-- -+ ;. Let x € R™. Then f(z) = 0 implies that
fr(x) =0 forall 7 €1,/

Proof Clearly, f(z) € S and f"(z) € S, for all z € R™ and for all r € 1,. Proposition
5.4.5 implies the result. O
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Chapter 6

Dynamic system properties of

biochemical reaction systems

In this chapter we investigate dynamic system properties of biochemical reaction systems.
First we show that the positive and the nonnegative orthants are forward invariant sets
for (3.5). Then we introduce the notion of stoichiometric classes, which are also forward
invariant sets for (3.5). In Section 6.3 we introduce the notion of a siphon. This will be
useful in understanding the long term behaviour of the solutions of (3.5). Section 6.4 and
Section 6.5 deals with the set of equilibria (3.5). Stability properties of equilibrium points
are investigated in Section 6.6. Finally, in Section 6.7 we show that in some special cases

the existence of periodic orbits is excluded.

6.1 Forward invariance of the positive and the nonnega-

tive orthants

Let (A,C, R, R) be a biochemical reaction system. Recall that the differential equation that
governs the evolution of species concentrations in time for a biochemical reaction system

has the form

i=f(z)= Y  Rajy)(B.;—B.,), (6.1)

(i,J)ER

where B € R™*¢ is the matrix of complexes and the state space is R™.

In this section we show that the positive and nonnegative orthants are forward invariant
for (6.1). This means that the mathematical model of a biochemical reaction system satisfies
the qualitative property that no species concentration can become negative. This section is
based on [10] with the difference that we consider here the rate functions as specified in
Section 3.3, which is more general than the ones in [10]. This extension can be done without

any new idea.

Definition 6.1.1 Let K C R™. The set K is said to be forward invariant for (6.1) if
o(t;€) € K for all £ € K and for all t € J(§).
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Recall that fs : R™ — R is the sth coordinate function of f (s € 1,n). Let s € 1,n. Then

fs(@)= " Rj)(@)(Bsj — Bsa).

(LJ)ER

Define the functions 8} : R® — R and 3 : R* — R by

Bf@) = Y Rej(@)(Bsj— B,
(i,7)ER
B ;>0

Blx) = Y Rey(r)Bs,
(i,J)ER
Bgi=0
Clearly, f, = 37 + 3.
Recall from Chapter 2 the definition of the sign function sgn: R — {—1,0,1}.

Proposition 6.1.2 Suppose that z, = 0 for some s € 1,n and = € RY,. Then B (z) =0
and fs(z) = p%(z) > 0. Moreover, sgn(fs(z)) depends only on supp(z).

Proof Let z be as in the statement. Assume that B;; > 0 for some ¢ € 1,c. Then
s € supp(B.;) and s ¢ supp(x). Due to (3.3), this implies that R(; ;)(z) = 0. Hence,

B (z) = 0. This also shows that fs(z) = 3%(x).

Since all the summands in the defining sum of 3 are nonnegative, it follows that 89(z) >

Obviously, fs(z) > 0 if and only if there exists a positive summand in the defining sum
of 32. Due to (3.3), for all (i,j) € R, sgn(R; j)(z)) is determined by supp(z). This implies
the desired result. ]

The key observation for proving the forward invariance of the positive orthant for (6.1)
is Proposition 6.1.4. We follow the line of [10] to prove that proposition. First we recall a

comparison theorem. A proof of it can be found for example in [13].

Theorem 6.1.3 Let G : R? — R be locally Lipschitz continuous in its second variable. Let
I C R be an open interval and let u,v : I — R be differentiable functions. Let [a,b] C I be
a compact interval. Assume that u(a) < v(a) and that (t) — G(t, u(t)) < v(t) — G(t, v(t))
for all ¢ € [a,b]. Then u(t) < v(t) for all ¢ € [a, b].

Proposition 6.1.4 Let £ € R%; and let s € 1,n such that > 0. Let t* € J(£). Assume
that ¢(t;¢) € RL, for all ¢ € [0,¢*]. Then ¢,(t*;§) > 0.

Proof Let us define the function F : R? — R by

fs(¢1(t; 5)7 .. °7¢S*1(t; 6)7ya¢8+1(t;£)7 .. -7¢n(t;£))7 if 0 S t S t*7
F(t,y) =14 F(0,y), ift <0,

for (t,y) € R2. Note that F is locally Lipschitz continuous. Note also that F(¢,0) > 0 for
all t € R, because, by Proposition 6.1.2, f(z) = 8%(z) > 0 whenever x € R%, and x5 = 0.

Consider the scalar initial value problem

Y= F(ta y)v y(O) =&s.
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It can be seen that the unique solution of this initial value problem equals to ¢s(+;€) in
[0,¢*]. We prove that this solution does not vanish at t*.
Let us define the function G : R? — R by G(t,p) = F(t,p) — F(t,0) for (t,p) € R?.

Introduce another scalar initial value problem
z2=G(t,z), z(0)=¢,.

Note that G is locally Lipschitz continuous and 0 € R is an equilibrium point (0 = G(¢,0)
for all t € R). Denote by z the solution of this initial value problem. As solutions cannot
intersect each other, z(t) > 0 for all ¢ in its domain of definition. Moreover, we have that
G(t,z) < F(t,2) for all (t,2) € R% Theorem 6.1.3 implies that z(t) < ¢4(t; &) for all ¢ > 0 in
the common domain of definition of z and ¢4(-; ). Since ¢, (t*;€) is well defined, z remains
bounded on [0,t*], and thus is defined as well at t*. So, ¢5(t*;&) > 2(t*) > 0. O

Note that in the above proposition it was assumed that the examined solution of the
differential equation lies in R%, on a compact interval [0, t*].

We are now in the position to prove the forward invariance of the positive orthant.

Proposition 6.1.5 The positive orthant R} is a forward invariant set for (6.1).

Proof Let { € R"}. A solution can leave the positive orthant only if there exists ¢ € J4.(&)
such that ¢(t;€) € Ry. Assume that this happens. Let t* = min{t € J (&) | ¢(t;€) € Ri}.
Then t* € J4(£). By the minimality of t*, ¢(¢;§) € RY, for all ¢ € [0,¢]. By the definition
of t*, there exists s € 1,n such that ¢,(t*; &) = 0, which contradicts Proposition 6.1.4. O

One can prove that the closure of a forward invariant set is also forward invariant by using
the continuous dependence of the solution on the initial value. The proof of the following

theorem can be found for example in [§].

Theorem 6.1.6 Let g : D — R"™ be locally Lipschitz continuous, where D C R" is an
open connected set. Consider the differential equation & = g(x). Let £ € D and assume that
J(&) 2 [0,t*] for some t* > 0. Let € > 0. Then there exists n > 0 such that | — £| < 1 and
¢ € D implies that J(¢) 2 [0,¢*] and |¢(t;¢) — ¢(t;€)| < € for all ¢ € [0,¢%].

Proposition 6.1.7 Let g : D — R"™ be locally Lipschitz continuous, where D C R” is an
open connected set. Let K C D be forward invariant for & = g(x). Then the intersection of

D and the closure cl(K) of K is forward invariant as well.

Proof If K is closed then the statement trivially holds. Assume that K is not closed and
pick any £ € (cI(K)ND)\K. Suppose by contradiction that there exists t* € J; (§) such that
o(t*; &) ¢ cl(K). (Clearly, ¢(t;€) € D for all t € J(£).) Let ¢ = dist(¢(t*; ), cl(K)). (See
Chapter 2 for the definition of dist.) Note that € > 0. Due to Theorem 6.1.6, there exists
n > 0 such that |( —¢| < n and ¢ € D implies that J(¢) 2 [0,¢*] and |¢(¢;¢) — ¢(t;€)| < € for
all t € [0,t*]. Clearly, there exists ¢ € K such that |¢ — | < n. Since K is forward invariant,
o(t*;¢) € K, which implies that |¢(t*; () — ¢(t*;€)| > €, contradiction. |

The forward invariance of the nonnegative orthant is therefore an immediate consequence

of the forward invariance of the positive orthant.
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Proposition 6.1.8 The nonnegative orthant RZ is a forward invariant set for (3.5).

Combining Proposition 6.1.4 and Proposition 6.1.8 yields the following proposition.

Proposition 6.1.9 Let £ € R, and let s € 1,7 such that £ > 0. Then ¢,(t;£) > 0 for all
te Ji(8).

Proposition 6.1.9 expresses that the mathematical model of a biochemical reaction net-

work has the property that no positive species concentration can become zero in finite time.

6.2 Stoichiometric classes

In this section we introduce the notion of stoichiometric classes. The importance of these
objects is given by the facts that they provide a partition of RY and that they are forward
invariant sets for the differential equation (6.1).

Recall that S € R™*™ and § C R" denote the stoichiometric matrix and its range,
respectively. If p € R™ then denote by p+ S the parallel of S, which contains p, i.e. p+ S =
{p+veR™|veS}

Definition 6.2.1 Let p € RY,. The set P = (p +S) NRY,, is called a stoichiometric class.
A stoichiometric class P is called positive, if P N R’ # (.

The above definition coincides with the one in [10]. Note however that a slightly different
definition for positive stoichiometric classes is given in [5].

Let £ € P = (p+S)NRY, for some p € RY,. By the preceding section, ¢(t;§) € RY, for
all t € J.(§). Let t* € Jo(€). Integrating (6.1) along ¢(+; &) yields

o) = Y / Ry (6(r:€))dr(B.; — B..). (6.2)

(i,4)ER

Formula (6.2) shows that ¢(t*;&) — & € S, or equivalently, ¢(t*;¢) € £ + S, because the
right hand side of (6.2) is a linear combination of the spanning vectors of S. In other words,
if a solution of (6.1) starts in the stoichiometric class P then ¢(¢; &) € P for all t € J,(£).
This yields the following proposition:

Proposition 6.2.2 Any stoichiometric class is forward invariant for (6.1).

Proposition 6.1.5 and Proposition 6.2.2 together yield the following proposition:

Proposition 6.2.3 Let P be a positive stoichiometric class. Then the set PNR"} is forward

invariant for (6.1).

Note that either all or none of the stoichiometric classes are bounded. If they are bounded
then no solution of (6.1) can explode in finite time. In other words, for all initial values
§ € RY, the inclusion J(§) 2 Rxo holds. This will follow immediately from Theorem 6.6.13

in Section 6.6.
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6.3 Forward invariant sets on the boundary of the non-

negative orthant

In this section we deal with forward invariant sets for (6.1) on the boundary of the nonneg-
ative orthant.
Let H C 1,n. Denote by H¢ the set 1,n\H. Define the set Fy by

Fg ={x €RY, | xs =0if and only if s € H}.
For later use we mention that the closure of Fy is
c(Fg)={reRY, |z, =0 if sc H}.

Let x € R’ZLO. Then the statements

C

x € Fy if and only if supp(z) = H
and
x € cl(Fy) if and only if supp(x) C H®.

trivially hold.

Note that F = R% and cl(Fy) = R%,. The forward invariance of the positive and the
nonnegative orthants is proven in Section 6.1. The sets Fy and cl(Fp) are lying on the
boundary of the positive orthant if and only if H # (. We shall derive equivalent conditions
to the forward invariance of the sets Fy and cl(Fr) in terms of the set of reactions R and
the B matrix. As it will turn out, the forward invariance of these sets is independent of the
precise nature of the rate functions.

We now provide a simple equivalent condition to the forward invariance of the set F.

Proposition 6.3.1 Let ) # H C 1,n. Then Fy is forward invariant for (6.1) if and only if
fs(z) =0 for all s € H and for all z € Fyy.

Proof As earlier, denote by ¢(+;€) : J(§) — R™ the unique solution of the differential
equation & = f(x), which satisfies ¢(0;&) = £ for £ € R™.

Suppose that Fp is forward invariant. Let £ € Fir. Then ¢;(¢;€) = 0 for all s € H and
for all t € J>o(€). Hence, 0 = ¢4 (t;€) = fo(¢(;€)) for all s € H and for all t € J>o(€). In
particular, 0 = f4(6(0;&)) = fs(§) for all s € H. Since £ € Fy was arbitrary, the only if part
of the proposition is proven.

Suppose now that fs(z) =0 for all s € H and for all z € Fy. If H =1,n then f;(0) =0
for all s € 1,n. Hence, the unique solution starting from 0 € R" is clearly the identically
zero function. This shows that Fi; is forward invariant.

Assume for the rest of this proof that ) # H C 1,n. Let £ € Fy. Let m = |H€|. In what
follows the coordinates of vectors in R™ are indexed by the elements of the set H¢. Denote

by K the linear space
K={zeR"|z;=0if se€ H}.

Define the function P : K — R™ by (Pz)s = z, for s € H¢ and for z € K. Clearly,

P|p, is a bijection between Fy and R7. Define the differential equation Z = g(T) on R

33



by the function g(z) = Pf(P~'Z) for T € R™. Note that f(Fy) C K by assumption and
hence g : RT — R™ is well defined. Clearly, g inherits the local Lipschitz continuity from f,
provided by the fact that P is a linear homeomorphism.

Denote by ¢(+;€) : J(§) — R} the unique solution of the new differential equation, which
satisfies p(0;€) = € for £ € RT. We claim that ¢(t;&) = P~ lo(t; P€) for all ¢ € Fy and
for all t € J(P¢). To verify this claim, define y : J(P&) — R™ by y(t) = P~1p(t; PE) for
t € J(P€). Tt is enough to check that (t) = f(y(t)) for all t € J(P¢) and y(0) = £ (because
of the uniqueness of the solution). Clearly, y(0) = P~1P¢ = ¢. Moreover,

y(t) = P~1¢(t; PE) = P g(p(t; PE)) = PP f(Po(t; PS)) = f(y(t))

for all t € J(P¢). The claim is verified. Hence, J(P&) C J(€). Moreover, ¢(t; &) € Fy for all
t € J(P¢), because ¢(t; P§) € R} for all t € J(P¢) and P~'7 € Fyy for all 7 € R
Moreover, we claim that J>o(P€) = J>o(£). Suppose by contradiction that J(P¢) C
J(&). Let t* = sup J(P&). Then ¢(t*;€) € cl(Fy) and
lim P~o(t; PE) = (t"; ).

t—t* —

Hence, t* cannot be a finite explosion time for ¢(-; P£). It follows that

lim Ocp(t; P¢) e Ry

t—t*—

Consequently, ¢(t*;€) € cl(Fr)\Fp. This is a contradiction, because we know from Section
6.1 that no positive species concentration can become zero in finite time. This proves that
T>0(P€) = J>0(§).

It follows now that Fy is forward invariant for & = f(z). O
We formulate an equivalent condition to fs(z) =0 for all s € H and for all z € Fy.

Proposition 6.3.2 Let ) # H C 1,n, v € Fy, and s € H. Then fs(z) = 0 if and only if
for all (i,j) € R, Bs; = 0 and B, ; > 0 implies that supp(B.;) € He.

Proof Due to Proposition 6.1.2, fs(z) = 82(z). The sum in the definition of 3Y contains
only nonnegative terms. The sum is zero if and only if all the summands are zero. This
means that fs(z) = 0 if and only if for all (¢,j) € R, B;; = 0 and B, ; > 0 implies that
R jy(x) = 0. By condition (3.3), R; j)(x) = 0 if and only if supp(B.;) € supp(z). Due to
the discussion at the beginning of this section, x € Fpy if and only if supp(xz) = H€. This

concludes the proof. O

Let x € Fy for some ) # H C 1,n. Biologically, z, = 0 means that species A, is not
present in the system. That Bs; = 0 and B,; > 0 for some (C;,C;) € R means that
the reactant complex C; of reaction (C;, C;) does not contain species Ay, while the product
complex C; contains it. Hence, reaction (C;, C;) provides a chance to the formation of species
A,. However, supp(B. ;) € H¢ expresses that reaction (C;, C;) does not take place, because
there exists a constituent species of the reactant complex, which is (similarly to As) not
present in the system.

In the rest of this section we introduce the notion of siphon in the same way as it is done

in [2]. As it will turn out, the notion of a siphon provides another characterization of the

forward invariance of the sets Fy for ) # H C 1,n.
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We associate to the set of reactions and the matrix of complexes a bipartite digraph. By
bipartite graph we mean that the set of vertices can be partitioned into two sets such that
there are no arcs, which connect vertices of the same element of the partition. Recall that
A denotes the set of species {A1,..., A, } =1,n.

Definition 6.3.3 Define the set £ C (AUR) x (AUR) by
E={(s,(4,7)) e AXR | Bs; >0} U{((¢,7),8) e Rx A| Bs; >0}.
The bipartite digraph (AUR, &) is called the species-reaction graph.

Note that the digraph (AU R, ) is indeed bipartite, because there are no arcs between
species, and similarly, there are no arcs between reactions. In notation, EN (A x A) = () and
EN(RXxR)=0.

Definition 6.3.4 The reaction (i,7) € R is called an input reaction for species s € A if
((¢,7),s) € E. The reaction (i,j) € R is called an output reaction for species s € A if

(s,(i,9)) € E.

We now introduce notations, which help in formulating the definition of a siphon in a
compact form. Let § # H C 1,n. Define the set of input reactions associated to H and the

set of output reactions associated to H by

RE = {(i,j) € R | there exists s € H such that ((i,j),s) € £} =

= {(4,7j) € R | there exists s € H such that B, ; > 0}
and

RS = {(i,j) € R | there exists s € H such that (s, (,)) € £} =

= {(4,7) € R | there exists s € H such that B, ; > 0},

respectively.

Definition 6.3.5 A set ) = H C 1,n is called a siphon if each input reaction associated to

H is also an output reaction associated to H (i.e. RE C RS).

In words, a set ) # H C 1,n is a siphon if the following holds: if (C;, C;) € R is a reaction
such that there exists a species A,, which is a constituent part of the product complex C}
for some s € H then there exists a species s’ € H, which is a constituent part of the reactant
complex Cj.

Note that () # H C 1,n is a siphon if and only if none of the input reactions associated

to H takes place at concentrations £ € Fy.

Example 6.3.6 Let n =4 and ¢ = 4. We consider the complexes
Ci=A;+ 3142, Cy =243, C3=4A1+ A4, and C4 = As.
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Then

0
0
2
0

o O w o=
— O O
o = O O

Let R = {(C1,C2), (C2,C1), (Cs,C4)} be the set of the reactions. The scheme of the defined
reaction network is displayed in Figure 6.1. The species-reaction graph associated to the

reaction network is displayed in Figure 6.2. The siphons of this example are the sets

{Aa}, {A1, A3}, { A1, Ao, Az} { A, Az, Au} { A2, A3, Ay}, and {Aqg, Ao, As, Ayt

A +34y — 2A3

4A,+ Ay ——  Aj

Figure 6.1: Scheme of the reaction network in Example 6.3.6

Aq Ag As Ay

/

(C1, Co) (Cy,Ch) (C3,Cy)

Figure 6.2: The digraph (AUR, &) associated to the reaction network in Example 6.3.6

O

The notion of a siphon is very closely related to the previously examined forward invariant
sets. The statement that (i) and (iii) in Theorem 6.3.7 are equivalent can be found in [2].
The proof presented there makes use of the so called Bouligand contingent cones. We present
here another proof and also several other equivalent statements. The major part of the work

was done in the proof of Proposition 6.3.1.

Theorem 6.3.7 Let § ## H C 1,n. Denote by H¢ the set 1,n\H. Then the following are

equivalent.
(i) H is a siphon,
(ii) Fp is forward invariant,
(ili) cl(Fy) is forward invariant,
(iv) fs(x) =0 for all s € H and for all x € Fp,
(v) fs(xz) =0 for all s € H and for all x € cl(Fg),
(vi) there exists € Fig such that fs;(x) =0for all s € H,
(vii) for all s € H and for all (i,j) € R, Bs; = 0 and B, ; > 0 implies that supp(B. ;) € H°.
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Proof As Fy C cl(Fy), (v) immediately implies (iv). Continuity of f guarantees that (iv)
implies (v).

Equivalence of (iv) and (vii) is the content of Proposition 6.3.2.

Statement (iv) trivially implies (vi). Due to Proposition 6.3.2, (vi) implies (vii).

The equivalence of (iv),(v),(vi), and (vii) is now proven.

If Fy is forward invariant then cl(Fp) is forward invariant as well, because of Proposition
6.1.7. Hence, (ii) implies (iii).

Suppose that (iii) holds. Then (ii) is satisfied as well. Indeed, the forward invariance
of F consists of two things. That positive coordinates cannot become zero is guaranteed
by Proposition 6.1.9. That zero coordinates corresponding to H cannot become positive is
provided by the forward invariance of cl(Fy).

The statements in (ii) and (iv) are equivalent by Proposition 6.3.1.

The equivalence of (ii),(iii),(iv),(v),(vi), and (vii) is now proven.

As concluding step, we show that (vii) is equivalent to R% C RY. Suppose first that
(vii) holds. Pick any (i,5) € R%. Let s € H such that B, ; > 0. If Bs; > 0 then (i,5) € RY.
If Bs; = 0 then (vii) implies that there exists s’ € H such that By ; > 0. Hence, again,
(i,4) € R

Suppose now that R, C R holds. Let s € H and (i,j) € R such that By; = 0 and
Bs.; > 0. Then (i, j) € R%. By the assumption, (i,5) € RY. Hence, there exists s’ € H such
that By ; > 0. Hence, s’ € supp(B. ;) and s’ ¢ H®. O

Recall that Fy = R”} and cl(Fp) = R%,. We remark that it is possible to allow H = () in
the definition of a siphon. In this case, R% = Rg = (). Hence, 0 is always a siphon. Recall
from Section 6.1 that Fy and cl(Fy) are always forward invariant sets for (6.1). Note also
that the statements (iv),(v),(vi), and (vii) in Theorem 6.3.7 are true for H = (). Therefore
Theorem 6.3.7 holds true if we allow H = () in the definition of a siphon. The following
paragraph provides explanation for the name siphon. The text is borrowed from [2].

Removing all the species of a siphon from the network (or equivalently, setting their
initial concentrations equal to zero) will prevent those species from being present at all
future times. Hence, those species literally lock a part of the network and shut off all the
reactions that therein involved. In particular, once emptied a siphon will never be full again.

As we saw in the preceding theorem, ) # H C 1,n is a siphon if and only if Fi is forward
invariant. In other words, that H is a siphon means that if species corresponding to H are
not present in the system (i.e. each of those has zero concentration) then those species will
never be present in the future.

That the positive orthant R"} is forward invariant means that a trajectory cannot leave
R’ . In other words, supp(¢(t;€)) = I,n for all £ € R” and for all ¢ € J4(£). We are also
interested in how trajectories, which start on the boundary of the nonnegative orthant evolve
in time. The following proposition expresses that a trajectory starting from the boundary

immediately enters a forward invariant set Fp.

Proposition 6.3.8 Let ) # H C 1,n. Let £ € Fy. Then there exists H' C H such that
o(t; &) € Fyo for all t € J1(&). Moreover, Fy/ is forward invariant.

Proof First we remark that one cannot replace the forward invariance of Fys in the

statement by the expression H' is a siphon. This is due to the fact that H' may be empty.
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Keep in mind that positive species concentrations cannot become zero in finite time.
Hence, supp(¢(t;€)) 2 He for all t € J>(€). Define t* for s € 1,n by

t5 = min { inf{t € J50(€) | ¢s(t;€) > 0},sup J(£)},

where inf ) = co and min{a, 0o} = a for all a € R>gU{oo}. Then ¢* > 0 for all s € 1, n with
the convention co > 0. Define the set H' C 1,n by

H ={seTn|t >0l

Then H' C H. Indeed, s € H' implies that ¢ > 0 and ¢5(¢;€) = 0 for all ¢t € [0,t%). In
particular, ¢4(0;&) = & = 0 and hence s € H.

It suffices to show that ¢t = sup J(§) for all s € H'. Suppose by contradiction that there
exists s € H' such that ¢¥ < sup J(&). Let

t* =min{t} | s € H and t: <sup J(£)}.

Then ¢* > 0 and supp(¢(t;€)) = (H')° for all t € (0,t*). It will be shown that Fy is forward
invariant and this provides a contradiction.

Due to Theorem 6.3.7, it suffices to show that there exists x € Fy+ such that fs(z) =0
for all s € H'. Since ¢5(t;&) =0 for all t € (0,t*) and for all s € H’,

0= d’s(t;g) = f5(¢(t,§))

for all ¢ € (0,¢*) and for all s € H'. Pick any o € (0,t*) and let x = ¢(to;£). Then = € Fy
and fs(z) =0 for all s € H'. Hence, t* = sup J(&).

We have established that there exists H' C H such that ¢(¢;€) € Fyo for all t € J(&).
That Fpy: is forward invariant can be proven by following the above ideas with the only
exception that t* should be defined to be sup J(&). O

The following proposition states that the set H' depends only on supp(¢). In other words,
the set H' is the same for all £ € Fy.

Proposition 6.3.9 The set H' in the above proposition is determined by H (meaning that
H' is the same for all £ € Fy).

Proof The proof we present here is constructive. It can be considered as an algorithm.
The set H is the input and the set H’ is the output of the algorithm. Denote the set H by
Hy.

Recall Proposition 6.1.2. Let z € Fg for some G C 1,n. Then either fs(z) = 0 for all
s € G and for all x € Fg or fs(x) > 0 for all s € G and for all x € Fg.

If Fy, is forward invariant then clearly H' = Hy.

If Fp, is not forward invariant then let Hy = {s € Hy | fs(z) =0 for all z € Fp,}. Then
H; C Hy. Indeed, if H; would be equal to Hy then Fp, would be forward invariant. Clearly,
supp(¢(t;€)) 2 Hf for all t € J4(§). Hence, H' C H;.

If Fp, is forward invariant then cl(Fjy, ) is forward invariant as well. Clearly H' = H; in
this case.

If Fy, is not forward invariant then let Hy = {s € H; | fs(x) = 0 for all x € Fpy, }.
Then Hy C H;. Indeed, if Hs would be equal to H; then Fp, would be forward invariant.
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We claim that supp(¢p(t;€)) 2 HS for all t € J(§). Suppose by contradiction that there
exists s € Hy\Hy such that ¢4(¢;§) = 0 for all t € J(£). Then s € H' and fs(z) > 0
for all € Fy, (by Proposition 6.1.2, sgn(fs(x)) depends only on supp(z)). This implies
that fs(o(t;€)) > 0 for all t € Jy(€), because fs(x) = B (x) and the defining sum of 3
contain positive summands, because it already contains a positive summand for x € Fp,.
Contradiction. Hence, H' C H,.

If Fy, is forward invariant then cl(Fg,) is forward invariant as well. Clearly H' = Hy in
this case.

If Fpy, is not forward invariant then one can continue this procedure by defining Hs.

Since H is a finite set, there exists ¢ > 0 such that Hy 2 H; 2 --- 2 H; = H;;q. It is
clear that H' = H;. Since H is a finite set, the above described procedure will terminate

after finitely many steps. O

We repeat the algorithm for constructing H' in Algorithm 6.3.10. The correctness of this
algorithm is clear from the above proof. It is also clear that the algorithm terminates after

finitely many steps.

Algorithm 6.3.10 Input is H and output is H'.
(1) Let Hy := H and k := 0.

(2) If Fpy, is forward invariant then let H' := Hj, and STOP. If Fly, is not forward invariant
then GOTO (3).

(3) Let Hyy1 :={s € Hy | fs(x) =0for all z € Fy, } and k := k+ 1. GOTO (2).

Due to Proposition 6.1.2, it is enough to determine the sign of f(z) in the calculation of
the set Hy1 for only one fixed € Fy, and for all s € Hy. Checking the forward invariance

of Fp, can also be done easily by Theorem 6.3.7.

6.4 Interior equilibria

In this section we examine the set of equilibria for (6.1). We provide some simple statements
for general kinetics. After that we deal with results for networks with mass action kinetics.

We are interested in the behaviour of the solutions of (6.1) with initial condition in the
nonnegative orthant. Hence, we are interested in those equilibrium points of (6.1), which lie

1 n
in Rzo-

Definition 6.4.1 Consider the differential equation (6.1). Let us define the set of equilibria
E, the set of interior equilibria E,, and the set of boundary equilibria Ey by

E = {zeR% | f(z) =0},

E. {z eR} | f(x) =0}, and
Fo = {weRy| fx) =0}

Clearly, E is the disjoint union of E; and Ey. The elements of E are called equilibrium
points, the elements of . are called positive or interior equilibrium points and the elements

of Ey are called boundary equilibrium points.
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In this section we investigate mainly the set of interior equilibria. Section 6.5 deals with
the set of boundary equilibria. As we shall see in the next section, in certain cases it is
possible to reduce the investigation of the set of boundary equilibria to examining the set
of interior equilibria for a system, which is derived from the original one.

Recall that § denotes the deficiency of a reaction network, I denotes the incidence matrix
of the digraph (C,R), and the coordinates of the function R : R® — R™ are the rate
functions. Recall also that S is the stoichiometric matrix and that S = B -1, where B is the

matrix of complexes.

Proposition 6.4.2 Consider a reaction system. Assume that § = 0 and let = € RY,. Then
x € E if and only if R(x) € ker I.

Proof Dueto (3.7), z € E if and only if R(z) € ker S. Recall that § = dim ker S —dim ker I.
If 6 = 0 then we obtain that ker S = ker I. Hence, « € E if and only of R(x) € kerI. O

The above proposition shows the importance of examining the kernel of the incidence
matrix, or equivalently, introducing the notion of a circulation. Also in the case when the
deficiency of a network is not zero, part of the equilibrium points comes from the kernel
of the incidence matrix. But in this case, other equilibrium points may also occur, because

ker I is strictly smaller than ker S.

Definition 6.4.3 If all the components of the graph of complexes (C,R) are strongly con-

nected then we say that the reaction network is weakly reversible.

Note that the weak reversibility property is a property of a reaction network. By the weak
reversibility property of a reaction system we mean the weak reversibility of the underlying
reaction network. The following theorem expresses that a deficiency zero network must be

weakly reversible for being able to admit interior equilibrium point.

Theorem 6.4.4 If § = 0 and F, # 0 then the underlying reaction network is weakly

reversible.

Proof Suppose that € E. Then supp(z) = 1, n, thus condition supp(B. ;) C supp(z) is
satisfied for all i € C. Hence, by (3.3), R(x) € R7". The deficiency is zero by assumption, thus
due to Proposition 6.4.2, R(z) € ker I. This means that there exists a positive circulation
on (C,R). This concludes the proof, because due to Theorem 4.3.3, this implies that all the

components of (C,R) are strongly connected. a

In the rest of this section we deal with mass action systems. Due to the following theorem,

for deficiency zero mass action systems, the converse statement of Theorem 6.4.4 also holds.

Theorem 6.4.5 Consider a mass action system with § = 0. Then F, # () if and only if the

underlying reaction network is weakly reversible.

Proof The only if part follows from Theorem 6.4.4.
To prove the converse statement, let us assume that the underlying reaction network

is weakly reversible. The deficiency was assumed to be zero, hence an equilibrium point
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can only come from the kernel of the incidence matrix. Let € R’. Define the function
y: R — Ry by

y(i,7) = Kig) H wle (6.3)
s=1

for (i,7) € R. We have to show that there exists # € R’ such that (6.3) defines a circulation
on (C,R). Note that the defined y(i, 7) is indeed positive for all (i, j) € R. Observe also that
if (i,jl), (Z,]Q) € R then

i,J i,J

y(,q1) _ (i j2) (6.4)
Flig)  Flige)

Positive circulations that satisfy (6.4) are examined in Theorem 4.3.6. Consider a positive

circulation y* : R — R, which satisfies condition (6.4). Pick any r € 1, /. Clearly, using

the same notation as in Theorem 4.3.6, the existence of an interior equilibrium point is

equivalent to the existence of a € Rﬂ and z € RY} such that

4 n
Z a,yr(i, ) = K. H xBei (6.5)
r=1 s=1

for all (4,7) € R. Note that if (¢, 71), (¢,7j2) € R with common tail then equation (6.5) are
the same for these two arcs, because y* satisfies (6.4). (The unknowns in (6.5) are = and
a.) Hence, we can eliminate part of the equations, keeping only one for all i € 1,c. To be
precise, let p : C — R be an injection such that the tail of p(4) is ¢ for all 4 € C. Note that by
the weakly reversibility and by the assumption that each complex is involved in at least one
reaction, such injection exists. Define y* € RS by y7 = y*(p(i))/kp(s)- Recall that ¢, denotes
the number of complexes in the 7th linkage class (r € 1,£). Denote by y*" € R the vector,
which coordinates are the coordinates of y* corresponding to the rth linkage class (r € 1, 7).

If d is a positive integer then define logd : ]Rj'f_ — R? by

[v1,...,v4)" + [log(v1),...,log(va)]",

where log : R, — R is the natural logarithm function.
Assuming that the columns of B are ordered accordingly to the vectors y*" and taking

logarithm, (6.5) reduces to
logm (aly*l)
: = BT .log"(x).
1Ogce (aég*l)

Using that log(ab) = log(a) + log(b) for all a,b € R, one can write the above equation

in the form

o™ ") log ()
. 3 -~ og (r
IOg (g ) = . = BT . [ ¢ ] )

—log’ ()
log® (y**)

where B € R("+0%¢ is the matrix defined in Section 5.3. Due to Theorem 5.3.7, the deficiency
equals to dim ker B.As§=0 by assumption, BT has full range.
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This concludes the proof, because it means that there exist vectors v! € R” and v? € Rf
such that

1
log?(y*) = BT - | " 1 . (6.6)
g 02

Define x4 to be evs for s € 1,7 and «, to be e~V for r € 1,¢. The defined 2 and « satisfy

all desired conditions. O

We remark that the determination of y* in the above proof is equivalent to finding any
positive element of the kernel of an m x m matrix. After one has y*, it is possible to solve the
linear equation (6.6). Determination of the set of interior equilibria is then straightforward.

The above proof showed that for deficiency zero mass action systems, the weakly re-
versibility property is equivalent to the existence of an interior steady state. As a matter of

fact, we can say more. Recall that S denotes the stoichiometric subspace.

Proposition 6.4.6 Consider a weakly reversible mass action system with § = 0. Let
2! 22 € Ey. Then log"(2?) —log"(z') € S*.

Proof Due to the proof of Theorem 6.4.5, there exist a!,a? € Rﬁ such that

— RBT.

oo [ og)
—log"(a')

One can write out this equation in coordinates. If i € 1, c and the complex C; is in the

rth linkage class for some 7 € 1,/ then the ith equation has the form
log(a?) —log(al) = (B. ;,log™ (x?) — log™ (x')).

If (¢,7) € R then complex C; and complex C; are in the same linkage class. This implies
that

(B.; — B.7i710g”(x2) - log"(x1)> =0

for all (i, j) € R. Recall that the stoichiometric subspace S is spanned by the set {B. ;—B. ; €
R™ | (4,7) € R}. This concludes the proof. O

The above results remain true for a considerable wider class of systems. Recall that ¢,
denotes the deficiency of the rth linkage class (r € 1,£). The proof of the following theorem

can be found in [6].

Theorem 6.4.7 Consider a weakly reversible mass action system for which 6, < 1 for all
r€1,fand § =8 +---+ 6. Then E, # (). Moreover, if z* € E, then

E; C{zx e R} | log"(z) —log"(z*) € S*}. (6.7)

Recall that we have shown in Section 5.4 that the property 6 = d; + ...+ d; holds for all
deficiency zero network. Hence, Theorem 6.4.5 and Proposition 6.4.6 provide the proof of a
special case of Theorem 6.4.7.

The following proposition shows that the converse inclusion in (6.7) holds for a wide class

of systems, including systems in Theorem 6.4.7.
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Proposition 6.4.8 Consider a mass action system, which satisfies 6 = §; +- - - +dy. Assume
that E} # 0. Fix any 2* € E,. Then

E; D {z e R} | log"(z) —log"(z*) € S}

Proof Pick any z € R"} such that log”(z) — log™(z*) € S*. Let i € 1, c. Let us define the

function m; : RY ) x R} — R>o by

ri(a,y) = H (Z) o (63)

for (z,y) € R%, x R}. Fix any #* € E and any = € R} such that log" (x) —log" (z*) € St.
Let (¢,7) € R. Then

(B.j — B.;,1og" (x) —log™(z™)) = 0.
The latter can be written equivalently as
mi(z,2") = mi(z, ™).

Recall that R,. denotes the set of reactions and C,. the set of complexes in the rth linkage class
(r € 1,¢). The above equality implies that m;(z,z*) = 7;(x,2*) for all i,j € C, (r € 1,¢).
For fixed = and x* denote this common value by 7. Recall also the definition of the function
f7:R™ — R™. Straightforward calculation shows that z € E:

1

4 n
f@)=> @) => [ Y ruy[[zFB,;-B.)| =

r=1 \(i,j)€ERr

n ¢
= Z Z K(ij) (H(xDB“‘) mi(z,2*)(B.j — B.i) | = Zﬂrfr(x*).

r=1 \ (i,j)€ER
Due to z* € Ey, f(z*) = 0. Hence, Proposition 5.4.7, f"(z*) = 0 for all » € 1,£. This

concludes the proof. O

The following theorem is an immediate consequence of Theorem 6.4.7 and Proposition
6.4.8.

Theorem 6.4.9 Consider a weakly reversible mass action system for which §, < 1 for all

rel,fand § =6, + -+ 6. Fix any 2* € E,. Then
E; ={z e R} | log"(z) — log"(z*) € S*}.

The above theorem allows us to provide a differential geometric statement about F.
Recall that 6 = ¢ — £ —rank S. Since 0 < rank .S <n, 0 <n — (¢ — ¢ —J) < n. The following

proposition can be found in [10] in a slightly different form.

Proposition 6.4.10 Consider a system as in Theorem 6.4.9. Then E is C*°-diffeomorphic
to R~ (¢=¢=9) Hence, E, is a O submanifold of R™ of dimension n — (c— £ — §). Moreover,

E, is connected.
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Proof Fix any 2* € E,. Define the map © : R" — R} by y > [z}je¥", ..., z}ev"]T. Then
O is a C*-diffeomorphism. Since dimS = ¢ — £ — §, dimS*+ = n — (¢ — £ — §). We claim
that ©(S*) = E,. Note that z € ©(S1) if and only if there exists a y € St such that
log" (x*) 4+ y = log™(x), that is, if and only if log™(z) — log"(z*) € S*. By Theorem 6.4.9,
the latter is equivalent to x € E.. The claim is verified. The connectedness of E follows

from the fact that continuous image of a connected set is connected. O
The proof of the following lemma is borrowed from [10].

Lemma 6.4.11 Let S be the stoichiometric subspace and P = (p+ ) N R, a positive
stoichiometric class for some p € R. Then, for each 2* € R} there exists a unique x € R’}
such that z € PN R and log"(z) — log" (z*) € S*.

Proof Let 2* € R". For s € 1,n, define function L, : R — R by

Li(y) = z5e? — psy

for y € R. Then lim,_. o Ls(y) = oo and lim,_, o Ls(y) = oo, hence L is proper, that is,
{y € R | Ls(y) < v} is compact for each v € R. Define the function @ : R — R by

n

Q(y) = ZLs(ys)'

s=1
Note that @) is continuously differentiable. The function @) inherits the proper property from
the functions Ly (s € 1,n):

n

{yeR" | Q(y) w} € X{ys €ER| Lo(ys) Sw — (n—1)M},
s=1

where M € R is any common lower bound for the functions L, (s € 1,n). Restricted to S+,

Q is still proper, so it attains a minimum at some point y* € S*. The transposed of the

gradient of ) at point y* € R™ must be orthogonal to S+:
((gradQ)(y))" = [&fe¥i —p1,...,25e?n —p,)" = [wfevi, ... anen] —pe (SH)F =8.

Pick 2 € R such that log"(z) = y* + log™(z*). Note that log” : R’} — R" is a bijection,
hence such z indeed exists. Then log™(x) — log™(z*) = y* € S* and the formula for the
gradient of () at point y* shows that x —p € S. In other words, z € PNRY.

It remains to show the uniqueness part of the statement. Suppose that z', 22 € R’ are
such that 2! —p € S, 22 —p € S, log"(z!) — log™(2*) € S*, and log"(2?) — log" (z*) € S*.
This implies that ! — 22 € S and log"(z!) — log™(2?) € S*. Since log : R, — R is strictly
increasing, (a — b)(log(a) — log(b)) > 0 for any a,b € R distinct numbers. Thus

n
> (@ = a2)(log(x}) — log(x7)) = (¢! — 2*)" (log" (") — log" (7)) = 0
s=1
implies that ! = 22 for all s € 1,n. O
We are now in the position to formulate a theorem, which states that for certain reaction

systems there exists a unique interior equilibrium point in each positive stoichiometric class.

Theorem 6.4.12 Consider a system as in Theorem 6.4.9. Then |PNE,| = 1 for all positive

stoichiometric class P.
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Proof Fix any z* € E;. Due to Theorem 6.4.9, the set of positive equilibria is {z €
R% | log"(z) — log™(z*) € S*}. Lemma 6.4.11 then implies that [P N Ey| = 1. O

The following two examples illustrate the above theorem. The examples will be revisited

in Section 6.6. The examples are borrowed from [10].

Example 6.4.13 Consider the simple example for a reaction network in Figure 6.3.

Ci=A1+ Ay — Cy =2A1 + Ay

Figure 6.3: Scheme of the reaction network of Example 6.4.13

Using the introduced notations,

C={C,Cs}, R={(1,2),(2,1)}, ¢=2, m=2, £=1, n=2,

12 -1 1 1 -1
B= , 1= , S=B-I= :
IS o]

rankS =1, 6=2—-1—-1=0.

Endow the network with mass action kinetics, with rate constants x(;,2) = 1 and k(2 1) =

1. Then the differential equation for the system is
} -1 1-—
%1 = T122 + SC%TQ = ( )13 .
i) 0 0

Eg = {[z1,22]" € R} | 2120 =0} and E; = {[z1,22)" € R | 21 = 1}.

Thus

The stoichiometric subspace S is generated by the vector [1,0]7. Hence, the positive stoi-

chiometric classes are the sets
P. = {[x1,22)" € RQZO | 20 = 2}

for z € Ry. Each positive stoichiometric class contains exactly one interior equilibrium point.
The sets Ey, E4, and P, are depicted in Figure 6.4. The unique interior equilibrium point
in P., [1,2]7, is denoted by x* in the figure.

O

Example 6.4.14 Consider the simple example for a reaction network in Figure 6.5.

Using the introduced notations,

C={C,C}, R={(1,2),(2,1)}, ¢=2, m=2, £=1, n=2,

1 0 -1 1 -1 1
9 I == 5 S = B I = s
0 1 1 -1 1 -1
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T2

Ly

Ty
Figure 6.4: The sets Ey, E, and P, for Example 6.4.13

Ci=4 — Cy= Ay

Figure 6.5: Scheme of the reaction network of Example 6.4.14

rankS=1, 6=2—-1—-1=0.

Endow the network with mass action kinetics, with rate constants x(;,2) = 1 and k(2 1) =

1. Then the differential equation for the system s:
il -1 1 T2 — T
=1 = .
i’g 1 -1 r1 — T2

Ey= {[O,O]T}, and E+ = {[xl,xQ]T S Ri_ | xr1 = .132}.

+ 2

Thus

The stoichiometric subspace S is generated by the vector [1, —1]T. Hence, the positive stoi-

chiometric classes are the sets
_ T 2 _
P, ={lz1,22]" €RSy | 22 = —21 + 2}

for z € Ry. Each positive stoichiometric class contains exactly one interior equilibrium point.
The sets E; and P, are depicted in Figure 6.6. The unique interior equilibrium point in P,,
[2/2,2/2]T, is denoted by z* in the figure.

T2

I

Figure 6.6: The sets E; and P, for Example 6.4.14

O

We remark that an example in [7] can be found, where a weakly reversible mass action
system with £ = 1 and § = 2 admits exactly three positive equilibrium points in each positive

stoichiometric class.
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We conclude this section by providing a compact characterization of the set of equilibria
for weakly reversible mass action systems with § = 0. The result is then used in Section 6.6.
The introduced characterization is due to E.D. Sontag [10].

Fix any i € 1,c. Let us define the function ¢; : R} x R — R by

qi(z,y) = (B.i,log" (z) — log" (y))- (6.9)

Define the function ® : R} x R} — Ry by

O(x,y) = Y (g(@y) — ailz,y)*

(h,J)ER

It is clear from the definition of ® that it is indeed nonnegative.

Proposition 6.4.15 Consider a system as in Theorem 6.4.9. Let 2* € E; and x € R7}.
Then x € E; if and only if ®(z,z*) = 0.

Proof Clearly, ®(z,2*) = 0 if and only if log”"(z) — log™(2*) € S*. Theorem 6.4.9 then

implies the desired result. O

We remark that the above definition of the function ® is slightly different than in [10].

6.5 Boundary equilibria

We introduce a construction in this section, which allows us to reduce the investigation of
the set of boundary equilibria to the examination of the set of interior equilibria of another
system.

We start by a proposition, which expresses that if (i,7) € R and all the constituting
species of complex C; are present in the system then each of the constituting species in

complex () is either present as well or not present, but biochemically being produced.

Proposition 6.5.1 Assume that (i,j) € R. Pick any z € RY, such that supp(B.;) C
supp(z). Then supp(B. ;) C supp(z) U{s € I,n | fs(z) > 0}.

Proof Suppose that there exists s € 1,n for which B, ; > 0 and x5 = 0. We have to prove
that fs(x) > 0. Proposition 6.1.2 implies that in this case fs(x) = 8%(z), where 82(z) is a
sum of nonnegative summands. It suffices to show that there exists a summand in 89(z),
which is positive. By the assumption of the proposition, Bs; = 0 if 5 = 0. By condition
(3.3), R jy(x) > 0 and hence R(; ;)(x)Bs,; > 0. O

The following proposition is an immediate consequence of Proposition 6.5.1.

Proposition 6.5.2 Let H C 1,n be such that Fy is forward invariant. Let x € Fy and
(,7) € R. Then supp(B. ;) C supp(x) implies that supp(B. ;) C supp(x).

Yy .

Proof If H = () then the statement is trivial. If H # () then Theorem 6.3.7 implies that
fs(x) =0 for all s € H. It means that {s € I,n | fs(x) > 0} C supp(z). Finally, Proposition
6.5.1 yields the result. O

Repeated application of Proposition 6.5.2 yields the following result.
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Proposition 6.5.3 Let H C 1,n be such that Fy is forward invariant. Let x € Fy and
(C,R) be the graph of complexes. Then, if there exists a directed path between i € C and
j € C then supp(B.,;) C supp(z) implies that supp(B. ;) C supp(z). In particular, if (C’, R’)

is a strongly connected subgraph of (C,R) then either supp(B.;) C supp(z) for all i € ' or
supp(B. ;) € supp(z) for all i € C'.

The following proposition shows that boundary equilibrium point can occur in Fg only
if Fy is forward invariant. Recall that C, denotes the set of complexes in the rth linkage

class (r € 1, 7).

Proposition 6.5.4 Let () # H C 1,n. Assume that Fig N Ey # (). Then H is a siphon.

Proof Pick any £ € Fiy N Ey. Then f(£) = 0. In particular, fs(§) = 0 for all s € H. Due
to Theorem 6.3.7, H is a siphon. O

The following proposition shows that in a special case the set of boundary equilibria has

a simple structure.

Proposition 6.5.5 Assume that no row of B vanishes and (C,R) is strongly connected.
Let ) # H C 1,n. Then either Fyg N Ey = Fy or Fy N Eg = 0.

Proof Let £ € Fg N Ey. Then H is a siphon by Proposition 6.5.4. By Proposition 6.5.3,
either supp(B. ;) € H€ for all i € C or supp(B.;) C H¢ for all i € C. As H® C 1,n and no row
of B vanishes, the latter is not possible. Hence, supp(B.;) € H¢ for all ¢ € C. This implies
that R; jy(x) = 0 for all z € Fiy and for all (4,5) € R. Hence, x € E for all z € Fy. O

If H=1,n and Fpy is a siphon then clearly 0 € Ej.
We introduce now a construction that associates a new reaction system to a reaction
system and a siphon. The advantage of this association will be clear. Let § # H C 1,n be a

siphon. Denote by K the linear space
K={zeR"|z,=0if s€ H}. (6.10)

Define the linear homeomorphism P : K — R™ by (Pz); = x5 for s € H¢ and for z € K,
where 7 = |H¢|. (The coordinates of vectors in R™ are indexed by the elements of H¢.) From

now on, if H is a siphon then K and P always denotes the above defined objects.

Construction 6.5.6 Let (A,C, R, R) be a biochemical reaction system. Assume that )
H C 1,n is a siphon. Denote by H® the set 1,n\H. Quantities corresponding to the new
system will be indicated by upper bars. The complexes and species occurring in the new
system inherits their indices from the original system. Define the set of species for the new

system by
A={As e A|se H}.
Define the set of reactions by

R ={(i,j) € R | supp(B.;) € H}.

y

Note that if R = () then all the reaction rates in the original system are zero at all x € Fy.

Hence, Fr N Ey = Fy. Continue the construction only if R # 0.
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Define the set of complexes for the new system by
C = {i € 1,c | there exists (j1,j2) € R such that j; =i or j, =i}.

Note that if R # () then C # .

Denote by 7 and ¢ the number of species and the number of complexes in the new system.
Define the matrix of complexes B € R™*€ for the new system by B ; = Bs,; for s € H® and
for i € C.

It remains to define the kinetics of the new system. Denote by T the new state variable.
Define the rate functions of the new system by R(; ;(T) = Ry; j)(P~'T) for (i,j) € R and
7 € R™. Define f(7) : R” — R” by

f@= > Rup@ (B ;—-B.,)
(i,j)ER
for T € R™. The differential equation that governs the evolution of the new system is then
z = f(Z). O

From now on if an object with upper bar appears then we always implicitly assume
that a siphon is given and that object with upper bar corresponds to the new system in

Construction 6.5.6.

Proposition 6.5.7 Let ) # H C T,n be a siphon. Assume that R # (). Let i € C. Then
supp(B.;) C He.

Proof Let i € C. If there exists j € C such that (i,5) € R then clearly supp(B. ;) C H®.
If there exists j € C such that (j,i) € R then supp(B. ;) C H¢. By Proposition 6.5.2,

supp(B. ;) C H®. O

Note that Proposition 6.5.7 implies that f(Z) = Pf(P~'z) for all T € RT.

Note also that f inherits the local Lipschitz continuity from f. Let us denote by ¢(-, ) :
J(€) — R™ the solution of the new differential equation # = f(Z) with initial value £ € R™.
The following proposition shows that the dynamics of the original system and the new system

are essentially the same.

Proposition 6.5.8 Let () # H C T,n be a siphon. Assume that R # ). Let £ € Fy. Then
J(P€) C J(€), J>0(P€) = J>0(§) and P~1o(t; PE) = ¢(t;€) for all t € J(PE).

Proof Define y : J(P¢) — R by y(t) = P~ 1¢(t; PE) for t € J(PE). Then y(0) =
P~1¢(0; P¢) = P71P¢ = ¢ and
y(t) = P~1o(t; PE) = P71 f(6(t; PE)) = P~ Pf(P~o(t; PE)) = f(y(t)

for t € J(P¢). Uniqueness of the solution of the initial value problem & = f(z),z(0) = ¢
implies that J(P¢) C J(€) and P~1o(t; PE) = ¢(t;€) for all t € J(PE).

It remains to show that J>o(P£) = J>o(€). Suppose by contradiction that Jsq(P¢) 2
J>0(€). Let t* = sup J>o(P€). Then t* cannot be a finite explosion time for ¢(-; P¢), because
in this case it would be a finite explosion time for ¢(-; £) as well. Hence, the solution of the new

differential equation must approach the boundary of R7.. But this is not possible, because
then ¢(t*; &) would be in cl(Fg )\ Fy, which contradicts the forward invariance of Fy. O

Denote by E the set of interior equilibria for the new system.
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Proposition 6.5.9 Let () # H C 1,7 be a siphon. Assume that R # ). Then
EQQFH:{.’I}EFH | Per+}.
Proof The result is an immediate consequence of Proposition 6.5.8. |

The advantage of introducing the new system is that the set EyN Fg can be examined by
investigating the set of interior equilibria £, for the new system. Hence, investigating the
set of boundary equilibria can be reduced to the investigation of the set of interior equilibria
for the associated new system. We shall show that this technique can be used for instance
to establish propositions about the set of boundary equilibria for systems in Theorem 6.4.9.

Let us introduce the following notations for further reference. Let @ # H C 1,n be a
siphon. Assume that R # (. Let

S = span{E.Jv — E.,i eR” | (Z,j) S ﬁ}
Due to Proposition 6.5.7,
P'S =span{B.; — B.; € R" | (i,7) € R}

holds.
The following two propositions express that the new system inherits certain properties

of the original system.

Proposition 6.5.10 Let () # H C 1,n be a siphon. Assume that R # (). If the original
network is weakly reversible then the new network is weakly reversible as well. Moreover,

the linkage classes of the new system are linkage classes of the original system.

Proof Assume that i € C and r € 1,/ are such that i € C,.. Then supp(B.;) C H® by

)

Proposition 6.5.7. By Proposition 6.5.3, supp(B. ;) C H¢ for all j € C,. Hence, R, C R. In

other words, all the reactions in the rth linkage class are reactions in the new network as
well. O

Assume now that the original system is weakly reversible. Note that due to the above
proposition, the new network essentially consists of certain linkage classes of the original
network. Define the set G by

G ={rel,l|supp(B.;) C H" for all i € C,}.

Note that G = () if and only if R = ). Denote by ¢ and by &, the deficiency of the new

network and deficiency of the rth linkage class of the new network (r € G), respectively.

Proposition 6.5.11 Consider a weakly reversible reaction network. Let § # H C 1,n be
a siphon. Assume that R # (). Then 6, = 6, for all » € G. Moreover, if § = Zle 0, then

0= ccor

Proof To prove the first statement it suffices to show that dim kerﬁr = dim ker ET for
all r € G. By Proposition 6.5.7, Bs; = 0 for all s € H and for all i € C. This implies that
ﬁ,« can be obtained from B, by deleting identically zero rows (r € G). Namely, one should
delete the rows with indices in H U {n +r | » € 1,/\G}. This means that ker ﬁr = ker B,
for all r € G.
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Assume now that § = Zle 0. As we saw in Section 5.4, this is equivalent to
rané = ran§1 D --- @ranég.
As B, can be obtained from ET by deleting identically zero rows, it follows that
ranB = @ ran B,..
This concludes the proof. O

We are now in the position to establish a theorem about the set of boundary equilibria
for certain systems. Note that for a mass action system the defined kinetics for the new

system in Construction 6.5.6 is the mass action kinetics corresponding to the new system.

Theorem 6.5.12 Consider a mass action system. Let ) # H C 1,n be a siphon. Assume
that R # (. Assume that the constructed new system satisfies the conditions of Theorem
6.4.9. Then Fy N Eqy # (). Moreover, |(Fy N Ey) N (p+ P~1S)| =1 for all p € Fy.

Proof The stoichiometric subspace of the associated new system is S. Pick any p € IRE.
By Theorem 6.4.12, |(p + S) N E;| = 1. This observation and Proposition 6.5.9 yields the
result. O

The preceding theorem applies for systems in Theorem 6.4.9 in case R # (). This is
ensured by Proposition 6.5.10 and Proposition 6.5.11.

Proposition 6.5.13 Consider a mass action system. Let § # H C 1, n be a siphon. Assume
that R # (). Assume that the constructed new system satisfies the conditions of Theorem
6.4.9. Then Fg N Ep is a C°° submanifold of R™ of dimension 7 — (¢ — £ — ), where £ is the

number of linkage classes in the new system.

Proof Due to Proposition 6.4.10, E; is a C* submanifold of R™ of dimension 7 — (¢—£—§).
Proposition 6.5.9 then implies the desired result. O

Proposition 6.5.14 Consider a system as in Theorem 6.4.9. Then the set of equilibria £

is the disjoint union of finitely many C'°*° submanifolds of R™.

Proof Let H = {H € 2""\{0} | H is a siphon}, where 20" denotes the powerset of T, 7.
By Proposition 6.5.4,

E:E+U<U(FHOEO)>.

HeH

If R = 0 for some () # H C 1,n siphon then Fi N Ey = Fg, which is clearly a C
submanifold of R™. If 1,n is a siphon then Ey N b= {0}, which is a C*° submanifold of
R™ of dimension 0. These remarks, Proposition 6.4.10, and Proposition 6.5.13 then imply
the desired result. ]

We provide now a useful proposition. Let §) # H C 1,n be a siphon. Let m = |H¢|. Let
the function @ : R™ — R” be the orthogonal projection to K, where K is defined by (6.10).
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Proposition 6.5.15 Consider a weakly reversible mass action system, which satisfies § =
Zf,zl . Assume that x € E and let ) # H C 1,n be a siphon. Then Qx € Ej.

Proof By Proposition 5.4.7, f"(z) = 0 for all » € 1,¢. By Proposition 6.5.3, either
supp(B. ;) C H¢ for all i € C, or supp(B.;) € H¢ for all i € C, (r € 1,7).

Let r € 1,/ such that supp(B Q HC for all ¢ € C,.. Then f"(Qx) = 0, because all the
rate functions corresponding to the rth linkage class have zero value at Q.

Let r € 1,7 such that supp(B.;) C H¢ for all i € C,. Then Ry, j)(z) = R(;, j)(Q:c) for all
(i,7) € Ry, because B, ; = 0 for all s € H and for all ¢ € C, and hence the power ;US * does
not depend on x5 € R>¢. Hence, 0 = f"(x) = f"(Qx).

Thus, we have obtained that f7(Qx) = 0 for all » € 1,¢. Clearly, Qz € Ej. O

We conclude this section by a compact characterization of the set of equilibria for systems
in Theorem 6.4.9. The proposition presented here can be found in [3] for the special case of
deficiency zero networks and with only one linkage class. The relaxation of the condition on
the deficiency does not cause any difficulty. However, the multiple linkage class case is a bit
more difficult than the case of one linkage class. It turns out that the result remains true
for the multiple linkage class case. We remark however that we do not consider the more
general rate functions of [3].

Leti € T,c. Let m; : RL,xR%} — Ry as in (6.8). Define the function ¥ : RL; xR} — Rxg
by

\I/(x’y) = Z (eﬂ']’(fv,’y) — 67ri(13,y))2'
(i,J)ER
Proposition 6.5.16 Consider a system as in Theorem 6.4.9. Let * € E, and = € R,
Then x € E if and only if ¥(x,2*) = 0.

Proof Clearly, ¥U(z,2*) = 0 is equivalent to m;(z,2*) = m;(z,2*) for all (¢,j) € R. The
latter is equivalent to m;(z,2*) = m;(z,2*) for all 4,5 € C, and for all r € 1, /.

Suppose that 7;(z,2*) = mj(x,2*) for all i, j € C, and for all r € 1, /. The same calcula-
tion as at the end of the proof of Proposition 6.4.8 shows that = € F.

To show the converse statement, let € E. If v € E, then ¢,;(z,2*) = g;(z,z*) for all
(,7) € R, by Proposition 6.4.15 (recall (6.9)). This implies that m;(z,2*) = 7 (x, z*) for all
(i,7) € R.

Assume now that € EqN Fy for some § # H C 1,n. Due to Proposition 6.5.4, H is a
siphon. If H = 1, n then x = 0. Fix any r € 1, /. In this case, due to Proposition 6.5.3 either
supp(B. ;) = 0 for all i € C, or supp(B.;) # 0 for all i € C,. The first case is not possible,
because the zero complex cannot constitute a linkage class itself. In the latter case, clearly
7;(0,2*) = 0 for all i € C,..

Assume for the rest of this proof that () # H C 1,n. Construct a new system as described
in Construction 6.5.6. If R = () then supp(B.;) € H® for all i € C and hence m;(x,z*) = 0
for all ¢ € C. Assume for the rest of this proof that R # 0.

Due to Proposition 6.5.9 and Proposition 6.5.15, both PQz and PQx* are interior equi-
librium points of the new system. Hence, using the already proven part of this proposition
for the new system,

z,\ P z,\ P
11 <I> =11 <z> (6.11)

s€H¢ S



for all (i,7) € R. Note that the facts that (PQz), = z, and (PQz*)s = x* for all s € H®
and B, ; = Esﬂ» for all s € H® and for all i € C were used.

Fix any r € 1,¢. Due to Proposition 6.5.3, either supp(B.;) C H® for all i € C, or
supp(B.;) € He for all i € C,.

If supp(B. ;) ¢ supp(z) = H€ for all i € C, then m;(z,z*) =0 for all i € C,.

Assume that supp(B. ;) C supp(x) = H€ for all i € C,. Then

B i n B ;

H (%) - H(ms) -
x* x*
s=1 s

seH¢ S

for all i € C,.. Equality (6.11) then implies the result. a

6.6 Stability

In this section we prove stability properties of weakly reversible deficiency zero mass action
systems. Hence, throughout this section, we assume that such a system is given. The pre-
sented ideas basically follow the line of [10] with minor changes. We restrict our attention
to mass action kinetics and do not consider here the more general rate function that can be
found in [10]. However, we examine the multiple linkage class case, while only the case £ =1
is discussed in detail in [10]. We also investigate stability of boundary equilibrium points.
See [11] for a correction to [10].

We start by recalling some well known notions from the theory of ordinary differential
equations. Let D be a connected open subset of R". Let g : D — R™ be continuously
differentiable and & € D. Consider the autonomous differential equation (6.12) with initial
value (6.13):

z = g(x), (6.12)
z(0) = & (6.13)
The initial value problem (6.12)-(6.13) has a unique solution on a maximal open interval

denoted by J(§). Denote this solution by ¢(-;&) : J(§) — R™. Let J (&) = J(§) NR4 and
J>0(§) = J(§) NR>o.

Definition 6.6.1 Let p € D. If g(p) = 0 then p is said to be an equilibrium point of (6.12).

Denote the open ball in R™ of radius > 0 with centre p € R™ by B, (p).

Definition 6.6.2 An equilibrium point p € D is said to be stable if for all € > 0 there exists
n > 0 such that ¢ € D N B, (p) implies that |¢(t;¢q) — p| < € for all t > 0.

Definition 6.6.3 An equilibrium point p € D is said to be asymptotically stable if it is
stable and there exists 7 > 0 such that lim;_, |¢(t; ¢) — p| = 0 whenever ¢ € D N B, (p).

The open connected set D equals to R™ in the case of a reaction system and we are
interested in equilibrium points in the nonnegative orthant. Theorem 6.4.12 states that
each positive stoichiometric class contains exactly one interior equilibrium point. As it was
discussed in Section 6.2, the stoichiometric classes are forward invariant sets for (6.1). The

stoichiometric classes are lying in (rank S)-dimensional affine subspaces. If rank S < n then
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asymptotic stability of an interior equilibrium point is excluded by the forward invariance
of stoichiometric classes. Hence, in the case of biochemical reaction systems, it is necessary

to introduce stability notions relative to forward invariant sets.

Definition 6.6.4 Let 7 C RY, be a forward invariant set for (6.1) and p € F an equilibrium
point. Then p is said to be stable relative to F if for all € > 0 there exists n > 0 such that
q € F N B, (p) implies that |¢(t;q) — p| < € for all ¢ > 0.

Definition 6.6.5 Let 7 C RY, be a forward invariant set for (3.52) and p € F an equilib-
rium point. Then p is said to be asymptotically stable relative to F if it is stable relative to
F and there exists n > 0 such that ¢ € F N B, (p) implies that lim; . |¢(¢;¢) — p| = 0.

In addition, we define global asymptotic stability of an equilibrium point relative to a

forward invariant set F.

Definition 6.6.6 Let 7 C RY be a forward invariant set for (6.1) and p € F an equilibrium
point. Then p is said to be globally asymptotically stable relative to F, if it is stable relative
to F and lim;_. |6(¢; ¢) — p| = 0 whenever ¢ € F.

We need several lemmas before stating the main results about the new notion of stability

relative to a stoichiometric class.

Lemma 6.6.7 Define the function 7v: R — R by v(h) = 1+ h — e + hf—;. Then v(h) <0
for all h € R.

Proof For h > 0 the statement is clear from the Taylor series of the exponential function.
Clearly, 1 + h + h?—; < 0 for all A < —2. Hence, the statement holds for h < —2.
It remains to show that y(h) < 0 for all —2 < h < 0. It is well known that 1+h+h72+%3 <
el for all h € R. Tt suffices to show that h?—; < %2 + %3 for all —2 < h < 0. The latter can
be checked easily. O

From now on we consider the differential equation (6.1), which corresponds to a weakly
reversible mass action system, which has deficiency zero. Recall from the end of Section
6.4 the definition of the functions ¢; : R} x R} — R for i € 1,c and of the function
®: R} x R} — Ry

Lemma 6.6.8 Consider a weakly reversible mass action system with zero deficiency. Let

x* € E. Then there exists a continuous function a : R} — R, such that

@ *
a() (x,x*) for all € RY}.

(log" (¢) —~log” (@), f(a)) < e

Proof Define the function a : R} — Ry by

a(x) = min {I{(%J) H .’ESBS’i

s=1

(i,7) € R} for = € RY.

Note that a is continuous.
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Let z € R}. By assumption, the underlying network has zero deficiency and z* is assumed
to be an equilibrium point. Hence, Proposition 6.4.2 implies that I - R(z*) = 0. Multiplying
this equality from the left by the row vector [e‘h(””’”*), cee eqC(x””*)] yields that

> k) (H - ) (et mle) —1) ~ 0. (6.14)
(i.J)ER
Using Lemma 6.6.7 with h = ¢;(z, 2*) — ¢;(x, z*) yields

(log"(x) —log"(z*), f(x)) = > & (H

(i) €R s=1

) q;(z, ") = qi(w,27)) =

(1,7)€ER

< - Zj) H

s=1

= > (Hm ) 4j(,07) — qa(a, 27) — D@0 4 1) <

o ) (q;(x, z*) — qi(x, z*))?

4+ (gj(@,2%) — qilw, %)) ~

Fix any y € Ry. Let us define the function v, : R>o — R by

vy(2) = / log(7) —log(y)dr for z € Rxo.
y

Then v, is continuous on R>( and continuously differentiable on R . Moreover, v, (z) =
log(z) — log(y), which strictly increases and is onto R on R, hence v, is strictly convex,
strictly decreases for z € [0, y], has a unique global minimum at y, and strictly increases to
oo for z € [y, 00). These properties imply that the set {z € R>¢ | v,(2) < ¢} is compact for
all ¢ € R. Note also that v,(z) > 0 for all z € R>¢ and v,(z) = 0 if and only if z = y.

Let z* € E. Define the function V;» : RS, — R by

x) = va (xs) = Z /5'3 log(7) — log(x%)dr. (6.15)
s=1 s=17%5

The following lemma summarizes important properties of V.

Lemma 6.6.9 Define V- by (6.15). Then
(i) Vi (z) > Vi (2¥) = 0 for all z € RE,\{z"},
(ii) Vi~ is continuously differentiable on R,
(iii) (gradV«)(z) = (log"(z) — log"(2*))” for all z € R},
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(iv) {z € Ry | V- (x) < ¢} is compact for all ¢ € R.

Proof  All these properties follow directly from the discussion made for the function
vy : R0 — R. O

Proposition 6.6.10 Consider a weakly reversible mass action system with zero deficiency.
Let &€ € R%,\E such that ¢(t;€) € R for all t € J,.(€). Let 2* € Ey. Then Vp-(6(€)) :
J (&) — R is strictly decreasing on J (£).

Proof Since no solution can reach an equilibrium point in finite time, ¢(¢;&) € R} \EL
for all t € J,(&). Then

d oo S a(@(t: ) 2((t:). ")
i Ve (65:60)) = Qo™ (6(1: ) —log" (2"), J(0(1:€)) < — ] ety

for all ¢ € J;(§). In the latter expression, the values of a are positive. The denominator

is positive as well. Moreover, ®(¢(t;€),z*) > 0 for all t € J(£), because of Proposition

6.4.15. This concludes the proof, because it means that V.« (¢(+;€)) has negative derivative
on J(&). O

The implication of the above proposition remains true if we omit the condition that in

the future the solution is evolving in the interior of the nonnegative orthant.

Proposition 6.6.11 Consider a weakly reversible mass action system with zero deficiency.
Let £ € REG\E. Let 2™ € E. Then Vi (6(+5€)) : J(§) — R is strictly decreasing on J5 ().

Proof Due to Proposition 6.3.8 there exists H C 1,n\supp(§) such that Fy is forward
invariant and ¢(¢;€) € Fg for all t € J(£). If H = () then Proposition 6.6.10 can be applied
directly.

If H=1,n then £ =0 and ¢ € E, which was excluded.

Suppose for the rest of this proof that ) # H C 1,n. Then H is a siphon. Denote by H¢
the set 1,n\H. Let z € Fg. Then

Z/ log(7) — log(x dT—i—Z/ log(7) — log(x%)dr.

seH¢ secH

The second addend in the above formula is not depending on x € Fgy. Hence, it suffices to
show that

és(t:€)
t— Z / log(7) — log(x})dr
s€He VTS
is strictly decreasing on J (§).
Let us construct a new system as described in Construction 6.5.6. Recall the definition
of K, P, and Q from Section 6.5. If R = () then ¢ € E, which is not possible. If R # ()
then PQz* € E, by Proposition 6.5.15 and Proposition 6.5.9. Observe that for the function

VpQa- RZO — R, which is associated to the new system,

B 5. (£PQE)
Ve (6(5 PQE) = 3 / log(r) — log((PQx"),)dr =

scHc¢ (PQx*)s
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¢S(t§£)
= Z / log(7) — log(z})dr
seHe VTS
For all t € J(PQE) = Ji(€). Since ¢,(t;§) € RT\E, for all t € J,(PQE) = J4(§),

application of Proposition 6.6.10 to the new system implies the desired result. (]

We recall one more notion from the theory of ordinary differential equations. Consider
the initial value problem (6.12)-(6.13).

Definition 6.6.12 If J(£) D R>( and there exists a sequence (tn)3_; € J(§) with

ngnootN =00 and ngnooﬂtmf) =q

for some ¢ € R™ then ¢ is said to be an w-limit point of £&. The set of w-limit points of & is
called the w-limit set of £ and is denoted by w(¢).

Recall the definition of dist from Chapter 2. The following theorem is well known. The

proof of it can be found for example in [13].

Theorem 6.6.13 Let ¢(;€) : J(§) — R”™ be the solution of the initial value problem (6.12)-
(6.13) for some & € D. Assume that ¢(¢; &) € K for allt € J; (§), where K C R™ is a compact
set. Then J(£) D Rxo, the w-limit set w(&) is nonempty, compact, connected, and forward

invariant. Moreover,
tlim dist(g(t;€),w(€)) = 0.

Theorem 6.6.14 Consider a weakly reversible mass action system with zero deficiency. Let
f S Rgo Then J(f) 2 Rzo.

Proof If £ € E then J(¢) 2 Rx>( obviously holds.

If § € RL,\E then Vi« (¢(;€)) is strictly decreasing on J(§) by Proposition 6.6.11. This
fact together with Lemma 6.6.9 implies that there exists a compact set K C R™ such that
o(t;¢) € K for all t € Jy(§). Theorem 6.6.13 implies that J(&) O Rxo. O

We remark at this point that if the stoichiometric classes of a reaction system are compact
then, by Theorem 6.6.13, any solution is defined for all ¢ > 0. This holds for all reaction
systems.

The following theorem is the basis of the stability results.

Theorem 6.6.15 Consider a weakly reversible mass action system with zero deficiency. Let
P = (p+S)NRY, be a positive stoichiometric class for some p € R}. Let £ € P. Let 2 be
the unique interior equilibrium point in P. Then either w(§) = {z*} or w(§) C Ey N'P.

Proof If ¢ € E then the statement clearly holds.

Let £ € P\E. Let V- : RY;, — R as before. By Theorem 6.6.14, J(£) 2 Rx>¢. Hence, the
w-limit set w(&) is defined. Due to the argument made in the proof of Theorem 6.6.14, there
exists a compact set K C R™ such that ¢(¢;€) € K for all ¢ > 0. Due to Theorem 6.6.13,
w(&) is nonempty and forward invariant. As P is closed and forward invariant, it is clear
that w(§) C P.
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Pick any ¢ € w(§). We show that ¢ € {z*}U(EyNP). Connectedness of w(£) then implies
the result.

Suppose by contradiction that ¢ ¢ {z*}U(EyNP). Consider the function ¢(-, () : J(¢) —
R™. As ¢ € RE,\E, by Proposition 6.6.11, Vo(¢(+,¢)) : J(¢) — R is strictly decreasing
on J;(¢). This is a contradiction, because the forward invariant set w(¢) is a subset of
{z € RY, | Vi (x) = v} for some v € R, because of the fact that the value of V. cannot

increase along trajectories. |
The following theorem is a direct consequence of Theorem 6.6.13 and Theorem 6.6.15.

Theorem 6.6.16 Consider a weakly reversible mass action system with zero deficiency. Let
P=(p+S)nN RY, be a positive stoichiometric class for some p € RY. Let § € P. Let z* be

the unique interior equilibrium point in P. Then
tlim dist(¢(t;€), ENP) = 0.

Theorem 6.6.17 Consider a weakly reversible mass action system with zero deficiency. Let
P=@(pP+SN RY, be a positive stoichiometric class for some p € RY}. Let 2* be the unique
interior equilibrium point in P. Then z* is stable. Moreover, z* is asymptotically stable

relative to P.

Proof Let ¢ > 0. It can be assumed that ¢ < min{z} | s € I,n}. Let Vo~ : RL; — R
as before. Let @« = min{V,+(x) | € = |x — a*|}. Clearly, a > V.« (x*). Let n > 0 such that
|z — x*| < n implies that V= (z) < a. This n satisfies the requirement in the definition of a
stable equilibrium point.

Clearly, stability of x* relative to P follows from its stability.

It remains to show that * is asymptotically stable relative to P. Let 0 < n’ < min{a? | s €
1,n}. Let @ = min{V,(z) | ' = |z — 2*|}. Let n > 0 such that |z — z*| < 7 implies that
V= () < . We show that the w-limit set w(§) is {z*} for all £ € B,(z*) NP. This will
imply that x* is asymptotically stable relative to P.

Let y € RZ,. Assume that yo = 0 for some s’ € T,n. Then

n Ys
Vo) =Y / log(r) — log(a?)dr >
s=1"77%5%

0 1:/_"],

> / log(7) — log(x%)dr > / log(7) — log(a%)dr > a > Vi« (€)

z¥, x¥,

for all £ € B,(z*). As V,« cannot increase along the solution starting from &, w(§) is a subset
of {x € RY | Vi () = v} for some v < V- (). Hence, w(§) NRf = 0. By Theorem 6.6.15,
w(§) = {z*}. Theorem 6.6.13 then implies the result. O

Theorem 6.6.18 Consider a weakly reversible mass action system with zero deficiency. Let
P = (p+S)NRZL, be a positive stoichiometric class for some p € R}. Let * be the unique
interior equilibri:lm point in P. Then z* is globally asymptotically stable relative to P if
and only if PN Ey = ().
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Proof Theorem 6.6.17 implies that z* is stable relative to P. By Theorem 6.6.15, if
PN Eg=0 then w(¢) = {z*} for all £ € P. This implies global asymptotic stability relative
to P.

If ¢ € PN Ey # 0 then ¢(t;&) = £ for all t > 0. Hence, z* is not globally asymptotically
stable relative to P. |

Let £ € P for some positive stoichiometric class P in Example 6.4.13. Theorem 6.6.16
can be applied for this example to show that the solution starting from £ approaches PN E.
It can also be seen in that example if £ ¢ Ej then the solution starting from & converges to
the unique interior equilibrium point in the stoichiometric class of &.

Let £ € RZ,\{[0,0]"} in Example 6.4.14. Theorem 6.6.18 implies that lim; ., ¢(t;€)
exists and is the unique interior equilibrium point in the stoichiometric class of &.

We conclude this section by providing a theorem about asymptotic stability of boundary

equilibrium points.

Theorem 6.6.19 Consider a weakly reversible mass action system with zero deficiency. Let
z* € Ep\{0}. Let H =1,n\supp(z). (Then 0 # H C 1,n and H is a siphon by Proposition
6.5.4.) Suppose that R # () in Construction 6.5.6. Then z* is asymptotically stable relative
to (z* + P718) Ncl(Fy).

Proof Application of Theorem 6.6.17 for the new system in Construction 6.5.6 yields the
result. |

6.7 Periodic solutions

In the case of biochemical reaction systems we are always interested in trajectories starting
in the nonnegative orthant. Hence, we define nontrivial periodic orbits for nonnegative initial

values.

Definition 6.7.1 Let { € R%,. A solution of the differential equation (6.1) starting from §
is called a nontrivial periodic solution if J(§) = R, there exists T' > 0 such that ¢(¢; &) =
ot +T5€) for all t € R, and ¢(+;€) : R — R™ is not constant.

The following two theorems show that for certain reaction systems the existence of non-

trivial periodic solutions is excluded.

Theorem 6.7.2 Consider a deficiency zero reaction network, which is not weakly reversible.

Then there is no periodic solution, which lies entirely in R} .

Proof The proof is similar to the proof of Theorem 6.4.4. Suppose by contradiction that
¢ € R% is such that J(§) = R and ¢(-;¢) : R — R™ is a nontrivial periodic solution. Let
T > 0 such that ¢(0;&) = ¢(T;€). Then, by the forward invariance of the positive orthant,
#(t;€) € R% for all t € [0,T]. Hence, supp(¢(t;€)) = 1,n for all ¢ € [0,T]. By condition
(3.3), this means that R(; ;(¢(t;&)) > 0 for all (4,7) € R and for all £ € [0,7]. Hence,
fOT R jy(é(1;€))dr > 0 for all (i,5) € R. Since ¢(T;€) = ¢(0;§), formula (6.2) implies that

0=B-1. / R(o(r:€))dr,
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where B is the matrix of complexes, I is the incidence matrix of the graph of complexes
(C,R), and the integral is taken coordinate-wise. Since the deficiency is zero, the above
equation implies that 0 =T - fOT R(4(7;€))dr. This means that there exists a positive circu-
lation on the graph of complexes (C,R). However, due to Theorem 4.3.3, this implies that

the reaction network is weakly reversible. Contradiction. g

We remark that Proposition 6.3.8 implies that a nontrivial periodic solution starting

from § € R%, can occur only if Fi is forward invariant, where H = T, n\supp(¢).

Theorem 6.7.3 Consider a weakly reversible mass action system with zero deficiency. Then

there is no nontrivial periodic orbit.

Proof The result follows directly from Proposition 6.6.11. ]
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Chapter 7

Concluding remarks

This thesis explored and developed fundamentals of the theory of biochemical reaction sys-
tems. We followed a graph theoretic approach. In Chapter 5 we provided details about the
deficiency, including three equivalent definitions for the deficiency. We also discussed the
notion of deficiency of linkage classes. We examined the notion of a siphon in more details
in Chapter 6. This is helpful in understanding the behaviour of a reaction system. It turned
out that the investigation of a siphon provides advantages in the analysis of the boundary
equilibria and also in the stability investigations. The author of this thesis plans to provide
a new proof for Theorem 6.4.7 using similar ideas as in Theorem 6.4.5.

Theorem 6.4.7 establishes the structure of the set of interior equilibria for weakly re-
versible mass action systems for which §, < 1 for all » € 1,¢ and § = §; + - - - + ;. Further
directions of research may include the analysis of reaction systems which are not satisfying
these assumptions. The structure of the set of equilibria is of importance. Stability proper-
ties of equilibrium points could also be interesting. As periodic phenomena are pervasive in
nature, the examination of nontrivial periodic orbits of reaction systems seems to be a key
direction.

The examination of the reaction control system

#(t) = flt.at)ult) = Y Ray@d)ueyt)(B.; - B.)

(i,9)€ER
y(t) = h(tvx(t)au(t»

is gaining interest. Here, u(; ;)(t) represents enzyme concentration at time ¢ corresponding to
reaction (C;, C;). Questions that naturally arise are concerning reachability, controllability,
observability, reconstructability, and stabilizability. Answering questions about realization,
identification, optimal control, and system reduction of reaction control systems could also be

of interest. The answers for the mentioned questions could have importance in biotechnology.
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