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Abstract

Analysis of nonlinear dynamical systems, such as those modeled using Michaelis-Menten
kinetics, can be difficult. Thus, it is natural to consider whether such systems can be simpli-
fied in a way that facilitates analysis while preserving qualitative behaviour. Previously, we
showed that when the Michaelis-Menten terms in a model of plant metabolism are replaced
by piecewise linear approximations called ramp functions, the qualitative behaviour of the
model is maintained. We then defined a limited class of systems containing ramp functions
called biochemical ramp systems and studied their properties, including the existence and
stability of equilibria and global flow.

Here, we expand on our previous work by reforming the definition of a biochemical ramp
system to describe a wider class of systems. We study the properties of several types of
biochemical ramp systems that were previously not covered by the definition, and show that
their qualitative behaviour is similar to that of their Michaelis-Menten counterparts. We then
introduce concepts from chemical reaction network theory, such as the Deficiency Zero and
Deficiency One Theorems, and explain how they are applicable to the analysis of biochemical
ramp functions, but cannot be applied to the corresponding Michaelis-Menten systems. In
the last chapter, we show that when ramp functions are used in systems that do not fall under
the expanded definition of a biochemical ramp system, there can be qualitative differences
in behaviour between these ramp systems and their Michaelis-Menten counterparts. We end
with a look at periodic behaviour in ramp systems by studying a version of the Lotka-Volterra
predator-prey model containing ramp functions.
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Introduction

An enzymatic reaction, in which a substrate is converted into a product with the aid of an
enzyme catalyst, is commonly modeled using Michaelis-Menten kinetics. Under this model
of enzyme kinetics, pioneered by Leonor Michaelis and Maud Menten with their 1913 paper
[15], the rate at which the substrate is converted into the product is given by

Vs
0+s’
where s is the substrate concentration and V' and 6 are positive constants; specifically, V'

represents the maximum reaction rate while 6 is the substrate concentration at which half
of this maximum is achieved [16].

An example of a Michaelis-Menten system is the model of phenylalanine metabolism in
plants developed by Adams, Ehlting, and Edwards in [1]. Two versions of the model, which
we will refer to as the Adams model, were considered: one that included the Shikimate Ester
Loop (SEL), a series of several reactions, and one that did not include the SEL. Without the
SEL, the Adams model is described by the system of three equations

. 11
T, = Qg — ———————
K+
. a1, 3o a5T2
Ty = 70 - (1)
K1+LL’1 K3 + X9 K5+$2
. azTo 43
Ir3 =

K2+ay Ky+ay

where ag > 0 is the rate at which shikimate, a phenylalanine precursor, is synthesized by the
plant, and z1, 2, and x3 represent the concentrations of plastidial shikimate, phenylalanine,
and caffeoyl-shikimate respectively. As mentioned above, the parameters in the Michaelis-
Menten terms are positive.

The Adams model with the SEL contains four variables in [1]; however, below we present
a three-variable version of the model studied in [5, 6] that we will reference throughout this
work:

J = ap— ay asray i 4T3
Kit+y (Ki+a)(K3+y) Kitwz
iy = ay asray G52 2)
Kit+y (K§+x)(K3+y) Ks+xo
iy = asray 4T3

(K3 +a5) (K3 +y)  Ki+as
Here, y is the combined concentration of plastidial and cytosolic shikimate. Note that in the
parameters K§ and Kg , the superscripts are indices, not exponents.

Analysis of the Adams model in [1] focused on two mechanisms by which phenylalanine
is prioritized for use in primary metabolism (protein synthesis) over use in the secondary



monolignol metabolic pathway in trees, which is involved in wood formation, when shikimate
synthesis is low. The two mechanisms considered were the presence of the SEL and threshold
separation, in which the threshold constant associated with the secondary metabolic pathway
(K?Z) is larger than that of the primary pathway (K5), i.e. it is more difficult for phenylalanine
to enter the secondary pathway.

Adams et al. showed that in the version of the model with the SEL, primary metabolism is
always prioritized over secondary metabolism when shikimate availability is poor, regardless
of threshold constants; thus, the SEL effects a form of metabolic regulation, which was named
the Precursor Shutoff Valve (PSV) in [1]. In the model without the SEL, this prioritization of
primary metabolism occurs only when the threshold constant associated with the secondary
metabolic pathway is two orders of magnitude greater than that of the primary metabolic
pathway.

Since Michaelis-Menten terms are non-linear, it can be difficult to analyze systems such
as the Adams model. Hence, it is natural to consider whether Michaelis-Menten systems
can be simplified to facilitate analysis. One approach is to replace the Michaelis-Menten
terms with piecewise linear approximations, which was done by Edwards and Wood with the
Adams model in [7]. There, the Michaelis-Menten terms were replaced with step functions.
However, analysis revealed qualitative differences between the step function model and the
original Michaelis-Menten model, in that the SEL does not effect PSV-type regulation on
its own in the step function model; that is, there is no prioritization of primary metabolism
in the step function model with the SELL when the threshold constant associated with the
primary pathway is equal to that of the secondary pathway.

In [5, 6], the Michaelis-Menten terms in the Adams model were replaced by piecewise lin-
ear approximations called ramp functions. Such a function, which approximates a Michaelis-
Menten function M : [0,00) — [0, 1) of the form

is defined as follows:

Definition 0.0.1. [Ramp Function]
Let 6 > 0. Then, we define the ramp function r : [0, 00) — [0, 1] by

i

r(z) = 20°
1, x> 20.

0<z<26

The piece of the ramp function defined by r(x) = ;—9 is called the ramp region while

the r(z) = 1 piece is the saturated region. The constant 26, the z value at which the function
switches from the ramp to the saturated region, is the threshold of the function. With this
definition, the functions M (x) and r(z) have the following properties in common:

M(0) =r(0) =0, M) =r(0)=1/2, lim M(z) = lim r(z) =1

T—00 T—00



A graph of M (z) and r(x) is shown in Figure 0.0.1 below.

Figure 0.0.1: Graph of the Michaelis-Menten function M (z) (red) and the ramp function
r(z) (blue) with key input and output values labeled.

Note that the above definition of ramp functions is not unique; other definitions of ramp
functions, often including three or more pieces, have been used for piecewise approximations
of various non-linear functions. For instance, see [17] for a definition of ramp functions
that approximate sigmoid functions in gene networks and [23] for ramp functions used as
activation functions in neural networks.

With Definition 0.0.1, in [5, 6] the Michaelis-Menten terms in systems (1) and (2) were
replaced by the ramp functions

— 02 <2K;
ri(z) = { 2K
| ., 0<uw<2K]
ry(x) = ¢ 253 o
1, xr > 2K}

where i = 1,4,5 and j = 2,3. Thus, system (1), the Adams model without the SEL, became
the ramp system



&y = ap — a1 (71)
i‘g = alrl(azl) — ang(Ig) — a5r5(x2) (3)

‘%.'3 = (13T§($2> — CL4T4(ZE3),

while system (2) with the SEL became

g = ag— arri(y) — asr3(x2)ri(y) + asra(xs)

oy = arri(y) — asry(w2)r3(y) — asrs(a2) (4)
3y = agry(we)r3(y) — asra(zs).

Analysis in [5, 6] showed that the Adams model with ramp functions behaves qualitatively
the same as the original Michaelis-Menten model; that is, in system (4) with the SEL,
primary metabolism is prioritized under low shikimate conditions regardless of threshold
constants, but in system (3) without the SEL, this prioritization is seen only when the
threshold constant of the secondary pathway is sufficiently large.

The shared qualitative behaviour of the Michaelis-Menten and ramp function versions
of the Adams model suggests that ramp functions could be used to study the dynamics
of other, more complex Michaelis-Menten systems, which would otherwise be difficult to
analyze. Consequently, it is worth studying the properties of general systems with ramp
functions. This was done in [5], where a class of ramp systems called biochemical ramp
systems was studied.

Biochemical ramp systems were defined in [5] based on the fact that when every ramp
function is in its ramp region — a situation referred to as being in the all ramp region —
systems (3) and (4) are mass action. Much research has been done on mass action systems
and their properties; see sources such as [9] for key results.

Under mass action kinetics, the rates at which the concentrations of chemicals species
change over time are proportional to the concentration of the reactants. For instance, in

. aj as aq
Yy = ap— 2K1?/ - 4K32K§’x2y+ 2—K4$3
. ai as as
Ty = 2K1y_4K§K§’x2y_2_K5$2 (5)
. as (4
Ty = —4K32K§’x2y - 2—[(49537

a
which is system (4) when in the all ramp region, the iiy terms derive from a reaction
1

of the form ¥ % X5, in which species Y, which has concentration y, is converted to species

X, at rate k > 0; here, k = ay/2K;. Similarly, the i%xg terms derive from the reaction
4

X3 ﬁ) Y with k£ = CL4/2K4.



a
The lone —ﬁxz term in the #y equation in (5) comes from a reaction of the form
5

X LA 0; here, the zero complex 0 is not a chemical species, but rather is used to indicate
pathways of inflow or outflow. Thus, the reaction X, 50 says that Xy leaves the system at

rate k = a5/2K5. Similarly, the ao (if strictly positive) in the y equation can be described
by the reaction 0 2% Y, in which Y enters the system at a constant rate.

Finally, the iﬁ@y terms in (5) derive from the reaction Xy +Y % X, in which
343
both X5 and Y react at rate k = 4[%3[(% to form X3.

Reactions of the form A % B , A LA 0, and 0 % A are referred to as single reactant and
product (SRP) reactions in [5], due to the presence of at most one species on each side of
the reaction, and a system of differential equations derived from at least one such reaction

is said to contain SRP terms. The reaction A+ B % O is called a combining reaction and
contributes a combining term to the corresponding set of differential equations.

Despite not appearing in the Adams model, reactions of the form A 5 B+C , in which
species A splits into two new species B and C, were also considered in [5]; these dissociation
reactions produce dissociation terms in the associated system of differential equations. Note
that in the reaction types described here, A, B, and C are assumed to be distinct species.

A system with ramp functions was defined in [5] as being a biochemical ramp system if,
when in the all ramp region, it was a mass action system derived solely from reactions of
the SRP, combining, and dissociation types. Analysis of these systems included determining
eigenvalues of their Jacobian matrices; deriving necessary and sufficient conditions for the
existence of equilibria; and establishing parameter conditions for unbounded flow in two-
variable systems containing only SRP terms (SRP systems).

While [5] provided notable results for general biochemical ramp systems, the scope was
rather limited. There are many reaction types outside the three mentioned above that were
not considered. Additionally, most results only apply to systems in which each variable has
exactly one associated ramp function. This means that in order to apply the results to a
system like (3), in which both r3 and r5 are functions of x5, the thresholds of the two ramp
functions must be assumed to be equal, i.e K3 = K.

Another limitation is that aside from the Adams model analysis, the qualitative behaviour
of ramp systems was not compared to that of their Michaelis-Menten counterparts in [5].
Hence, it is not known whether replacing Michaelis-Menten functions with ramp functions
will preserve system properties in general or only under certain circumstances.

Here, one of our main goals is to build on the work of [5] by expanding the existing
theory to cover a wider variety of systems with ramp functions. We will consider systems
with terms derived from reactions not of the SRP, combining, or dissociation types, and will
study ramp functions in contexts not considered previously, such as in oscillatory systems
and as compositions with other functions. We will begin building theory on systems in
which a variable is associated with multiple ramp functions. Where possible, we will also



analyze the corresponding Michaelis-Menten systems in an effort to ascertain under which
circumstances qualitative behaviour is preserved when switching to ramp functions.

Additionally, we will discuss an advantage of using ramp functions over Michaelis-Menten
functions in dynamical systems: the ability to apply deficiency theorems. The most well-
known deficiency result, the Deficiency Zero Theorem, which was developed in 1972 with
the seminal papers [8, 11, 12] of Feinberg, Horn, and Jackson, provides conditions for the
existence of an asymptotically stable positive equilibrium point in mass action systems;
this theorem can thus be applied to ramp systems in the all ramp region, but not to their
Michaelis-Menten counterparts. We will explain deficiency theory more in-depth near the
end of this work.

This dissertation is structured as follows:

e Chapter 1 provides results and definitions that will be useful throughout this work.
In particular, we redefine the concept of a biochemical ramp system to include a wider
range of systems. Key linear algebra results from [5] are provided, along with progress
on several linear algebra conjectures proposed in [5].

e Chapter 2 provides equilibria and stability results for biochemical ramp systems in
which a variable can have more than one associated ramp function, with a focus on
SRP systems and systems with one combining term. With this, we are able to fully
characterize the existence of equilibria in systems (3) and (4), the Adams model without
and with the SEL respectively, even when ramp functions of the same variable have
unequal thresholds. Where possible, in this chapter we will also compare the qualitative
behaviour of ramp systems to their Michaelis-Menten counterparts.

e Chapter 3 analyzes biochemical ramp systems that, when in the all ramp region,
are not derived solely from reactions of the SRP, combining, and dissociation types;
specifically, we consider systems with terms derived from reactions of the form X+Y —
Z4+W,X+Y —2X, and mX — Y. Several results regarding the eigenvalues of the
corresponding Jacobian matrices of these systems are provided. As in Chapter 2, we
also compare the qualitative behaviour of the ramp systems to their Michaelis-Menten
counterparts.

e Chapter 4 formally introduces the concept of chemical reaction networks and their
associated properties. In particular, we define the deficiency of a network and explain
how the Deficiency Zero and Deficiency One Theorems can be applied to the analysis
of biochemical ramp systems. We also provide results regarding the deficiency of a few
classes of networks, focusing on characterizing when the addition of a new reaction will
result in the network’s deficiency changing.

e Chapter 5 contains results that do not fit elsewhere in this work. We first consider the
use of ramp functions in contexts other than biochemical ramp systems. Specifically,
we examine systems with ramp functions composed with other functions, and mized



systems in which variables can appear both as inputs of ramp functions and in non-
ramp terms. We compare the behaviour of these systems to their Michaelis-Menten
counterparts, and show that there can be differences in behaviour in certain circum-
stances. Finally, we consider the Lotka-Volterra model and show that closed orbits
are still possible after replacing the mass action terms with ramp or Michaelis-Menten
functions.



Chapter 1

Preliminaries

1.1 Useful Definitions and Theorems

We begin here by presenting some definitions and results that will be useful throughout this
work.

1.1.1 Redefining Biochemical Ramp Systems

As mentioned in the Introduction, the definition of a biochemical ramp system in [5] was
restricted to systems that, when in the all ramp region, were mass action systems derived
from chemical reactions of the single reactant and product (SRP), combining, and dissoci-
ation types. Our first goal here is to expand this definition to include all systems that are
mass action when in the all ramp region.

The differential equations of a mass action system will always be polynomials, but not
every system of polynomials is a mass action system derived from a set of chemical reactions.
To determine when a system of polynomial differential equations is mass action, we will use
the Hungarian Lemma proven by Hérs and Téth in [10], as stated in [4]:

Lemma 1.1.1. (Hungarian Lemma) Consider the n-variable system of differential equations

37'1 = fl(mlax% o xn)

1;2 = f2($1>x2a .. xn)

(1.1)

x.n = fn(l'l,xg, .. '$n>7

where the f; are polynomials. System (1.1) is mass action if and only if Vi, whenever z;
contains a term with a negative coefficient, the degree of x; in that term is positive.

The presence of a negative term in the equation corresponding to species X in a mass
action system indicates the net loss of X as a result of a chemical reaction. Thus, Lemma
1.1.1 says that in order for a species to be lost, it must have been used as a reactant.



Below, we present our updated definition of a biochemical ramp system. Like in [5], our
definition requires that variables only appear in ramp functions, and not on their own or as
part of other functions. Additionally, the input of any ramp function in the system must be
a single variable and not a combination of multiple variables or another function; thus, terms
such as r(z)r(y) and [r(x)]® are allowed, but terms such as 7(x?), r(sin(x)), and 7(x + y) are
not. This latter assumption was implicitly assumed in [5] but not officially stated.

Definition 1.1.2. [Biochemical Ramp System]
Suppose that

afl = fl(mlax% o xn)

Ty = folx1,0,... 1) 1.9
1.2

x.n == fn(xlax% .. ~$n>7

is an m-variable system of differential equations in which the f; contain ramp functions.
Then, (1.2) is a biochemical ramp system if and only if all of the following hold:

a.) Vi if x; appears in one or more f;, it always does so as the input of a ramp function
b.) If r is a ramp function appearing in some f;, the input of r is z; for some j.
c.) When in the all ramp region, system (1.2) is mass action in terms of Lemma 1.1.1
We end this section with examples of systems that do and do not satisfy Definition 1.1.2.
In each system below, ramp function r; has threshold 26;.
Example 1.1.3. The system
& = =2ri(z) —r2(y) + r3(2)
y = 2ri(z)+3

does not satisfy Definition 1.1.2. In the all ramp region, the system becomes

L N L
=T 20, o,
. T

=143
y 01+7

which does not satisfy Lemma 1.1.1 because the & equation contains the term —%, which
2
does not include the variable x.



Example 1.1.4. The system
i = —3ri(z) + 2%y" + cos(w)
y = 3ri(x) —5ra(y)

i = r3(22%)

is not a biochemical ramp system as = and y appear outside ramp functions in the z%y” +
cos(z) term, and the input of r3 is 22* and not just z.

Example 1.1.5. The system
& = =2[ri(2)]* = ra(2)r3(y) +ra(2)
y = —ra(@)rs(y) + ra(2)
Z = —r4(z)+ 1.5

satisfies Definition 1.1.2 and is thus a biochemical ramp system. In the all ramp region, the
equations are
2

, 5 2 Ty 2
T = — — _—
(2617 16,05 | 20,
oYY c
Y= 10,0, 20,
z
-
z %, + 1.5,

which derive from the reactions 2X 0, X+Y LEN 0, Z LIN'e +Y,and 0 % 7 with
ki = (20,)72, ky = (40,0,)™", and ks = (20,)". Note that the extra 2 in front of the 2? term
in the & equation comes from the fact that the reaction 2X — 0 results in the loss of two
molecules of species X.

1.1.2 SRP Matrices and Their Properties

In [5], the Jacobian matrix of a mass action system containing only SRP terms was called a
single reactant and product (SRP) matriz. These matrices have a particular structure, based

on the fact that the reaction X; 5 X ; produces a —k term in the sth diagonal entry in the
Jacobian and a +k in the jth entry of the same column, while the reaction X; 50 only

produces a —k on the diagonal (the third SRP reaction type, 0 LND's , does not contribute to
the Jacobian as the derivative of a constant is zero). This structure is characterized in the
following definition from [5]:

10



Definition 1.1.6. [SRP Matrix]
An n x n matrix of the form

—a11 Q12 a3 ... Q1n
a1 —Q22 (23 ce A2p,
asy agz  —aszz ... A3p

| an1 An2 an3 .o _ann_

is an SRP matrix if and only if

a.) a;; >0 Vi, j, and

b) Zaﬁ S (0773 Vi.

J#

The following theorem presents several useful properties of SRP matrices, which were
proven in [5]:

Theorem 1.1.7. Consider an n x n SRP matriz A as defined in Definition 1.1.6. If \ is
an eigenvalue of A, then both of the following hold:

a.) Re(A) <0
b) Re(\) =0 —> A=0

Denote the (i,7) cofactor of A by Cy;. If A is invertible, then we have the following:

c.) All entries of A~' are non-positive
d.) If nis even, det(A) >0 and C;; <0 Vi, j
e.) If n is odd, det(A) <0 and C;; >0 Vi,
The eigenvalue results in Theorem 1.1.7 follow from the Gershgorin Circle Theorem ap-

plied to columns (see, for instance, [21]). We state this theorem below for a general complex
matrix.

Theorem 1.1.8. (Gershgorin). Let A = [a;;] € C"™" be an n x n matriz with complex
entries. Define the Gershgorin disk associated with the i-th column of A as

Di(A) = {z€C: |z—ay| < pi(A)},

pi(A) = lail.

J#i

where

11



If X\ is an eigenvalue of A, then
xelJDi(a).
i=1

Thus, Gershgorin’s theorem states that the eigenvalues of a matrix are located in disks
on the complex plane, where each disk is centered at a diagonal entry of the matrix and has
a radius equal to the sum of the absolute values of the off-diagonal entries from the same
column. In the case of an SRP matrix, the two conditions given in Definition 1.1.6 ensure
that the ith disk is centered at the non-positive real number —a; and has a radius that
cannot exceed a;;; hence, each disk is restricted to the left side of the complex plane and can
touch the imaginary axis only at the origin.

The preceding paragraph gives us the following result on the eigenvalues of real matrices
with a column structure similar to that of SRP matrices:

Proposition 1.1.9. Let A = [a;;] € R™" be an n x n real matrix. Suppose that Vi, the ith
column of A satisfies both of the following:

G,.) (077 S 0
b) > lagl < laa|
J#

Then if A is an eigenvalue of A, Re(A) < 0.

We will make use of Proposition 1.1.9 later in this chapter.

1.1.3 Matrices with One Combining Term

Another class of matrices covered in [5] was the Jacobian matrices of mass action systems
derived from exactly one reaction of the form X +Y — Z and an arbitrary number of
SRP reactions; these matrices are thus referred to as matrices with one combining term. It
was assumed that, without loss of generality, the single combining reaction was of the form
X1+ Xy — X3, in which the first two species in the system combine to form the third.

The reaction X; + X, LN X3 gives rise to the mass action system

LE.1 = —kxl$2
1:2 = —kZElI'Q
T3 = k129,

which has Jacobian

12



—kxi —kx] 0O
—kal —kxt 0 (1.3)
kxy  kxy O

when evaluated at an equilibrium point. Like in [5], here we will assume that x] and z} are

positive equilibrium values, making the terms kx] and ka3 strictly positive. As a result, we
formally define a matrix with one combining term as follows:

Definition 1.1.10. [Matriz with One Combining Term]
Let A’ be an n x n matrix for n > 3. Then, A’ is a matrix with one combining term if
and only if it can be written in the form

A= A+ M,
where A is an SRP matrix and
[—¢ —d 0 0 0]
—c —d 0 0 0
c d 00 0
M = 0 00 0l
i 0O 0 00 0_

with ¢ and d both positive.

Hence, a matrix with one combining term is any matrix that can be written as the sum of
an SRP matrix and an n x n matrix whose upper 3 x 2 block resembles the first two columns
of (1.3) and has zeros in all other entries. A few results regarding the properties of matrices
with one combining term were proven in [5], which we present in the theorem below.

Theorem 1.1.11. Let A’ = A+ M be a matriz with one combining term as described in
Definition 1.1.10 with eigenvalue \. Then we have the following:

a.) If A is invertible, then so is A’
b) IfAER, then A <0
c.) If A" is 3 x 3, then Re(\) < 0.

13



1.2 Progress on Linear Algebra Conjectures

Three linear algebra conjectures were posed in [5] regarding the properties of the Jacobian
matrices of mass action systems with SRP, combining, and dissociation terms. This section
is dedicated to providing results on these conjectures, starting with one that we will prove

in full.

1.2.1 Eigenvectors of Singular SRP Matrices

Conjecture 3 in [5] hypothesized that singular SRP matrices have a non-negative eigen-
vector corresponding to the eigenvalue 0. We prove this conjecture in the proposition below.
Note that a similar result for related classes of matrices, such as singular, irreducible M-
matrices, is already known; see, for instance, [2].

Proposition 1.2.1. Let

—aiz a2 @13 . A1n

Q21 —A22 A23 ... Q2n,

A= | a3 age  —agz ... 043y
L an1 A2 an3 N

be an n x n singular SRP matrix. Then, A has an eigenvector
v = |:U1 Vg ... Un:|T

corresponding to the eigenvalue A = 0 such that v > 0 componentwise.

Proof. Suppose that v has a mix of positive and negative components; WLOG suppose the
first £ components vy, vg, ..., v, are negative and vg,1, ..., v, are non-negative with at least
one strictly positive. We will show that in this case, A will have a structure such that we can
change the signs of the first £ components of v and still have an eigenvector corresponding

to 0.
The first k£ equations of Av = 0 are

—aq1v1 + a12V9 + - - + a1V + Q11U + o0 F av, = 0

A21V1 — AoV + * + + + Aok Uk + Aok 1 Vg1 + -+ + A2V, = 0 1.4
14

ap1V1 + AoV + + 0 — ARV + Qppp1Vp1 + -+ + Agpv, = 0.

Adding these equations, we get

14



'”1 (( il aij)vj) =0 (1.5)

j= i

where, for j < k,

k
E Qi = @ty @ Gt ag
=1

The left hand side of (1.5) is the sum of n terms of the form (

k
1=

aij>vj, which are all

1
non-negative:

k
e For 5 < k, the sum Z a;; includes the diagonal entry of the jth column, and is thus

=1
non-positive by Definition 1.1.6. Then, we know v; < 0 by assumption, and thus
k

<Z aij>’Uj > 0.

i=1
k
e For j > k, the sum Z a;; does not include the diagonal entry of the jth column, and

(2
is thus non-negative.
k

1
he value v; is also assumed to be non-negative in this case, and

hence (Z aij)vj > 0.
i=1
k
Thus, in order for equation (1.5) to hold, each (Z aij>vj term must equal zero. For
=1
) (2
7 < k, this implies that Z a;; = 0 because v; < 0. This then implies that the lower lower
i=1
left (n — k) x k submatrix of A,
Ag411  Og412 -+ Qktik
Ap421 G422 .. Ak42k
)
Qn1 An2 cee Ank

must be the zero matrix; if at least one entry was positive, then the corresponding column
sum in A would be positive, contradicting Definition 1.1.6. Then, the final n — k equations
of Av =0 do not depend on vy, ..., v:

15



— Qg 1k 1Vk+1 T Qg 1k42Vk42 + - -+ Qpg1nVp, = 0

ft-2k41Vk+1 — Ahg2k42Vk42 T+ * + Qpgonty, = 0

(1.6)

Unk1Vk41 F Gkt 2Vky2 0 = Qpntp = 0
Adding these equations up, the left hand side is the sum of n — k terms of the form
n n

< Z aij)vj, each of which is non-positive; here j > k means that v; > 0 and Z a;; <0
i=k+1 i=k+1

as the diagonal entry —a,; is included. As the right hand side is zero, each ( Z aij>vj

must be zero, which gives two possibilities for each j:

e v; =0, or

® iazjzo

i=k+1

The latter case above implies that the first k£ elements of column j of A must all equal zero
as the full column sum must be non-positive. In either case, the result is that in (1.4),
the terms corresponding to the last n — & columns are zero, and thus only the terms with
V1, ..., U, appear.

Hence, if we flip the signs of vy, vs, ..., v to positive, then we still have an eigenvector of
A corresponding to the eigenvalue 0; the first k& equations (1.4) of Av = 0 are still satisfied
since the terms containing vgy1,...v, were already zero, and the final n — k equations in
(1.6) do not depend on vy, ...,v;. Hence, we have found a non-negative eigenvector. ]

Proposition 1.2.1 is useful for finding equilibria of certain mass action systems. For
instance, in a system of the form

Ty —a;; a2 ... Ain a1
T2 az1 —Aa22 ... Q2n, T2

- )
Tn an1 an2 o —Unn Ln

where the n x n matrix A on the right hand side is a singular SRP matrix, finding an
equilibrium point at which not every variable is zero is equivalent to finding an eigenvector
of A corresponding to the eigenvalue 0. Since the variables in mass action systems typically
represent quantities such as concentrations, we want each variable to be non-negative at
equilibrium; Proposition 1.2.1 guarantees the existence of such an equilibrium, in particular
one in which at least one variable is strictly positive.

16



1.2.2 Eigenvalues of Matrices with One Combining Term

If A' is a matrix satisfying Definition 1.1.10, then by Theorem 1.1.11 we have that any
real eigenvalue of A’ is non-positive, and that if A’ is of size 3 x 3, then the real part of
any eigenvalue is non-positive. Conjecture 1 from [5] posits that we can say something
even stronger: any eigenvalue A\ of a matrix with one combining term of any size satisfies
Re(N) < 0.

While we do not currently have a full proof of the conjecture, in the following propositions
we will prove the result for a few special cases.

Proposition 1.2.2. Consider a matrix A" satisfying Definition 1.1.10 such that A’ has the
form

—aj;p — C alg—d 0 0 0
91 — C _a22_d 0 0 0
asy +c¢ aszs + d —as3 asq C asn,
a.) or
a41 Q42 Q43  —Q44 ... Q4n
L Qan1 An2 an3 QAng s _a'nn_
—Qa11 — C a12 — d a13 14 e A1p
91 — C —ag2 — d 923 24 e Qon
; az1+c  azgp+d —asy azy ... a3z
) 0 0 0 —Q44 ... Q4n
i 0 0 0 Ana  -o.  —Cpp|

If X is an eigenvalue of A’, then Re(\) < 0.

Proof. First, suppose A’ is of form a.). Then, since all entries in the upper right 2 x (n — 2)
block are zero, the eigenvalues of A" are the eigenvalues of the (n —2) x (n — 2) SRP matrix

—asgz as4 ... Qa3n
43 —Qa44 ... Qyn

)
an3 Qng c.. —App

all of which have non-positive real part by Theorem 1.1.7, together with the eigenvalues of
—app—c¢ app—d
ag)p — C —Q92 — d ‘

17



The diagonal entries of this 2 x 2 matrix are negative, and we have |a;; 4 ¢| > |ao; — | and
lags + d| > |a12 — d| because ay; > ao; and age > ajo by definition of an SRP matrix. Hence,
by Proposition 1.1.9, both eigenvalues of this matrix have non-positive real part.

If A’ is of form b.), then the lower left (n — 3) x 3 block is all zeros. The eigenvalues of
A" are thus the eigenvalues of the SRP matrix

—ay44 Q45 e Qyn
as4  —0Q55 ... Qsn
QApa Qp5 P —Ann

along with the three eigenvalues of the 3 x 3 matrix with one combining term

—a;p—c¢ a;p—d a13

agy —c —axp—d axg |,
as; +c¢ ase + d —ass
which all have non-positive real part by Theorem 1.1.11. O

Proposition 1.2.3. Suppose that

—ai]p — C 12 — d a3 14 . A1n
ags1 — C —a99 — d 923 924 . QAon
A/ as; +c¢ asz + d —Aas3 s34 c. asny,
a41 42 A43  —Q4q ... Qg |’
| Qn1 Qn2 Qp3 Apyg .o _ann_

is a matrix satisfying Definition 1.1.10 in which

a1 +c¢ > lagg —c|+as+ctan+ -+ an

gy +d > |a12—d|—|—a32+d+a4g+-~-+an2
both hold. Then if X is an eigenvalue of A’, Re(\) < 0.

Proof. The given inequalities imply that the first two columns of A" satisfy points a.) and b.)
of Proposition 1.1.9. The third through nth columns also satisfy a.) and b.) as they are of
the SRP type. Hence, all eigenvalues of A’ must have non-positive real part by Proposition
1.1.9. O

Proposition 1.2.4. Let A’ be a matrix satisfying Definition 1.1.10 of the form

18



—ajp — C —d a3 a4 . A1p
—C —Qa92 — d 923 agq Ce agn
C d —Aass s34 c. asny,
0 0 43 —QAaq4 ... Qyn,
0 0 an3 Qn4g ce —am_

If X is an eigenvalue of A’, then Re(\) < 0.

Proof. We know from Theorem 1.1.11 that any real eigenvalue of A’ is non-positive. Hence,
it suffices to prove the conclusion holds for complex eigenvalues.

By contradiction, suppose A’ has the complex conjugate pair of eigenvalues a 4= bi, where
a and b are both positive. We consider the transpose of A’,

—ay; — C —c c 0 o 0
—d —ag92 — d d 0 Ce 0
(A’)T a3 23 —azz 443 ... An3
a14 a24 34 —Q44 ... Anq
L A1n Aon a3n A4n .. _ann_

Let w be an eigenvector of (A’)” corresponding to a-+bi, with jth component w; = vj+uji.
Choose w such that each component satisfies |w;| < 1, and there is at least one component
that equals 1. Note that only the first or second components of w can equal 1; if w; =1 for
§ > 2, the real part of the jth equation of (4")"w = (a + bi)w would be

—a;; + Zakjvk = a> 0,
vy

but the fact that |vg| < 1 and Zakj < a;; by Definition 1.1.6 implies the left hand side

kg
cannot be positive.

WLOG, suppose w; = 1. Then, the real part of the first equation of (A")Tw = (a + bi)w
is
—ai] —C—CUy +Ccvg = a
— c(vg—vy—1) = a+ay > 0.

In order for the left hand side to be positive, it must be the case that vs > v9 + 1. As vy and
vy have absolute value at most 1, this implies that vo < 0 and vz > 0. Then, the imaginary
part of the first equation is

—cuy + cuz = c(ug —uz) = b >0,
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and so we must have ug — uy > 0.

Next, we consider the second equation of (A)'w = (a+bi)w. The imaginary part satisfies

—(CLQQ + d>UQ + dU3 = aus + bUQ
- d(U3 — Ug) = (CL + a22)u2 + bvg.

We know from above that d(us — ug) > 0, and hence the right hand side here must also be
positive. Given that vy < 0, this is only possible if us > 0. The real part of the second
equation is then

—d — (ag + d)vg + dvs = avy — bus
— d(U3 — Vg — ].) = (CL + CLQQ)UQ — bUQ.

Since v < 0 and us > 0, we have that (a + ags)ve — bus < 0. Hence, the left hand side must
also be negative, implying that v3 < vy, + 1. However, this is a contradiction as we showed
that v3 > vy, + 1 above.

Thus, we must conclude that a + bi with a > 0 cannot be an eigenvalue of A’. m

Proposition 1.2.5. Let A’ be a matrix satisfying Definition 1.1.10 of the form

—ay;p — C a1 — d 0 Q14 Ce Q1n
g1 — C —a29 — d 0 a24 . aon
az; + ¢ Qs + d —ass asz4 e asn
41 Q42 0  —ayu ... a4 |’
| an (2 0 Ang .. —Cpp |

where
ap; > Zaﬂ, (22 > Zaiz,
i#1 i#2
and all entries in column 3 are zero except possibly ass. Then, if X is an eigenvalue of A’,

Re(N) <0.

Proof. We will make use of the concept of matrix similarity. Our matrix A’ is similar to
B = SA’S™!, where S is an invertible n x n matrix, which means A’ and B have the same
eigenvalues. Here, we will choose our S to be the diagonal matrix
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o O O =

0

where m > 0. Then, B = SA'S™" is A’ with row 3 multiplied by 1/m and column 3

multiplied by m:

0 0 0 0 10
1 0 0 0 01
0 1/m 0 of . oo
0 0 1 o » WithS™ = 14
0 0 0 1 0 0

o 3 o o

0

_ o O O

0

o O O O

1

—a11 —C a1p —d 0 14 Ain
21 —C —ag —d 0 Q24 Q2n

5 (az1 +¢)/m (azgx+d)/m —azs asy/m azn/m
@41 42 0 —Qyy Q4

L Qan1 An2 0 Qn4 —Ann

The third column of B is the same as that of A’, and its corresponding Gershgorin disk
contains only the non-positive number —ass. If m > 1, then the fourth through nth columns
of B are of the SRP type like in A’, and hence their corresponding Gershgorin disks also
contain only complex numbers with non-positive real part.

Hence, if we can show there is an m > 1 such that the Gersgorin disks corresponding
to the first and second columns of B fall on the left hand side of the complex plane, then
Proposition 1.1.9 applies and we have proven the result.

For the first column of B, we thus want to find an m such that

asy + ¢

n
’agl—C’—F +Zai1 S aip + c.
i=4
There are a couple of cases to consider. First, suppose that |ag; — ¢| = a; — ¢. Then, using
the given assumption a; > Z a;1, we have for m > 1

i£1

aztc o 1
az —c+ — +Zail Szail—i‘C(——l)
m i=4 i#1 m
1
< a1l + C(— — 1)
m
< a1l +ec

Thus, in this case choosing m > 1 gets us the desired result.

Next, we consider the case in which |ag; — ¢| = ¢ — ag;. We will break this down into two
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subcases:
1.) If ag; > 0: Here, we will use the fact that
a1 + azp + ... ap1 < an
implies

—a9o1 t+ a3 + -+ ay < ay; — 2a97.

We then have that

a31+c

- 1
c—a + +Zai1 S—a21+a31+"'+an1+0<a+1>

=4
1
< ay; — 2a91 + C(— + 1)
m

c
if m > 1. Note that at m = —,
2(121

1
ail — 2(121 +C(E + 1) = a1 + C,

and this equality becomes a strict inequality as m increases further. Hence, choosing

m > max {1, %} establishes the desired inequality.
21

2.) If ag; = 0: The assumption Za“ < ay1 means there exists an 0 < ¢ < ay; such that
i#1
Zaﬂ = qaq; — €. Then for m > 1,

i#1
n
asy + C 1
¢+ —i—E a; <E ai+c<——|—1>
m — b= e ! m

1
= a11—€+0<——|—1).
m

1
We want to find a value of m such that a;; — e + c(— + 1) < aj; + ¢. We get that
m

IN

1
a11—€+C<—+1) a1 +c

m
<~ c¢/m

IA

€

< cle < m

Hence, choosing m > max{1, ¢/e} will produce the desired inequality.
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Thus, in each case there exists an m = m’ > 1 such that

n
a31 + C
o +Zai1 < app+c

=4

|a21 — C| +

holds. For the second column, by the same process as above we can find an m = m” > 1
such that

asp +d &
37271,, +Zai2 < ax +d.

=4

|Cl12 — d| +

Then, choosing m = max{m’,m"} will ensure that the Gershgorin disks associated with
columns 1 and 2 of B do not overlap the right hand side of the complex plane, and thus
Proposition 1.1.9 applies. O

1.2.3 Inverses of Dissociation Matrices

A dissociation matriz as considered in [5] is the Jacobian of a mass action system containing
at least one dissociation term derived from a reaction of the form X — Y + Z, along with an
arbitrary number of SRP terms. The following result was proven in [5] regarding the inverse
of a dissociation matrix:

Theorem 1.2.6. Let A be an invertible dissociation matriz. All entries of A~' are non-
positive if and only if for every eigenvalue \ of A, Re(\) < 0.

Theorem 1.2.6 tells us that if an invertible dissociation matrix has an eigenvalue with
positive real part, then at least one entry of A™! is positive. Conjecture 2 from [5] posits
that a stronger conclusion holds: all entries of A™! will be non-negative in this case. Here,
we will prove that this conjecture holds for the 3 x 3 case, but is not true in general for larger
matrices.

For the proof of the 3 x 3 case, we will use the following proposition:

Proposition 1.2.7. Let A be an invertible 3 x 3 dissociation matrix. Then, the non-zero
entries of A~ all have the same sign as the determinant of A.

Proof. Note that the dissociation reaction X; LN X; + X, will affect the jth column of the
Jacobian, with a —k term in the diagonal entry and a +k% in both the ith and /th entries. A
3 x 3 matrix can contain at most three dissociation terms, one in each column, derived from

the reactions X; 2 Xy + X3, Xo = X, 4+ X3, and X3 % X, + X,. We will first consider the
case in which A has all three of these dissociation terms, meaning that when combined with
an arbitrary number of SRP terms, A has the form

—CLH—b CL12+C a13+d
asg; +b  —ax—c axp+d |,

asq + b aso +c —a33 — d
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where b, ¢, and d are positive and the a;; form an SRP matrix. We show that the cofactors
of this matrix are non-negative. Expanding along column 1, we have that

C11 = (—ag — ¢)(—asz — d) — (agz + ¢)(as + d)
= (22033 — Q332 + (A22 — as2)d + (ags — ags)c
> 0,

using the fact that an SRP matrix satisfies agss > azs and ags > as3. For Cs and Csq, we get
that

Cy1 = —[(a1g + ¢)(—azs — d) — (az2 + ¢)(a13 + d)]

= (CL12 + C) (CL33 + d) + (CL32 + C)(CL13 —+ d)
and

Cs1 = (a2 +¢)(ag +d) — (—az — ¢)(ai3 + d)

= (a12 + C) (a23 + d) + (G/QQ + C)(CL13 + d),
both of which are non-negative.

The calculations for the other Cj; are similar. Hence, each cofactor satisfies C;; > 0.
Then, in A~ each entry has the form C;;/det(A); hence, any entry with C;; > 0 will have
the same sign as the determinant of A.

For matrices with only 1 or 2 dissociation terms, we still have that C;; > 0; setting at
least one of b, ¢, or d equal to zero will not change the sign of the cofactor calculations. Thus,
the sign of the entries of A~ will still depend on the sign of det(A). O

We can now prove Conjecture 2 from [5] for the 3 x 3 case:

Proposition 1.2.8. Let A be an invertible 3 x 3 dissociation matrix and suppose A has an
eigenvalue with a positive real part. Then, all entries of A™! are non-negative.

Proof. By Proposition 1.2.7, all non-zero entries of A™' will have the same sign. Since A
has an eigenvalue whose real part is positive, Theorem 1.2.6 says that A~! must have at
least one positive entry. Thus, all non-zero entries of A~! are positive, and hence A™! > 0
entrywise. [

Similar to Proposition 1.2.1, the results of Proposition 1.2.8 have implications for equi-
libria in certain mass action systems. Unlike Proposition 1.2.1, however, Proposition 1.2.8
can instead tell us when a system cannot have an equilibrium point at which all variables
are non-negative. For instance, consider a system of the form

T —a;1—b ap+c az+d x T
y = a91 + b —Q99 — C o3 + d Y + Yo | , (17)
z az1 + b asp +c  —asz3—d < <0

where
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e The 3 x 3 matrix A on the right hand side is a dissociation matrix (i.e. at least one of
b, ¢, and d is strictly positive), invertible, and has at least one eigenvalue with positive
real part.

e The constant vector on the right hand side is non-negative entrywise, and positive
entries are obtained from the reactions 0 =% X, 0 2 Y, and 0 2% Z.

The unique equilibrium point of (1.7) is given by

" -1
T —a11 — b a1 + C a3 + d

Zo
y'| = —| an+b —ax—c ap+d Yo
Z" az; + 0 sy +c —azz3—d <0

By Proposition 1.2.8, the inverse matrix A~ has only non-negative entries, and thus —A~" <
0 entrywise. But since xg, 19, and zp are non-negative, this means the equilibrium solution
is non-positive. Given that A™" is invertible, and thus cannot have a row or column of zeros,
the equilibrium point is non-negative if and only if (o, yo, 20)” is the zero vector, producing
an equilibrium point at the origin. Otherwise, at least one of x*, y*, and z* will be strictly
negative.

Thus, Proposition 1.2.8 allows us to characterize the biochemically relevant (i.e. non-
negative) equilibria of system (1.7): no such equilibria exist if the constant vector has a
positive entry, and a unique such equilibrium occurs at the origin if and only if all three of
Zo, Yo, and zg are zero.

The conclusion of Proposition 1.2.8 does not necessarily hold for dissociation matrices of
size 4 x 4 or higher. For instance, consider the block matrix

which is an invertible dissociation matrix; it can be written as

[—9 7 4 0 0
6 -8 3 0 0
5 1 -9 0 0 (1.8)
0 0 0 -2 0
0 0 0 1 -3

(9 7 4 0 0] (5 7 4 0 0] —400 0 0
6 -8 3 0 0 2 -8 3 0 0 4 0000
5 1 -9 0 0 1 1 -9 0 0 4 00 0 0f,
0 0 0 -2 0 0 0 0 -2 0 0 0000
0 0 0 1 -3 (0 0 0 1 =3 |0 000 0

the sum of an SRP matrix and the Jacobian of the mass action system corresponding to the

dissociation reaction X3 4 Xy + X3. Matrix (1.8) has a positive eigenvalue A ~ 0.27507 and
inverse
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9 7 4 0 0] 3/2 67/46 53/46 0 0 |
6 -8 3 0 0 3/2 61/46 51/46 0 0
5 1 -9 0 0 = | 1 22/23 15/23 0 0 |,
0 0 0 -2 0 0 0 0 —1/2 0
(0 0 0 1 -3 00 0 —1/6 —1/3]

which has a mix of positive and negative entries.

In general, for size n > 4 any block matrix of the form
D 0
c S

where D is a 3 x 3 invertible dissociation matrix with at least one eigenvalue with positive
real part, S is an (n — 3) x (n — 3) invertible SRP matrix, and the (n — 3) x 3 block C'is
chosen such that M is a dissociation matrix overall, will be a counterexample to Conjecture
2 from [5]. Matrix M has inverse

[y D! 0
- |=sTteDpTt s

where D™ will have at least one positive entry by Theorem Theorem 1.2.6 and Proposition
1.2.8, while S™! will have at least one negative entry by Theorem 1.1.7.

M —

?
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Chapter 2

Systems with Multiple Thresholds
Per Variable

2.1 Single-Variable Systems

We begin here by considering biochemical ramp systems in a single variable x, in which z is
the input of multiple ramp functions. Our focus will be on systems that, when in the all ramp
region, are mass action systems derived from reactions in which only one chemical species
is involved; since this chapter will focus on systems with SRP and combining reactions, the
only reactions that fit this description are those of the form X — 0 and 0 — X.

Note that as we have done previously, throughout this chapter we will use X, Y, Z, etc.
to denote chemical species, with their respective concentrations being given by x, y, z, etc.

2.1.1 Systems with Two Thresholds

We start by considering simple systems of the form

T = —bri(x) — cro(x) + ao, (2.1)

where b,c > 0, ag > 0, and r; and 7y are ramp functions as defined in Definition 0.0.1 with
thresholds 26; and 265 respectively. WLOG, we will assume that 6; < 6s.
In the all ramp region, system (2.1) has the form
bz cx

P = —— — — : 2.2

vT Top e, M (2.2)
The two negative terms derive from the reactions X 0 and X 22 0, where k; = b/26,
and ke = ¢/260,. If k1 # ko, these two reactions represent species X leaving the system
via two distinct routes at differing rates; biologically, we can think of these as two different
enzyme-mediated reactions through which X is consumed. In the special case ky = ky = k,

the negative terms can be combined into one —2kx term deriving from the reaction X 0.

27



If the constant term is positive, it comes from the reaction 0 =% X, representing X being
produced at a constant rate.

Our goal for this section is to characterize the equilibria of system (2.1). Phase space for
system (2.1) can be divided into three regions: the all ramp region (2.2), which spans all z
values satisfying 0 < z < 26;; the region where r; (but not ry) is saturated (20; < z < 26,),
and the region in which both ramp functions are saturated (z > 26,). We will consider the
dynamics in each of these regions.

In the all ramp region, setting the right hand side of (2.2) equal to zero gives the unique
solution
~ 2a06,0,
by + Oy
This value exists in the all ramp region if and only if

*

0,
%

Next, when 260, < x < 26,, the function r; is saturated and equal to 1, while r, is still in
its ramp region. System (2.1) thus becomes

<20, < ay<b+c

CT

Do T
T 202 + ap,
with the unique equilibrium
{L'* _ 202(&0 — b)
c

This equilibrium satisfies 20, < x < 26, if and only if

0
b+c—1§a0<b+c.
0o

Finally, both r; and 7y are in their saturated regions when = > 20,. System (2.1) is then
described by the equation

T = —-b—c + ayg.
Every z* > 260, is an equilibrium point in this region if and only if ag = b+ c.

Now, we will consider stability of equilibria. When system (2.1) has a unique equilibrium

x* — which can happen in only the z < 260, and 20, < x < 26, cases — the sole eigenvalue of

b
the 1 x 1 Jacobian of the system at this equilibrium is negative, equal to either — <ﬁ + %)
1 2

c
or ~50. Thus, the equilibrium is asymptotically stable.
2

In fact, flow in system (2.1) will always be toward the unique equilibrium:

e If 2" =0, then ap = 0, and hence the right hand side of (2.1) is negative for any x > 0.

e If x* is positive, then & > 0 for z < 2™ and © < 0 for x > z*.
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In either case, global flow is directed toward z*, and thus z* is globally stable.

Next, system (2.1) can have a line of equilibria given by z* > 26, in the special case
ap = b+ c. The eigenvalue of the Jacobian in this case will be zero; however, we will still
have stability in this case: for x < 26,, the & equation will be positive, since ro(z) < 1
implies the ramp function terms will be strictly less than b + ¢. Hence, when = < 265 flow
will be toward the equilibrium at x* = 26,, while the system will remain at equilibrium for
any x > 26s.

Thus, if at least one equilibrium point exists, flow in system (2.1) will be toward such a
point. We will now consider flow when the system does not have any equilibria; based on
our work above, this happens if and only if ag > b + c. In this case, we have that

T = —bri(x) — cra(z) + ap
> —bri(z) —cra(x) +b+c¢
= b(1 —ri(z)) +c(1 —re(2))

>0
for all values of z, so we will have unbounded behaviour.

Our results here are summarized in the theorem below.

Theorem 2.1.1. Consider a system of form (2.1).

1.) The system has at least one equilibrium point if and only if ag < b+ c. Equilibria are

given by

2@08102 01
- —27e < b+ o—
R

* 20 —b 0

x :—2(a0 >, b+c—<ag<b+c
C 92
kZ 2027 ag = b+ C

2.) If the system has at least one equilibrium, then flow is bounded and is toward an
equilibrium point.

3.) If ap > b+ ¢, then the system has no equilibria and flow is unbounded.

2.1.1.1 Comparisons to Michaelis-Menten

Here, we will compare the behaviour of system (2.1) to that of the corresponding Michaelis-
Menten system
bz cT

L = — — ) 2.3
v 0+ x 92+$+a0 (23)
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Equilibria in system (2.3) are possible if and only if ap < b+ ¢. As the Michaelis-Menten
x

term is always strictly less than 1, if ag > b+ ¢ we have that
. bx cx
YT T G
bz cr

> — — b
T bt 92+$+ e

- b(1_011m>+c(1_02ix>

> 0

for any x > 0. Hence, no non-negative equilibria are possible in this case and x will grow to
infinity over time.

For ay < b+ ¢, equilibria of (2.3) are the solutions to
(b +c— &0)%2 + [bez + 091 — Go(el + (92)]1' — a09192 = 0.
The discriminant of this quadratic is

A = [beg + 0(91 — a0(91 + 02)]2 + 4@00102([) +c— a,()),

which cannot be negative under the assumption ay < b+ c. In fact, A will always be strictly
positive under this assumption; A = 0 if and only if both terms in the sum equal zero, but
4agh102(b + ¢ — ag) = 0 implies ap = 0, which then implies

[592 + 691 — a0(91 + 92)]2 = [692 + 691]2,

which is positive. Hence, the quadratic will always have real roots, with the positive root
from the quadratic formula giving a non-negative equilibrium:

= a0(01 + 02) — (b02 + 001) + \/Z

B 2(b+c—ap) (24)

Note that z* = 0 if and only if ap = 0, and is strictly positive otherwise.

One should also note that we will never get a second non-negative equilibrium by taking
the negative root in the quadratic formula. Letting

B = b¢92 + 001 — ao(é’l + 62),
the condition ag < b+ c gives us that

A = B? +4a¢0,0:(b+ c — ag) > B>

Hence, the denominator of the negative root solution,

—B— VA,
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is non-positive. If —B < 0, the denominator is always strictly negative. If —B > 0, then the
denominator equals zero if and only if A = B%. However, this equality holds if and only if
ao = 0, in which case we have

B = ng + 001,

which is positive, contradicting that —B > 0. Thus, taking the negative root from the
quadratic formula will not result in an additional non-negative equilibrium for system (2.3).

The sole eigenvalue of system (2.3) evaluated at the z* given in (2.4) is

_ 601 4 092
(01 +2%)2 (O +2%)% )’

which is always negative; hence, x* is asymptotically stable. Global stability of x* for x > 0
follows from the same reasoning used for the unique equilibrium of ramp system (2.1): if
x* =0, then £ < 0 for all z > 0, and if z* > 0, then & > 0 for x < 2" and # < 0 for = > z*.
Thus, global flow is toward z* for non-negative values of x.

Thus, ramp system (2.1) and Michaelis-Menten system (2.3) display qualitatively sim-
ilar behaviour: when ag < b + ¢, both systems have a unique globally stable non-negative
equilibrium, but unbounded flow occurs in both systems when ag > b+ c¢. There is a slight
difference in behaviour only for the special case ag = b+ ¢: system (2.1) has a line of stable
equilibria in this case, while system (2.3) has no equilibria and flow is unbounded. This result
is a consequence of using ramp functions, stemming from the fact that a ramp function can
have the value 1 as an output, while the corresponding Michaelis-Menten function cannot.

Now, we will examine the quantitative behaviour of ramp system (2.1) compared to
Michaelis-Menten system (2.3) by graphing the non-negative equilibrium z* — unique for
both systems except in the special case ag = b+ ¢ for the ramp system — as a function of ag.
The graph is presented in Figure 2.1.1 below, using the equilibrium values given in Theorem
2.1.1 for system (2.1) and in (2.4) for system (2.3).

From Figure 2.1.1, z* is similar in value between the two systems for relatively small
ag, but then the Michaelis-Menten equilibrium quickly pulls away. In fact, the Michaelis-
Menten equilibrium given in (2.4) approaches infinity as ay approaches b+ ¢ from below: the
denominator of z* approaches zero from above, while the numerator approaches the positive
value

bel -+ 092 + v (—b@l — 692)2 = 2(691 -+ 6(92).

Meanwhile, the z* value for the ramp system is bounded when ag < b + ¢, always being
less than 26,. When ag = b + ¢, every x* > 26, is an equilibrium, giving us the vertical
line shown in Figure 2.1.1; this is analogous to the behaviour seen in the Michaelis-Menten
system as a approached b+ c. However, this is a special case involving an equality condition
on the parameters; we will usually be working with the ag < b+ ¢ case.

Thus, there is a quantitative difference in the ay < b + ¢ case, which is when the two
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&

Equilibrium x

b+c U,IHJZ b+c

4

Figure 2.1.1: Equilibrium z* of ramp system (2.1) (red dashed line) and Michaelis-Menten
system (2.3) (solid blue line) as a function of ag. Parameters are 3 = 2 and b, ¢, 0; = 1.

systems have a unique equilibrium z*: this equilibrium is always less than 26, in ramp system
(2.1) when this condition on parameters holds, but in the Michaelis-Menten system (2.3),
the value of x* grows without bound as a¢ approached b + c.

2.1.2 Systems with n Thresholds

Now, we will extend our results on system (2.1) to single variable systems with an arbitrary
number of thresholds. These systems have the form

T = —byri(x) — bara(x) — -+ - — bprn(z) + ao, (2.5)
with ag > 0 and each b; > 0. Ramp function r; has threshold 26; and we will assume WLOG
that

0, <br<---<0,1<80,.

When looking at equilibria in system (2.5), there will be n + 1 regions of phase space to
consider: the all ramp region (z < 26,); the region in which all n ramp functions are saturated
(x > 26,,); and n — 1 regions in which z is between consecutive thresholds (20, < z < 26)41
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fork=1,2,...,n—1).
In the all ramp region, system (2.5) has the form

T T, T2g, T2, T
The unique equilibrium in this region is given by
- -1
- by by b
€T = Q _ _— .« .. _
126, " 20, 20,,
mon b -1
-3,
if and only if z* < 264, i.e.
01 0 0
< by +b bs—+---+b,—
Qg 1+ 292+ 393+ + 0
bt
- L
=1
Next, we consider the case in which 26, < x < 20,4 for some k = 1,2,....,n—1. In

such a region, the first k£ ramp functions are saturated, while the the remaining n — k& ramp
functions are still in their ramp regions. Thus, system (2.5) becomes

. brrix  bpiow b,x
— by —by— e — by — _ S L
! b 20 20140 20, o
The sole equilibrium in this region is then
~1
b1 | bpso bn
* by —by— - — D L
x (ap — by — by k) [29k+1 Wres +--- 4 20,

() Ea]

We need this equilibrium to satisfy 26, < x* < 260;,1. The lower bound here gives us
that

20141 * 20512 20,

Qo Z b1+b2+bk+29k

bt | beer bn]

:Zb+ - %

j=k+1

while from the upper bound, we have
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b1 bigo b

< by +by+...b,+ 20 — cee o ——
o L0 O e 20111 " 20142 T 20,
- b, 237k
e > M
=1 j=k+1
Thus, we will have 260, < x* < 26, if and only if
k n k n
b;0 b;Oki1
E bl—i- 9—j§a0< E bl—i-g T
=1 j=k+1 i=1 j=k+1

Finally, when = > 26,,, system (2.5) is simply

T = —by —by—--— by +ao,

and every z* > 20,, will be an equilibrium point if and only if ag = Z b;.
i=1

If system (2.5) has an equilibrium, it will be stable; the work showing this is similar to
what we did with the two-threshold system (2.1) using the sign of . When the equilibrium
x* is unique, global flow will be directed toward it. In the special case where every z* > 26,
is an equilibrium, flow will be toward the point z* = 26,, when x < 26,,.

When ay > Z b;, system (2.5) satisfies

=1
T = —bl’f’l(l') — bg?”g(l’) — s — bn’f‘n(l’) + ag
> —byri(z) — bare(z) — - -+ — byrp(x) + Z b;
=1

= Zbi[l —ri(7)]

>0

for all . As a result, there will be no equilibria and flow is unbounded.

Our results for system (2.5) are summarized in the following theorem:

Theorem 2.1.2. Consider a system of form (2.5).

n
1.) The system has at least one equilibrium point if and only if ag < Z b;. Equilibria are
i=1
given by
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3 —1
"L b “ b0,
= — <
CL0[ZZI2QZ] , 0_a0<izl QZ
k n b -1
z :<a0_zbi>lz276]?.] ;o Ly <ay< U
i=1 j=k+1 =7
> 26, ag =) b
\ =1
where k =1,2,....,.n—1 and
k n
Ly = Y bi+ 0,0k
i=1 j=k+1 J
U= bi+ > 39’““
i=1 j=k+1 J

2.) If the system has at least one equilibrium, then flow is bounded and is toward an
equilibrium point.

3.) If ag > Zbi’ then the system has no equilibria and flow is unbounded.
i=1

2.1.2.1 Comparisons to Michaelis-Menten

As we did in the two threshold case, we will compare the qualitative behaviour of the ramp
system (2.5) with n thresholds to that of the corresponding Michaelis-Menten system

. bix box bpx
_ _ o _ 2.6
o 0+  0y+zx 0 o (2:6)

System (2.6) admits a non-negative equilibrium point if and only if ag < Z b;. When
i=1

ag > Z b;, flow is unbounded for x > 0 as & will always be positive:

=1 n

r = — +a
;024—1) 0

n

bi =

v
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- X
=1
> 0.

If ap = 0, then system (2.6) has an equilibrium at the origin. For the 0 < ag < Z b; case,
i=1
we will show that (2.6) will have a non-negative equilibrium by looking at the sign of &. As

ap is positive in this case, & will be positive at x = 0. Next, the condition ay < Z b; means
i=1

that there exists an € € <O, Zb,) such that ag = Zbi — €. The ith Michaelis-Menten
i=1 i=1
function

bia:
Miw) = 0; +x

from (2.6) is continuous, strictly increasing, and can take any value in [0,b;) when x > 0;
hence, there exists an x = z; such that M;(x;) > b; — ¢/n.

Then, at = max{z;} = 2’ we have that
(2

n

. bil’/ "

Tr = —Zei_'_x/—i‘Zbi—G
i=1 i=1

n c n

S (5w En

=1

A

= 0.

Hence, the right hand side of (2.6) eventually switches from positive to negative on the
interval [0,00). As the Michaelis-Menten terms are continuous on this interval, this implies
there must be an z* € [0,00) at which & equals zero; this x* is thus an equilibrium of the
system.

Any non-negative equilibrium of (2.6) will be unique. The derivative of the right hand
side is

B i bi0;
i1 (Qz + %)2
which is always negative; hence, z is strictly decreasing for x > 0 and equals zero at one one
point in this range.

The fact that the derivative of the right hand side of (2.6) is negative also implies that
a non-negative equilibrium z* is asymptotically stable. As we saw with the two threshold
case, global flow will be toward z* for x > 0; & is positive when x < 2™ and negative when
x> a".

36



Thus, as was seen in the two threshold case, the qualitative behaviour of ramp system
(2.5) and Michaelis-Menten system (2.6) is identical for almost every aq value: both system

admit a unique globally stable non-negative equilibrium point when ag < Z b;, and display

i=1
n

unbounded behaviour when ag > Z Again, the only difference in behaviour occurs in the
i=1

special case ag = Zbi’ where (2.5) has a line of equilibria due to the presence of ramp

=1
functions over Michaelis-Menten terms.

2.2 A Class of Two-Variable Systems

We now move on to considering systems of two variables. In particular, here we will analyze
systems of the form

T = —ari(z) — bra(z) + xo
(2.7)
y = ari(x) — cr3(y) + vo,
where 71 and ry have thresholds 26; and 26, respectively, with 6; # 6. The function r3 has
threshold 263;. The parameters a, b, and ¢ are positive while xy and gy, are non-negative.
In the all ramp region, this system becomes

ax bx n
r=————+4ux

2 2

O 205 (2.8)
Lo ey

the mass action system corresponding to the reactions
X5y xB0 v&o

0% X 05Y
with
a b c
ki =—, ko= —, k3= —.
FTog T 20, P 26
Biologically, these reactions describe a system in which two species X and Y are each pro-
duced at a constant rate, species X is transformed into Y via an enzyme-mediated reaction,
and both species are lost as a result of other enzymatic reactions.

We want to study under what parameter conditions system (2.7) has an equilibrium in
the all ramp region. Additionally, we will consider the case in which an equilibrium exists
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when x falls between the thresholds 20, and 26,; both the 6; < 0 and 6, < 6; cases will be
considered.

2.2.1 All Ramp Region

From the & equation in (2.8), we have that
. 2010520
" aby + b,
at equilibrium. This value falls in the all ramp region if and only if 2* < min{26,,26,}.
Equivalently, using our expression for z* above, this condition can be written as

b6, ab
Ty < min{a—i—e—l,%—l—b}.
2 01

Then, for y* we have

: 9
y* a—93$* + 93:(/0
chq c
2&92931‘0 2033/0
c(aby + b6y) c

This value falls in the ramp region for y if and only if y* < 265, i.e. %x* + 1Yy < c or
1

equivalently,
CLQQQJO
P a— < c.
T
Now, we consider stability and flow in the all ramp region. The Jacobian of (2.8) is
: : o aX bX cY R
triangular with two negative eigenvalues, ——— — — and ———, and hence the equilibrium
20, 206, 205

point in this region is asymptotically stable. For flow, we have six regions of phase space to
consider; x can be below both, in between, or above both thresholds, while y is either below
or above its threshold 265.

The z nullcline of (2.8) is the vertical line
201821‘0
r = —-.
afy + bo,
The @ equation in (2.7) is positive for x values located to the left of this line, and negative
for x values to the right of this line. Note that this line is not contained to just the all
ramp region; it extends into the box in which z < min{26;, 26>} and y > 263 (i.e. where the

function r3(y) is saturated, but r(z) and ro(z) are both still in their ramp regions).
The y nullcline is given by

af 20
y = s 4 3Y0
ct, c
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in the all ramp region. This line eventually enters another region of phase space, but which
one depends on parameters. In general, the y nullcline of system (2.7) is

a Yo

r3(y) = Erl(x) +
If ¢ < a+ 1y, then the y nullcline passes through a point in which r3(y) = 1 before it reaches
a point with r1(x) = 1. In this case, the y nullcline becomes the line
a T Yo
c 20, ¢
2(0 — y0)91

a

for y > 2603. Meanwhile, if ¢ > a + yo the function 7 (z) will saturate first, resulting in the y
nullcline becoming

—— I =

yo_a . w
203—c+c

2 0

:}y:—<a+y0)3
c

for x > 26;. Finally, ¢ = a + yo is the special case in which (ry(z),73(y)) = (1,1) falls on
the y nullcline, resulting in the nullcline extending into region(s) of phase space in which
y > 203 and x > 26,.

The y equation in (2.7) is positive at points that fall below or to the right of the y nullcline
and negative at points located above or to the left. This, combined with the sign pattern of
& described above, results in a flow pattern in system (2.7) in which global flow is directed
toward the unique equilibrium in the all ramp region. A couple of vector fields showing this
flow pattern are provided in Figure 2.2.1, representing both the 6; < 6, and 0, < 6; cases, as
well as showing two possibilities for the regions of phase space the y nullcline can be located
in.

2.2.2 The 20; < x < 205 Case

Now, we will determine under what parameter conditions system (2.7) has equilibria when
x is between its two thresholds, starting with the 6, < 65 case. Like in the previous section,
we will assume y is below its threshold 263. When 26, < x < 26, and y < 2603, the function
r1(z) is saturated at 1 and system (2.7) has the form

, bx n
T = —a——+ 2
20
2 (2.9)
. cy i
=a— — .
Y 20, Yo
. . . . . 2($0 - Cl)92 .
Setting the & equation in (2.9) equal to zero, we get that z* = 3 This value
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Figure 2.2.1: Flow in system (2.7) when an equilibrium exists in the all ramp region. The z
nullcline is shown in red while the y nullcline is shown in blue.

falls within the desired bounds for x if and only if

2(xg — )b
20, < M < 20,
bb,
<~ CL+0— < z9g < a-+b.
2
2 0
From ¢ = 0, we get that y* = M, which satisfies y* < 265 if and only if a + yy < c.
c

b
The Jacobian of (2.9) has the two negative eigenvalues TN and —%, implying that the
9 3

equilibrium point found above is asymptotically stable. As 26, < z* < 26,, the x nullcline
of system (2.7) is
. 2(zg — a)927
b

which spans two boxes of phase space: the one defined by 20; < z < 26, and y < 263 along
with the one defined by 20, < x < 260, and y > 2605. Note that as the equilibrium value of z
falls in between the two thresholds in this case, system (2.7) no longer has an z nullcline in
the all ramp region. The z equation is positive for x < z* and negative for x > x*.

The y nullcline is similar to what was discussed in the previous section. It starts in the
all ramp region as the line

0 2
295 i 9390’
ct c

y:
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Figure 2.2.2: Flow in system (2.7) when there is an equilibrium satisfying 26, < ™ < 26,
and y* < 2603. The x nullcline is shown in red while the y nullcline is shown in blue.

and eventually enters another region of phase space. As we have the condition ¢ > a + g
for the existence of y* in system (2.9), the y nullcline becomes

2(@ + y0>63
C

for x > 26,. Thus, the y nullcline will resemble the one shown in Figure 2.2.1(a). As
mentioned in the previous section, the y equation in (2.7) will be positive at points located
below or to the right of the y nullcline and negative at points located above or to the left.

As a result, when system (2.7) has an equilibrium satisfying 26; < z* < 2605 and y* < 263,
global flow will be toward this equilibrium point. The vector field for this case is shown in
Figure 2.2.2.

2.2.3 The 20, < x < 20; Case

Finally, we consider the case in which #; < ;. We want to know when system (2.7) has an
equilibrium satisfying 26, < 2* < 260, and y* < 263. Under these variable bounds, (2.7) has
the form
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= ———b
x %, + X9
(2.10)
Y7 g 20,
System (2.10) has the unique equilibrium point
% 2(.1'0 — b)91
B a
* 2(1’0 + Yo — b)03
Y c
if and only if
62(1,

— +b <xy < a+bd
01

To+y < c+b

both hold. Stability and flow is similar to the previous two cases: the Jacobian of (2.10) has

a c
two negative eigenvalues, ~%0 and TR and global flow is toward the equilibrium point.
1 3

The x nullcline in this case is given by
2<I0 - b)@l

- )
Meanwhile, the y nullcline once again begins as the line

Tr =

_ 66_93 . 2050

ct, c

in the all ramp region and the box in which 26, < z < 26, and y < 203, and eventually
extends into another region of phase space; as discussed in the section on the all ramp region,
which region the y nullcline enters depends on whether the parameter c is less than, greater

than, or equal to a + yy. The vector field for this case is displayed in Figure 2.2.3 below.

2.2.4 Other Cases and Summary

So far, our work has considered equilibria in system (2.7) when x < max{26,,260,} and

y < 203; as we have seen, we always have a unique equilibrium when these conditions hold.

Now, we will briefly cover the existence of equilibria when one or both variables are above

all of their associated thresholds, which will allow system (2.7) to have lines of equilibria.
When z > max{26,,26,}, the & equation from (2.7) becomes

T = —a—b+ xg.

This gives us a line of equilibrium values for z, * > max{26;, 265}, if and only if 2o = a+b.
The 3 equation in this case is
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Figure 2.2.3: Flow in system (2.7) when there is an equilibrium satisfying 26, < z* < 26,
and y* < 2603. The x nullcline is shown in red while the y nullcline is shown in blue.

y = a—cr3(y) + vo,
and thus the equilibrium value(s) of y satisfy

a + Yo
C

r3(y") =

. . . . . 2(a + yo)0
if and only if a + yo < c¢. Here, a + yo < c gives us the unique value y* = 2(a+ 0)0 3

while the a + yy = ¢ case corresponds to r3(y*) = 1, giving us the line of equilibrium values
y* > 203.

The previous paragraph describes equilibria in system (2.7) when both variables are above
all their thresholds or when just z is. The case in which y is above threshold and x is below
at least one threshold is similar. When y > 263, the y equation from (2.7) is given by

y = ari(x) — ¢+ yo.
Assuming there is an z* such that © = 0, we will have y* > 2605 if and only if ¢ = ary(z") +yo.

Next, we will consider the qualitative behaviour of system (2.7) when it has no equilibria
at all. Our analysis has shown that there is at least one z* at which # = 0 if and only if
xo < a+b. If xy > a+ b, then the & equation from (2.7) will satisfy

T = —ari(x) — bro(z) + x0
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> —ary(z) —bra(z) +a+0b
= a[l —ri(x)] +b[1 — ry(x)]
> 0,
and thus x will grow without bound.
If there exists an x* at which & = 0, then the ¢ equation

y = ari(z) — crs(y) + yo

if and only if arq (z*) +yo < c. If we have

has the equilibrium solution r3(y*) = ary@’) + yo
c

ari(z*) + yo > ¢, then on the x nullcline

y = ari(z") — ers(y) + vo
> ary(z®) — [ar1(x*) + yolrs(y) + vo
= ar(z")[1 = r3(y)] + yo[1 — 73(y)]
> 0,

and hence flow is straight upward. Thus, if system (2.7) does not have equilibria, flow will
be unbounded.

Our analysis of system (2.7) is summarized in the following theorem:

Theorem 2.2.1. Consider a system of form (2.7).

1.) There is at least one value v = x* at which the & equation in (2.7) equals zero if and
only if vtgo < a+0b. If such an x* exists, there is at least one y = y* at which y = 0 if
and only if ary(z*) + yo < c.

2.) The cases xy < a+ b and ari(z*) + yo < ¢ correspond to a unique equilibrium point
(x*,y") in which x* < max{20;,205} and y* < 203. There are three possibilities for
this unique equilibrium depending on whether x is below or in between its thresholds,
and which threshold s larger:

a.) System (2.7) has an equilibrium in the all ramp region (x < min{26;,260-}, y <
203) at

. 20192I0

~ afy + o,

. 2(102031‘0 1 203y0
o= c(aby + b6,) c

*

if and only if

Ty < min{a%—%,ae—e?%—b}
2 01
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CL@QIO

—— oty < c
aby + b, PO

both hold.

b.) System (2.7) has the equilibrium

_ 2(1‘0 — CL)QQ
v b
y* _ 2(a +Cy0)83

satisfying 201 < x* < 205 and y* < 203 if and only if

bo,
a+— <x9g < a+b
02

a+y < ¢
both hold.
c.) System (2.7) has the equilibrium
o 2(xo ; b)6:
o= 2(xo + yo — b)03
c

satisfying 205 < z* < 201 and y* < 203 if and only if

92_a+b SIO < a+b
0

To+yo < c+b
both hold.

3.) If system (2.7) has a unique equilibrium point, then global flow is toward this equilib-
TIUm.

4.) If system (2.7) has no equilibria, flow is unbounded.

2.2.5 Comparisons to Michaelis-Menten

Now, we will examine how the qualitative behaviour of ramp system (2.7) compares to the
corresponding Michaelis-Menten system
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. ax bx n
T = — — T
‘91+.T 92+l’ 0

(2.11)
ax cy

- B .
) 0, +2 O3ty Yo

Here, we will find parameter conditions for system (2.11) to have non-negative equilibria.
First, £ = 0 will have a solution if and only if g < a + b; if g > a + b, then, since the
x

x
Michaelis-Menten terms and are each strictly less than 1 for non-negative
91 +x ‘92 +x

values of x, the z equation will always be positive for x > 0.
If xo < a+ b, then from & = 0 we have that the equilibrium value of x must satisfy
(a +b— x0)$2 + (CZQQ + b@l — x0[91 + 92])33 — .%09162 = 0.

As we saw with system (2.3), this quadratic has only one non-negative root, obtained from
taking the positive root in the quadratic formula. Hence, we have that

_ 2 -
o = 2B VB Aleofif)(a+b - z0) (2.12)

2(a+b— xo)

where B = a92 + 176’1 - 330[91 + 92]

Then, the equilibrium value for y* must satisfy

*

cy
s + y*

and z* is from (2.12). This then gives us that

= Y% + CLMI('I*):

where M (x) = T
1 Xz

" 05 (yo + aMy(x*))

c— yo — alMq(x*) (2.13)
6105y0 + 03(yo + a)x*

(c—yo)bh + (c —yo — a)x*’
This value for y* is defined and non-negative if and only if ¢ > yo + aM;(z"). Note that if
¢ < yo+ aM(z"), then along the x nullcline we have

. . cy
= aM — +
y = abM(x") T Yo
[yo + aM;(z*)]y
> oM (x*) — +
Z a 1@) Os +y Yo
v y Y
a 1(1’) 93_|_y yO 93+y
> 0,

and hence flow is straight upward.
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Figure 2.2.4: Flow in system (2.11) in the first quadrant when the equilibrium point
(x*,y") = ((2.12),(2.13)) exists. The z nullcline is shown in red while the y nullcline is
shown in blue.

Thus, Michaelis-Menten system (2.11) has the unique non-negative equilibrium (z*, y*) =
((2.12),(2.13)) if and only if the conditions =y < a + b and ¢ > yy + aM;(z*) hold. The
Jacobian of (2.11) is triangular with negative diagonal entries, and hence this equilibrium is
asymptotically stable. Global flow in the first quadrant will be toward this unique equilibrium
point; the & equation is positive for x values to the left of the x nullcline

L B+ VB2 + 4(200,05) (a + b — x0)
B 2(a+b— xp) ’
and negative for x values to the right of this line, while ¢ is positive for y values below the
y nullcline

010590 + 03(yo + a)x
(c—yo)by + (c —yo — a)z’
and negative at y values that fall above this line. Figure 2.2.4 shows the vector field for
system (2.11) in the first quadrant when there is an equilibrium point.

y:

In summary, ramp system (2.7) and Michaelis-Menten system (2.11) display qualitatively
similar behaviour:

e The conditions for the existence of non-negative equilibria are analogous: xy < a + b
and ary(z*) + yo < ¢ for the ramp system, and zy < a + b and yo + aM;(z") < ¢ for
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the Michaelis-Menten system. The conditions for the Michaelis-Menten system always
result in a unique non-negative equilibrium, while the ramp system will also have a
unique equilibrium if both inequalities are strict; the equality conditions for the ramp
system correspond to special cases in which the system has a line of equilibria resulting
from the use of ramp functions.

e In both systems, if a unique non-negative equilibrium exists, flow is toward that equi-
librium in the first quadrant.

e Both systems display unbounded behaviour if no equilibria exist.

2.3 SRP Systems in n Variables

The ramp systems (2.1), (2.5), and (2.7) we have analyzed so far in this chapter are SRP
systems in one or two variables. In this section, we will study general n-variable SRP systems
with multiple thresholds per variable, with a focusing on finding equilibria in these systems.

2.3.1 A Linear Algebra Approach to Finding Equilibria

The third chapter of [5] focused on determining parameter conditions under which n-variable
SRP systems with a single ramp function associated with each variable had equilibria, with
emphasis on equilibria in the all ramp region. These SRP systems had the form

€ —a3; Q2 ... Q1n 7‘1@1) L1y
X2 a1 —Q22 ... Q2p, T2($2) X2,

= . . . . . + . )
Tn an1 an2 ... —0Qpp T'n (xn) xno

where the n X n matrix is an SRP matrix, and the x;, > 0 represent possible reactions of

the form 0 —% X;.

The equilibria results presented on these systems in [5] used techniques from linear alge-
bra. Here, we will apply similar linear algebra techniques to determine when equilibria exist
in SRP systems with multiple thresholds allowed per variable. In general, when an SRP
system is in the all ramp region, it has the form

xq —a11 Q2 ... Q1n Ty L1y
) a1 —QAaz2 ... Qon X2 X2,
Tp an1 an2 cee —Ann Ty, xno

which can be more compactly written as
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F = AT+ 7,
where the n x n matrix A is still an SRP matrix; in fact, it is the Jacobian of the system in
the all ramp region.

As an example, the all ramp region equations for system (2.7) were given in (2.8) as

) ar  bx n
T = ————+ux
20, 20,
L
which can be written in the matrix and vector form (2.14) as
; ———— 0
o 20, 20, S
Sl a c *
Yy — —— | LY Yo
26, 20

Below, we present several results regarding equilibria in systems that have form (2.14)
when in the all ramp region. These results are similar to those presented in [5], but with
r(z) < 1 conditions replaced with = < m, where m is the smallest threshold associated with
variable x.

Proposition 2.3.1. Consider a biochemical ramp system that has form (2.14) when in the
all ramp region. Suppose the ¢th variable x; has «; distinct thresholds 26,;, 20y, ..., 20,.;,
and let m; = min{20y;, 20s;, ...,20,,;}. Then, if A is invertible, (2.14) has an equilibrium in
the all ramp region if and only if for all 7,

> i1 Cjitj, .
— det(A) "
where the C}; are cofactors of A. Additionally, if this equilibrium exists, it is unique.

Proof. Equilibria of (2.14) are given by 2* = —A~'2y. Note that every component of z* is
non-negative as by Theorem 1.1.7, all entries of A~" are non-positive. The ith component is
o Criwiy + Coiay + -+ + Critp,

! —det(A)
_ 25 Giitio
—det(A)
which falls in the all ramp region for z; if and only if it is strictly less than m;. If we have

x} < m; for all i, then z* is the only equilibrium point of the system, since A being invertible
means that Az* = —z has a unique solution. n

Proposition 2.3.2. Consider a biochemical ramp system that has form (2.14) when in the
all ramp region. If x5 = 0, then the system has at least one equilibrium in the all ramp
region. If A is not invertible, there are infinitely many such equilibria.
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Proof. With @3 = 0, equilibria are solutions to Az* = 0, which always has at least the origin
as a solution.

By Proposition 1.2.1, a singular SRP matrix has an eigenvector with non-negative com-
ponents. Hence, Az* = 0 has a non-negative solution aside from the origin, and we can find
infinitely many such eigenvectors in the all ramp region by multiplying the eigenvector by
sufficiently small positive scalars. O]

Proposition 2.3.3. Consider a biochemical ramp system that has form (2.14) when in the
all ramp region. If the system has an equilibrium in the all ramp region, then for all ¢ we
have x;, < m;a;, where m; is the smallest threshold associated with x;. If a; # 0, this
inequality is strict.

Proof. Suppose (2.14) has an equilibrium o+ with x; < m, for all i. By contradiction, suppose
T, > m;a;; for some 7. Then at equilibrium,

T; = —a1124 + aﬂxj +£L’7;0
i#1
* *
> an[mi—xi]—i— E ajizl:j
J#1
> 0,

a contradiction. If a;; is not zero, then a;[m; —x}] is strictly positive, and thus the x;, = m;a;;
case cannot hold. O

2.3.1.1 Adams Model

The ramp function version of the Adams model of plant metabolism without the SEL was
given in (3) as

Ty = ag — CL17”1($1)

.CL"Q = CL1T1<JJ1) — CL37’§($2) — CL5T5(.7}2)

T3 = azrs(wy) — agra(ws).
This is an SRP system that has form (2.14) when in the all ramp region. The variable
Ty in this system has two associated ramp functions, r3 and rs, with thresholds 2K3 and
2K respectively. The linear algebra approach used in Chapter 3 of [5] to find all ramp
region equilibria in SRP systems could only be applied to the Adams model when K3 = K.

However, our work in this section now allows us to find equilibria even when these parameters
are not equal.

In the all ramp region, system (3) becomes




. a1 agTs  A5T2
Ty = — —
> 7T 2K, 2K? 2K
. azTo 4473
T3 = —5 — ——
T 2K2 2K,
which can be written in form (2.14) as
-y .
- 0 0
T 2K, 1 o
aq as as
ol = —=— —|=—=%+—7 0
2 2K, <2K§ * 2K5> Ta| + |0
T3 0 93 B I 0
i 2K3 2Ky |
The 3 x 3 matrix is invertible with
_ - [ 2K
_4 0 0 ' =1 0 0
2K, ai
a _( as N as > 0 B 2K§K5 2K§K5 0
2K1 2K§ 2K5 - a3K5—|—a5K§ CL3K5+CL5K§
0 % _26‘?4 203K, K;  203K,K; 2K,
- 3 44 L CL4(CL3K5 + a5K§) &4((13K5 + CL5K§) Qg
Thus, we have that
_ oK, -
—— 0 0
x] a —ag
o 2K2K5 2K2K5 0 0
2 - (13K5 + G5K32 G3K5 + CL5K§
LU?; 20,3[(4[(5 20,3K4K5 2K4 0
&4(G3K5 —+ &5[(33) 04((13[(5 —+ G5K§) Qy ]
[ 2@0K1 T
ay
. 2@0K§K5
N a3K5 -+ a5K§ ’
2&0@3K4K5
| as(asKs + a5 K3) |
which falls in the all ramp region if and only if
x] < 2K, vy < min{2K3 2K} xy < 2K,

all hold, or equivalently, if and only if
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CL3K5 +(15K32 CL3K5+CL5K32 a4(a3K5 +(15K32)}

ap < min < a;
{ ’ K% ’ K5 ’ CL3K5

2.3.2 A Class of Systems

We saw that the two-variable ramp system (2.7), when in the all ramp region, resembles as
mass action system derived from the reactions X — Y, X = 0, and Y = 0, where X = 0
represents the two reactions X — 0 and 0 — X. Here, we will expand this to a series of
reactions in n variables. In particular, our n-variable system in the all ramp region will be
derived from a mass action system consisting of the chain of reactions X; — Xy — -+ — X,
along with X; = 0 for all . With ramp functions, this gives us the following system of
differential equations:

Z).’Jl = —(117”11(1‘1) — bngl (l’l) —+ T,

Ty = airy, ([L’l) — Q2T (IQ) — b2T22 (1’2) + X2,

_ (2.15)
Tm = Am—1T1,,_1 (xm—1> — mT,, (xm) - bmr2m (xm) + Ly

ETn = 171, 4 (Tn1) — cr3(zy) + T,

Here, 2 < m < n — 1 and the a; and b; are positive constants. We will assume the z;, are
non-negative; if some z;, = 0, then the reaction 0 2% X; is not present. Ramp function T,
has threshold 26;, and rs, has threshold 26,. The variable z,, only has one associated ramp
function, r3, which has threshold 2605.

We will determine under what parameter conditions system (2.15) has equilibria. In
particular, we will find equilibria for which each variable is below at least one of its thresholds;
we will not cover the special case in which both ramp functions associated with a particular
variable are saturated at 1. To reduce the number of cases to consider, we will assume that
forv=1,2,...,n—1, 0;, < 0,. Thus, we will be concerned with equilibria in which each z;
at equilibrium satisfies z] < 20y, for i < n and =z, satisfies z, < 20s.

For &, in (2.15), the equilibrium solution for =7 is similar to what we saw for z* in the
two-variable system (2.7). When z; < 260, < 20, , we get

2911 Gglxlo
a1921 + blgll

x] =
. . 911
if and only if =7, < a; + 619—. If 20,, <z < 26,,, we have that

21
2(1’10 — a1)921
by

* —_—
:rl —
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0
if and only if a1 + ble—h <z, <a;+ 0.
21

Next, we will look at &, for m € {2,3,...,n — 1}. First, suppose that = | < 265 |
exists; we will solve for ), in terms of x;, ;. When x,, < 20, < 20, , x is the solution to

m
A T b
* m<m mm
A—17T1,, (Tr 1) — — + Ty, = 0
m 1( m 1) 291m 202m mo )
which is
T, =

02, + b0,
if and only if

01,,
Ty T am—lrlmq(x:n—l) < Ay + by

0a,,
Then, for 260,,, <z, < 205, , we have
am_lrlmfl(a:m_l) — am—m + Ty — 0
— ot = 2[Tmy + am—lrlmb1(xjn—1) — anlbs,,

if and only if

elm *
Ay + b= < Ty + Am—171,, (X0, _1) < Gy + by

0s,,
Finally, we look at #,,. If x;,_; < 260, , exists, then for z,, < 203 we have
. e
an—lrlnfl(fcnq)—Q—eg +Tn, =0
= 2[wpy + ap1ry,_, (25,_1)]03
" c

if and only if
Ty + an_lrlnfl(x;‘;*l) < c

Our work here has shown that if system (2.15) has an equilibrium such that = < 265,
for © < n and x; < 265, it will be unique. Additionally, it will be asymptotically stable; the
Jacobian of (2.15) at the equilibrium will be triangular with negative entries on the diagonal.

It can also been seen that such an equilibrium point will be globally stable. The 2
equation in (2.15) is functionally identical to the & equation in (2.7), and our analysis of the
latter showed that when x* was below at least one of its thresholds, flow in the x direction
was always toward the x nullcline. Hence, if 2] < 265, exists, x; will approach z] over time.

Once z; has reached its equilibrium value, the &5 equation in(2.15) is positive when
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o714 (xz) -+ b27“22 (1’2) < airq, (iL‘T) + Ty,

and negative when

271, (ZL‘Q) + b2T22 ((L’Q) > airy, (l’T) + Toq-

Hence, xo will approach z3 over time. The 2 < m < n — 1 case is similar; x,, will approach
the equilibrium value z,. Finally, the z,, equation has the same form as the y equation from
(2.7); hence, with z;_, existing x,, will tend toward x} over time.

2.3.2.1 Comparisons to Michaelis-Menten

The Michaelis-Menten system corresponding to ramp system (2.15) is
.I.'l = —CLth (ZEI) — blMgl (ZEl) + L1,
Ty = a1 My, (21) — agMy,(x2) — ba Mo, (x2) + 22,

‘ (2.16)
:L‘m - am—lMlmfl(:L‘m_l) - alim (xm) - me27n (mm) + mmo

i‘n = an—lMln_1<xn—1) - CM?)(:UTL) + Tngs

where My, (z;) = 7 zl_ for k=1,2and i <n —1, and M3(z,) =
ki T Li

T
93 + $n'
We will determine when system (2.16) has an equilibrium point at which all variables
are non-negative. The &; equation above has the same form as the & equation from system

(2.11), so x] will have a form similar to the z* value given in (2.12). Thus, 23 = 0 has a
single non-negative solution,

o —-B+ \/32 + 4(:510611921)(@1 + by — Q?lo)
! 2(ay + by — x1,) ’
where B = a10y, + b161, — x1,[01, + 02,], if and only if 1, < a1 + b;.

Next, if ), _; exists for 2 < m < n — 1 then from #,, = 0 we get that z,, = z,, is the
solution to

(am + by — K22, + Bt — Kpbh, 02, = 0

where

Km = am—lMlm—1 (Ij%—l) —|—$m0
Bm = amezm -+ bmﬁlm — Km(elm + egm).
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The coefficients of this quadratic are similar to those of the quadratic we examined when
determining z* for system (2.11); as a result, we will once again have only one non-negative
solution, obtained by taking the positive root in the quadratic formula:

. — By + /B2, + 4K,,01,,02,, (am + by — K,)

Tm = 2 + b — Ko

This value for x exists if and only if K,, < a,, + b,,; if this inequality does not hold, then
&, will always be positive at z,,_1 =z, for z,,, > 0.

For x,, the 4,, equation in (2.16) has the same form as the y equation from (2.11). Hence,
the equilibrium value for z,, is similar to the y* given in (2.13), being equal to

% 93(ZL‘n0+aM1n71(l‘:_1))

n
C— Tpy — aM]-n—l (w;—l)
01, _,03%ny + 03(Tng + an1)T;_4

* )

(c— Ino)elnq + (¢ — Ty — Un-1)T)_4

which is defined and non-negative if and only if ¢ > x,, + aMy, (2} ;).

Thus, if system (2.16) has a non-negative equilibrium, it is unique. When this equilibrium
exists, flow and stability is similar to what was seen in ramp system (2.15); the Jacobian
at the equilibrium is triangular with all negative eigenvalues, and global flow in the first
quadrant is toward the equilibrium.

Hence, ramp system (2.15) and Michaelis-Menten system (2.16) display qualitatively
similar behaviour when their unique non-negative equilibrium exists:

e The necessary and sufficient parameter conditions for the existence of the equilibrium
point is analogous between the two systems. In ramp system (2.15), an equilibrium
point with ] < 20, and z;, < 205 exists if and only if

T, < a1+ by
Tmg + o171, (25 1) < am + by,
Ty + An—1T1,,_4 ('T:—l) <c

all hold. In system (2.16), the equivalent conditions for the existence of a non-negative
equilibrium are

T, < a1+ b
K,, < a,, + b,
Ty + a1 M, _ (7, ) < ¢
where K, = Ty + a1 My, (2} ).

e The Jacobian evaluated at this equilibrium has solely negative eigenvalues.
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e Global flow in the first quadrant is toward the equilibrium point.

2.4 Invertible Systems with One Combining Term

Chapter 4 of [5] studied a class of systems known as invertible systems with one combining
term. These were ramp systems that, when in the all ramp region, were mass action systems
derived from exactly one reaction of the form X +Y — Z and an arbitrary number of SRP
terms. These systems had the general form

xy —a11 Q12 a13 a4 ... Q1n (] (5171)_ _—krl(iﬂl)rz(i@)_ _5510_
T Q21  —Ag2 (23 Q24 ... Q2n, 7“2@2) —krl(%)rz(i@) T2,
T3 asy  Gzz —asz Az4 ... A3y r3(xs) kri(z1)ra(xs) T3,
. = + + ,
Ty Q41 (42 Q43  —Q44 ... Q4 7”4@4) 0 L44
_j:n_ L Gn1 Ap2 an3 Q(n4 s _ann_ _Tn (xn)_ L 0 i _Ino_
or more compactly,
T = AF+k + 7, (2.17)

where

e A is an invertible n X n SRP matrix with n > 3

7 is the vector of ramp functions, where function r; has threshold 26;.

k is the combining term vector, with £ > 0. Note that only the first three components
of this vector are non-zero because it was assumed, WLOG, that the sole combining
term derived from the reaction X+ Xy — X3 involving the first three chemical species.

2o is the vector of constant input terms, with z;, > 0 for each ¢, representing possible
SRP reactions of the form 0 — z;, X;.

Analysis of system (2.17) in [5] focused on solving for an equilibrium point in the all ramp
region and determining under which parameter conditions such an equilibrium exists. Note,
however, that system (2.17) only describes systems in which each variable is associated with a
single ramp function, which limited the scope of the analysis. This limitation is noteworthy
as the analysis in [5] was motivated by the Adams model with the SEL, which from (4)
consists of the equations

y = ao — a1r1(y) — asri(z2)ri(y) + asra(zs)
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To = airi(y) — a3T§($2)T§(y) — asrs(22)
2y = agry(z2)rs(y) — asra(zs),

and can also be written in the form

Y —a; 0 ay 1(y) —azrs (y)r3(zy) ag
ol = | a1 —as O rs(x2) | + | —asr3(y)ri(ze) | + | 0] . (2.18)
T3 0 0 —ay] |7a(zs) azrs (y)r3 (z2) 0

Hence, the Adams model with the SEL has almost the same form as (2.17), except the
variables y and o each have two associated ramp functions; the results presented in [5]
could thus only be applied to the Adams model in the special case that r; and rg’ had equal
thresholds, as did r5 and 73.

Our goal in this section is to extend the theory developed in Chapter 4 of [5] to cover
invertible systems with one combining term like (2.18). That is, systems in which the the
first two variables each have two associated ramp functions. We will start, however, by
summarizing key results on system (2.17); see Chapter 4 of [5] for the full derivation and a
more detailed explanation.

2.4.1 Summary of Previous Results
Equilibria in system (2.17) satisfy

Af+k+a = 0,
or equivalently, since A is invertible,

Fr AR = —A g,

From here, two sets of quantities were defined in [5]: first S, S, ..., S, as
—A7'ay =[Sy, So, ..., SWT, (2.19)
and Dy, Ds,..., D, as
Cs; — Cri — Cy; .
D; = )
; ot (A) Vi, (2.20)

where the Cj; are cofactors of A. Note that D; appears in the ¢th component of A7k, which
is kri(a])re(x5)D;. As A is an SRP matrix, the S; are all non-negative by Theorem 1.1.7.
While Theorem 40 of [5] established that D; and D, are always non-negative, no such
restriction exists on D; for ¢ > 3.

The analysis in [5] culminated in Theorem 41, which provided the values of the ramp
functions at the unique equilibrium in the all ramp region, as well as necessary and sufficient
conditions for the existence of this equilibrium. We restate this as Theorem 2.4.1 below.
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Theorem 2.4.1. Consider a system of form (2.17). Define S; and D; for all i as in (2.19)
and (2.20) respectively, and let b =14 kD1Sy — kD5S1. Then, the unique equilibrium point

( S,

_ Dy, =0
1+ kD, Sy’ ?
ri(z]) =
—b+ Vb 4+ 4kDy S, Do > 0
\ 2k D, ’ 2o
r S
_ Dy =0
1+ kDyS,’ '
ra(z3) =
b— 2+ b*+4kDS, D=0
\ 2kD1 ) 1 )
ri(z}) = S; — kri(z])re(x3)D; Vi>3
falls in the all ramp region if and only if all of the following hold:
lesQ kD281
14+ —F 1
St Ut py % < M iy

max{0, kry(z])re(z3) D} < S; <14 kry(a])ra(x3)D;  Vi>3

2.4.2 Two Thresholds for z; and z-

We will now focus on systems resembling the Adams model (2.18); that is, systems of the
form

_531_ _—an Q12 13 g ... A1n ] -Tl(x1>- _—/f7”11(I1)7”22($2)_ _1310_
T a1 —Q22 Q23 Q2q4 ... A2p Tz(xz) —kﬁl(I1)T22(iU2) X2,
T3 @31 a3z —az3 Az4 ... A3n 7’3(563) kT11($1)7’22($€2) x3,

. = + + ,
Ty Ay Qg Qa3 —CGag ...  Qan | | Ta(4) 0 T4,
_jjn_ | Qn1 An2 Qn3 Qp4 v TApp| [Tn (xn)_ | 0 | K2

where the n X n matrix is an invertible SRP matrix, each r; has threshold 26;, and r; for
1 = 1,2 has threshold 26;;. Thus, x; has two associated ramp functions with thresholds 26,
and 26,;, and similarly x, has thresholds 26, and 265,. We assume that 6; and #;; are not
necessarily equal to each other, nor are 6, and 6,.

In the all ramp region, the above system becomes
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o g a3 an i T
20, 206, 205 20, 20,
[217] G21 OG22 O3  O24  Gon | Py [— 2125 [21, ]
) 260, 20, 205 20, 20,
T2 To —X1X9 T,
. ds1 32 G33 O34 3n
x3 291 292 293 204 o 2‘9n T3 k T1T2 T3
g | Ga Qe Ga3 Gy i | fay| 3000 | 0 | T |,
20, 20, 205 20, 20,
| Ty, LT, L 0 ] [ T
Gn1 An2 (n3 Qp4a Apn
| 26, 20, 205 20, 20, |
This can then be written compactly as
i = Bi+ R+ %, (2.21)

where we note that

e DB is still an invertible SRP matrix, since it is obtained by multiplying each column of
an invertible SRP matrix by a positive scalar.
k

4011045

e £ is the combining term vector, and we will let Kk =

We want to determine when system (2.21) has an equilibrium. Note that system (2.21)
has the same form as system (2.17), just with every instance of r(x) replaced with z. Thus,
equilibrium values for (2.21) will take the same general form as those listed in Theorem 2.4.1,
just written in terms of the z; instead of 7;(x;). The conditions on parameters for existence
of an equilibrium in the all ramp region will have to be re-derived, however, due to x; and
2o now having two thresholds.

With B and « in (2.21) being non-identical to their counterparts A and k in (2.17), we
will rename the quantities S; and D; defined in (2.19) and (2.20) to 7; and E; respectively.
These are defined as follows:

—B7 gy = T, Ty, ..., Tn]T, (2.22)
and
Cs; — Ch; — Cy; ,
E, = \v .
' det(B) " (2.23)

where the Cj; are cofactors of B. Note that the T} are all non-negative as the inverse of an
SRP matrix has non-positive entries, so all entries of —B~! are non-negative. Additionally,
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by Theorem 40 of [5], E; and Fy are non-negative like their counterparts D; and Dy, but
the other F; do not have this restriction. Similar to the D;, the T} are derived from the ith
component of B~'%, which is kajzsE;.
Next, the quantity b from Theorem 2.4.1 can then be renamed ¢, with
c =1+ HElTQ — I{,Eng.

Thus, the equilibrium point in the all ramp region for system (2.21) will be given by

r Tl
_ E, =0
1+ kBT 2
= Ve + A EST
—Cc+ c + 4K 2dq
Ey > 0
\ 2KJE2 ) 2 )
( 7"2
_ E; =0
1+/€E2T1’ !
Ty = ;
c— 24+ 4rELT)
E; >0
\ 2KE1 ’ 1 )
x; = T, — kejas E; Vi >3

Now, we will determine under what conditions these equilibrium values actually fall in
the all ramp region, starting with x7. First, let m; = min{26;,26,}. In the F; = 0 case, we
have 2] < my if and only if T} < my(1 + kE\Ts). For the Ey # 0 case, if ] < mq, then

—Cc+ c? + 4:‘<JE2T1 <
2/€E2

2 +ARET, < 2mikEy + ¢

C2 + 4 BT < (2m1mE2)2 + dmikFEsc + C2

my

4 BT < 4m1/fE2(m1/<E2 + C)

NN

T < m%/ﬁEz + cmy
= m%IiEQ + m1(1 + KJElTQ — :‘iEQTl)
Ty (1 +mikEy) < my+mikEy +misETy

I

= m1(1 + mmEg) + mmEsz

mlﬁEng
— T} < +—
! m 1 + mlliEQ
" . . . mikE T
Thus, ] < m; in the Fy > 0 case implies that 7} < m; + —— . The reverse
1+ mmEz

implication can be shown by following the above steps from the bottom to the top. Note
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that assuming the upper bound on 77, we will not have trouble taking a square root at the
A+ 4xEyT) < (2mykEy)* + dmikEyc + ¢ step as 2m kE, + c is positive:

2m1/<oE2 +c = 2m1/<oE2 + 1+ K/EITQ - KJEQTl

my /iElTQ >

> OmykE, + 1 ET—E( UGS
miktie + 1+ K211, H2m1+1+m1/{E2

m1/€2E1 E2T2

= Es+1 BT, —
mMiKkLe + 1 + KE11o 1+ mink,

(1 + leEQ)Z + (I{ElTQ)(l + mmEg) — m1K2E1E2T2
1 + mll{EQ

(1 + mll{EQ)z + I{ElTQ
1 + mlliEQ

mlliEng

1 —|— mq HEQ
the condition we had in the Fy, = 0 case. Hence, we can say that x] falls in the all ramp

E\T:
region if and only if 77 < m; + it regardless of which case we are in.
1+my I{EQ

Additionally, when FEs is set to zero, T} < my + becomes T} < my(1 + kETy),

For x5, let my = min{265, 205, }. Finding conditions on parameters in which x5 < my is

mork EsTy

1 + mQI{El )
For ¢ > 3, we need to ensure both that ] = T; — kaja3E; is less than 26; and that it is

non-negative, since there is no restriction on the sign of E; in this case. Hence, we have that

0 <z} < 20; if and only if max{0, kxjzsE;} < T; < 20; + kxjx3 F;.

similar to the x7 case; in the end, we find that 3 < my if and only if To < mg+

Thus, we have the following theorem regarding equilibria in system (2.21):

Theorem 2.4.2. Consider a biochemical ramp system that, when in the all ramp region, has
form (2.21). Define T; and E; as in (2.22) and (2.23) respectively. Let ¢ = 1+rE\To—rESTY,
my = min{261, 2011}, and my = min{20s,2059}. Then, the system has the unique equilibrium
point

T,
_— Ey, =0
) 1+ kBT 2
e + /2 + Ak E5T:
C C KRl lq E2>0,

2/{1E2 ’
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15

_— Ey =0
1 + KE2T17 !
Ty = .
C — 2 + ¢+ 4KE2T1
E, >0
2K/E1 ) 1 )
x; = T, — krjzy E; Vi >3

wn the all ramp region if and only if all of the following hold:

ml/iEng m2/<.:E2T1

T < —_— Ty < _—
! m1+ 1+m1/{E2’ 2 m2+ :I_—|—’I7’L2:‘{E117

max{0, kxjes B} <T;, <20; + kejzsE; Vi >3

2.4.2.1 Adams Model

We will use the results given in Theorem 2.4.2 to determine when the Adams model (2.18)
with the SEL has an equilibrium in the all ramp region. The system, when in the all ramp
region, can be written in form (2.21) as

aq ay
Y 2K, 2Ky y —Yo agp
. _ & _& 0 a3 o 0
27 2K, 2K5 T2l AK2K3 yra| + ’
T3 0 0 | | Yx2 0
i 2Ky ]
with kK = ﬁ. The 3 x 3 matrix is invertible with
ai 0 Ay —1 __2K1 0 _2K1_
2K1 2K4 ay ai
ai . as 0 - 2K5 2K5 2K5
2K1 2K5 N as as Qs ’
a4 2K
0 0 -5 0 IE——
| 2K, ] I ay |
which we will use to put the system in the form #+B 'R = —B~ !4} so that we can determine
the T; and F;. We get that
[ 0 ] '2a0K1'
y a’l
2K,
asyla 0 | 200K
PITIRGR | @ | T |
XT3 2K4 >
L aq - 0 -
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From here, the T; and FE; are

E, =0 T = 200K, /ay
E2 = 2K5/a5 T2 = 2CLDK5/CL5
E3 = —2K4/CL4 T3 = 0.

Next, we can determine the values the variables take at the equilibrium in the all ramp
region using the formulas given in Theorem 2.4.2. With E; = 0, we have that

c=1- HJEQTl
and
\V4 c? + 4/€E2T1 =1+ K,EQTl.
The equilibrium in the all ramp region is then

_ —Cc+ C2 + 4/€E2T1
vo= 2/€E2

KEST) — 1+ 1+ kBT,
2/€E2

=T

2@0K1
a1

15
1+ K)EQ Tl

2&0K5/(15

az  2Ks | 2a0K3
It o Ta

2a0K5

apaz K1 Ks
a5+~ K2R3

2&0&1K§K§’K5
CL16L5K32K§ + a0a3K1K5,

x5 = T3 — ky* x5 B3

as ) 2a0K1 ) 2a0a1K§K§’K5 ) 2K4
4K§K§’ aq G1G5K§K§) +CL06L3K1K5 ay
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. 2G%G3K1K4K5
N CL4(G06L3K1K5 + G1G5K§K§) ’

Now, we determine the necessary and sufficient parameter conditions for the existence
of this equilibrium. With m; = min{2K;,2K3} and my = min{2K3, 2K5}, these conditions
are

m1HE1T2 mia;
T < — = <
! M+ 1 + ml/ng o 2K1
mQK/EQTl 2@0G1K§K§)K5
T < —_— < <1
2 me + 1+ mngl mg(a0a3K1K5 + a1a5K§K§’)
atas K K.
max{0, kxjesE3} < T3 < 2K, + kajryby <~ 08170 < 1.

as(apas K1 Ks + a1a; K K3)
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Chapter 3

New Reaction Types

3.1 Double Combining Reactions

In this chapter, we will analyze biochemical ramp systems that, when in the all ramp region,
have mass action terms derived from reactions that are not of the SRP, combining, or disso-
ciation types. We begin with reactions of the form A + B — C' + D, in which two chemical
species A and B react to form two new species C' and D. Such reactions are commonly seen
in chemistry; for instance,

AgNO4+ KCl — AgCl+ KNO,

is the reaction in which silver nitrate (AgNOj3) and potassium chloride (KCl) react to form
silver chloride (AgCl) and potassium nitrate (KNOjz) [24]. This is a reaction of the form
A+ B — C+ D with A = AgNO;, B =KCl, C' = AgCl, and D = KNOs.

We will refer to reactions of the form A+ B — C' + D as double combining reactions. A

mass action system derived from at least one such reaction is said to contain double combining
terms, as is the Jacobian of the system evaluated at a positive equilibrium point.

3.1.1 Systems with One Double Combining Term

We will first consider n-variable systems containing exactly one double combining term when
in the all ramp region; WLOG, we will assume the double combining term derives from a
reaction of the form X; + Xs — X3 + X4, involving the first four variables. Additionally,
we will allow the systems to contain an arbitrary number of SRP terms. The variables x;
and x5 will have two associated thresholds, while the other variables will only have one each.
Thus, the systems we will be studying have the general form
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X1 -—kT11($1)T22($2)- L1,
To —/Wn(ilh)?“zz(xz) L2
T3 kri1(xq)raa(xs) 3,
Ty | = AP+ | kri(x)raa(zs) | 4+ |24y , (3.1)
T 0 L5
_:tn_ i 0 ] | Zn, |
where
e The n X n matrix
[—ai1 a2 a3 ... A1y |
21 —ag A23 ... Q2n,
A= | Qa1 azz —aszz ... A3y
| An1 an2 an3 s —Apn |
is an SRP matrix.
o = [rl (x1) 71o(ma) ... rn(xn)}T is the vector of ramp functions corresponding to

the SRP terms. Ramp function r; has threshold 26;.

e The reaction X; + Xy — X3+ Xy is represented by the +kry;(x1)rea(x2) terms in the
first four equations, with & > 0. Ramp function r; has threshold 26;;, which is not
necessarily equal to 26; for ¢+ =1, 2.

e The z;, are non-negative If an x;, is positive, it is the rate constant for the reaction
0% X,

We will present a couple of properties of systems of form (3.1). First, we have the
following regarding parameter conditions necessary for the existence of an equilibrium point
in the all ramp region:

Proposition 3.1.1. Consider a system of form (3.1). Suppose the system has an equilibrium
point in the all ramp region. Then, the following hold:

a.) r1, < aj; +k and xo, < agy + k.

b.) For i >3, z;, < a;. If a;; # 0, this inequality is strict.
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c.) If all column sums of A are zero, then x;, = 0 for all 1.

Proof. We assume system (3.1) has an equilibrium point (z7, 3, ...,z ) such that
r] < min{20y,20;,}
x5y < min{260y, 265}
x; < 20;, 1> 3.

For a.), we will use the fact that & > 0 and the ramp functions are strictly less than 1 at
the equilibrium values. If x1, > a;; + k, then at equilibrium we have

¥ = —anri(x]) — kri(a])ree(zh) + Z ayri(x}) + x1,
i#1
> an[l —ri(2})] + k1 — ra(@)ra(@3)] + Y auri(a))
i#1
> 0,

contradicting that £ = 0. The condition on x, is similar.

Part b.) is also similar. If we have z;, > a;; for some ¢ > 3, then at equilibrium

iL"Z' = —QuT (37:) + Z ClijT'j(l';) + A
J#i
> au[l = ()] + ) agri(a))
J#i
> 0,

a contradiction. If a; # 0, then the term ay;[1 — ri(z])] is strictly positive, and thus z;, = a;;
implies #; > 0 at equilibrium, another contradiction.

For c.), if all column sums of A are zero, then at equilibrium we have

n n
1=1 i=1

Since the x;, are all non-negative, this condition holds if and only if all of them are zero.
m

We also have the following parameter conditions sufficient for global flow to be toward
the all ramp region:

Proposition 3.1.2. Consider a system of form (3.1). If the conditions
Q;; > max Zaijﬁ‘l'io,e—i Zaij—i—xio , 221,2
J#i b\ iz
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ag > Z&zj—i-k—i-ﬂ%, (=34
J#AL

Ay, > Zamj+:cm0, m >5
J#m
then global flow in the system is toward the all ramp region.

Proof. Our goal will be to show that when the given parameter conditions hold, each z;
equation is negative when x; is at or above its smallest associated threshold. Thus, if a
variable takes on a value outside the all ramp region, it will decrease and eventually fall
below all of its thresholds. As a result, any trajectory beginning outside the all ramp region
must eventually enter it.

We begin by considering ;. First, suppose that ¢; < 6;; and aq; > Z a1j + x1,. Then

J#1
for x1 > 260,, we have that
jfl = —aj; + Z aljrj(:cj) — k’TH(JJl)TgQ(LUQ) + X1,
J#1
< — ( Z ayj + l’lo) + Z CL1jT’j(ZEj) — ]{?7’11(1‘1)7”22(.%‘2) + 71,
J#1 J#1
=Y a;lrj(w;) — 1] = kroy(21)ra(22)
J#1
< 0.

0

Next, suppose 61 < 6; and a;; > 9—1<Za1j + x10>. Note that when x; > 201, the
A

minimum value of ry(x7) is

20 0
7’1(2911) = ﬁlll = ‘9;117

0
and hence a7 (1) > allf. Thus, when z; > 26;; we have
1

1= —anri(n) + ) air(x;) — kras(s) + 21,
j#1
011
< —ane— + Zaljrj(xj) — ]{37’22(5132) + 71,
LA
911 91
< =0 o Zau T, )+ Zalm(%) — kroa(2) + 11,
bovH Y a i#1

68



= D aylri(ey) = 1] = kraes)

J#1

Hence, if
0
aq1 > max { Zalj + 21,, 0—<Za1j +$10> }7
#l 2
then the 2, equation will be negative whenever x; is above its smallest threshold. The case
with asy and #, is similar.

We finish with the ¢ = 3 and m = 5 cases; the remaining cases are similar. If

ass > Zagj +k‘+x30,

i#3
then when x3 > 205,
T3 = —ass + Z CngT’j(Ij) + lel(xl)rﬂ(x?) + T3,
73
< ( D s+ k+ 1‘30) + Y agyry () + kru(e)ras(v2) + x5,
J#3 J#3

< 0.

Finally, if as; > Z asj + Ts,, we have that
i#5
s =— —AQasns + Z CL5j7’j<l’j) + T5,
J#5

< —(Z%j + ff5o> + Y as;ri(x;) + s,

J#5 J#5

IN
o

when z5 > 205. O

3.1.2 A Simple Class of Systems

We continue our study of systems with one double combining term with the class of 4-variable
systems defined by the equations
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T = —kri(z)rea(y) — ar(x) + xo
g = —kru(x)ra(y) —bra(y) + yo

(3.2)
2 = kri(x)raa(y) — crs(2)

w = kriy(z)ree(y) — dra(w).

where xy and yo are non-negative and all other parameters are positive. The ramp function
r; has threshold 26; while r;; for ¢ = 1,2 has threshold 260;;. This class of systems can be
written in form (3.1) as

i —a 0 0 O r1(x) —kri1(2)re(y) Zo
gl _ |0 =b 00 |a(y) N —kri1(2)ra2(y) LD

0 0 —c 0 r3(2) krii(x)raa(y) 0
w 0 0 0 —d| [ri(w) krii(x)rea(y) 0

Here, our analysis of system (3.2) will consist of solving for an equilibrium point in the
all ramp region, followed by determining parameter conditions sufficient for the existence of
this equilibrium. In the all ramp region, system (3.2) becomes

) kxy ax n
T = — —— +4x
400100 20, °
B kxy by
YT a0, 20,
. kxy cz
Z = - —
4011055 203
. kxy dw
w = - —.

4011050 20,

Equilibrium values for y, z, and w can be expressed in terms of z* and y* as

Yy = Yo _ 4yo0110220
% + 4(;;?;22 2b011022 + kOox*
o = kOsz*y* 3
2c011092
" k64$*y*
wt = — 2
2d01102

Setting © = 0 using the above value for y*, we get that 2* must be a solution to

kabByz? + 2Bx — 4C = 0,

where
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B = ky09192 + ab911022 — kx09192
O = bx091911Q22.

As with system (2.3), the above quadratic will only have a single non-negative root, obtained
from taking the positive root in the quadratic formula. Hence, we have

oo 2B V4B? 4 16kat,C —B + v/ B? 4 4ka0,C

_ _ (3.4)
2]?@02 ka92

Now, we will determine parameter conditions sufficient for the equilibrium values given
in (3.3) and (3.4) to actually fall in the all ramp region. For y*, we want parameters such
that y* < min{260,, 2025 }. One way we can do this is to choose parameters such that the

4900110926
ratio W is always less than the smaller of 205 and 2695. A little algebra reveals that
11022
bo
Yo < min {b, ﬁ}
0

is the parameter condition we want.

Next, we will find a condition on xy such that z* < min{26;,26;;} always holds in a
couple of steps. First, it would be useful to have a parameter condition such that B is
non-negative; this will allow us to invoke the inequality

—B ++\/B? +4kab,C < —B+ B+ 2\/kab,C = 2+/kab,C

involving the denominator of x*. Using the expression for B above, we find that B > 0 if
and only if

abt1052
< .
< Yo + 10,0,
Assuming this inequality on g, we then want
2\/ k&@gC
ka02
k:a6’192

11922

Zo

< min{201, 2011}

to hold; this happens if zy < for the case in which 26; is the smaller threshold, and

ka01102
001022
Thus, taking

if 2604, is smaller.

ifl‘o <

ro < mln{ 4 ab@11922 k?CL‘ngQ kaeneg}
’ T TR0, 000,02 D010

gives us that

o _ —B VB aRal,C
N ka«92
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2\/ ]CCL@QC
< — =
]{ZCLGQ

< min{201, 2911}.

k%

< min{c, d}. Hence, if all
4011022 te.d}

Finally, we have z* < 265 and w* < 26, if and only if
three of

0,6911922 ka9192 ka91192}

o < min {y” 50,05 " b01003" 1010

bo

Yo < min {b, ﬁ} (3.5)
0>

401102

hold, then the equilibrium given in (3.3) and (3.4) falls in the all ramp region.

< min{ec, d}

Regarding stability, the Jacobian of (3.1) evaluated at the equilibrium in the all ramp
region is

[ kyt a _ ka 0 0
4611022 20, 46116022
_ ky* _ kar i 0 0
4611052 4011050 20,
ky* kx* _c 0
4011022 46011042 205
ky* kx* 0 B i
i 4611022 46116022 20, |
The eigenvalues are —i, —i, and the eigenvalues of
203" 204
ky* a kx*
4016 201 4006
ky* kx* b
4000, 40uby 20,
The 2 x 2 matrix has characteristic polynomial
2y [k(a:*—l—y*) +i+i A\t kaz* N kby* N ab |
46011049 20, 20, 8010116050 8011052605 46,0,

which will always have strictly positive coefficients, even if one or both of z* and y* are
zero. Hence, both eigenvalues of the 2 x 2 matrix will have negative real part. Thus, the
equilibrium in the all ramp region is asymptotically stable.
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3.1.2.1 Comparisons to Michaelis-Menten

We will now examine how ramp system (3.2) compares to its Michaelis-Menten counterpart.
For this, we will assume each variable has only one associated threshold, i.e. ; = #;; and
0y = Oy5. We will use 0; and 65 to denote the thresholds associated with x and y respectively.
The Michaelis-Menten system is then defined by the equations

b= o may) TRt
y:_k<elix'eziy)_92biy+y° 0
© = k(elix'eﬂg) _egcjz

R e I e

We want to know when system (3.6) has an equilibrium at which every variable is non-
negative. It turns out that the existence of such an equilibrium is equivalent to ramp system
(3.2) having an equilibrium in the all ramp region; in fact, this is true for any ramp system and
corresponding Michaelis-Menten system in which every variable has exactly one threshold.
We prove this in the following theorem:

Theorem 3.1.3. Consider an n-variable biochemical ramp system in which, for allt, variable
x; 18 the input of exactly one ramp function r;. Then, the system has an equilibrium in the
all ramp region if and only if the corresponding Michaelis-Menten system has a non-negative
equilibrium.

Proof. Suppose the ramp system has an equilibrium point (z7,25,...,2;) in the all ramp
region. At this equilibrium, the ith ramp function takes the value r;(x}) = ¢;, where we have
¢; < 1. In the corresponding Michaelis-Menten system, r;(x;) is replaced with 7 —l—Z:E , and
(2 7
. . / . ; . / ci0;
there is a unique z; > 0 at which - = ¢;, specifically z; = .

Thus, in the Michaelis-Menten system at (x7, x5, . .., x), ), each Michaelis-Menten function
takes the same value as the corresponding ramp function in the ramp system at (27, 23, ..., z)).
Hence, all of the equations in the Michaelis-Menten system will equal zero at the .

The proof in the other direction is similar. O

To illustrate the idea behind Theorem 3.1.3, consider the system
= —2ri(u)? —ri(u) +1
0 = r(u) — 3ra(v) +0.25
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where 7 has threshold 26, = 2 and ry has threshold 205 = 3. This system has an equilibrium
in the all ramp region at (u*,v*) = (1,0.75), at which we have r;(v*) = 0.5 and ro(v*) = 0.25.
The corresponding Michaelis-Menten system with #; = 1 and 6, = 1.5 is then

U 2 U
':-&( ) _ 1
Y 1+u 1+u+

U 3v
) = — 0.25.
VS 1 u 1540

*

= 0.5 and

ut

u
By the proof of Theorem 3.1.3, this system has an equilibrium satisfying 1

,U*

1.5+ v*

= 0.25, i.e. at (u*,v*) = (1,0.5).

Thus, Michaelis-Menten system (3.6) has a non-negative equilibrium if and only if ramp
system (3.2) has an equilibrium in the all ramp region, assuming the ¢; = 01, and 0y = 04y
case. Note that with these equalities, the parameter conditions given in (3.5) simplify to

) ab ka
o < m1n{y0+?,?}
Yo < b (3.7)
k, k%
42:132 < min{c,d}

Hence, when each variable has a single threshold, conditions (3.7) are sufficient for ramp
system (3.2) to have an equilibrium in the all ramp region, which then implies Michaelis-
Menten system (3.6) has a non-negative equilibrium.

At the equilibrium in the all ramp region, the ramp functions in (3.2) take the values

ri(e’) = 260, rs(27) = 203
" y" ‘ w*

Then, using the values (z*,y", 2", w") given in (3.3) and (3.4) when 6; = 61, and 0y = 09,
Michaelis-Menten system (3.6) has the non-negative equilibrium (z',y', 2, w") given by
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x x , x*0,

= < = —
91 + ! 2(91 o 291 —x*
y y : y*0:
= < = —
92 —+ y/ 2(92 y 292 — y*
(3.8)
2! z* , 203
= ¥ = —-
93 + 2/ 2‘93 203 — z*
w’ w* , w*0y
94 + w’ 2‘94 294 — w*

Next, it would be interesting to see how equilibrium values for systems (3.2) and (3.6)
compare quantitatively. We will do this by graphing the equilibrium value of x for both
systems as a function of xy, similar to what we did in Figure 2.1.1 for systems (2.1) and
(2.3). With 6, = 6;; and 0y = 09, the equilibrium value x = z* given in (3.4) for system
(3.2) becomes

_— —9192(1{?3/0 + ab — k.To) + \/[9192(/{32/0 + ab — ]{]ZI}Q)P + 4ka(9192)2bx0
ka¢92

(3.9)

— 0 keyo + ab — kwo — /Thyo + ab — kwo)® + 4kabx0]
ka ’

which will also be used in the expression for 2’ in (3.8).

We will graph the equilibrium value of x as long as the value of z* given in (3.9) is below
20;; that is, as long as the value of r1(z) in ramp system (3.2) remains in its ramp region.
Setting =* = 26,, we get that

kyo + ab + ka
g = ——————.
’ b+ k
k b+ k
Thus, we will graph the equilibrium value of x for zy values ranging from 0 to %.

Figure 3.1.1 displays the graph showing the equilibrium value of z for ramp system (3.2)
and Michaelis-Menten system (3.6). The diagram is reminiscent of what was seen in Figure
2.1.1 for systems (2.1) and (2.3). While the curves are qualitatively similar, showing that
the equilibrium value increases as xo increases, there are notable quantitative differences; the
curves are close to each other for smaller values of xy, but after a certain point, the Michaelis-
kyo 4+ ab + ka

Menten curve quickly pulls away and grows arbitrarily large as xq approaches T ,

kyo + ab + ka

while the ramp function curve always stays bounded for zy < .
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Figure 3.1.1: Equilibrium value of x for the ramp system (3.2) (z*, red line) and the
Michaelis-Menten system (3.6) (2, blue line) as a function of zy. Note that the red curve
only represents z* values that fall in the all ramp region for system (3.2). Parameters are

0p=b=yo=1,a=0.5, and k = 4.

It is not surprising that z’, the equilibrium value of z in the Michaelis-Menten case,
kyo + ab + ka

b+ k

of x for the ramp system, z*, increases toward 26;. As a result, the denominator of z’
as given in (3.8) approaches zero from the right as z* approaches 260; from below, thus
resulting 2’ growing without bound. We would see something similar with the equilibrium
values of all four variables for the Michaelis-Menten system; with the expressions given in
(3.8), as the equilibrium value of a variable in the ramp system approaches its threshold, the
corresponding equilibrium value in the Michaelis-Menten system approaches positive infinity.

grows to infinity as xy approaches As 1z increases, the equilibrium value

In fact, we would see the same unbounded equilibrium values for any pair of correspond-
ing ramp and Michaelis-Menten systems described by Theorem 3.1.3. In the proof of that
theorem, we saw that the equilibrium value ] of the variable z; in the ramp system satisfies
ri(z}) = ¢;. The equilibrium value of z; in the corresponding Michaelis-Menten system was
then given by 2 = #, which grows to infinity as ¢; approaches 1, or in other words, as
C<
the ramp function r; appzroaches saturation.

Note that ramp system (3.2) does have an analog to the unbounded equilibrium values
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kyo + ab + ka

b+ k
equilibria satisfying z* > 26, similar to the vertical line at ag = b + ¢ in Figure 2.1.1. This

line corresponds to the special case in which r;(2*) = 1, and we did not include this line in
Figure 3.1.1 because our analysis of system (3.2) solely focused on equilibria in the all ramp
region.

seen in Michaelis-Menten system (3.6), in that at zy = there is a whole line of

We end this section with a discussion of the difficulties that can arise when analyzing
the Michaelis-Menten system corresponding to ramp system (3.2) in the case in which x
and y each have two associated thresholds. The idea behind the proof of Theorem 3.1.3 —
which relies on finding equilibria by ensuring the corresponding ramp and Michaelis-Menten
functions are equal to the same value at equilibrium — does not work in general for system
in which a variable has multiple thresholds.

As an example, consider the single-variable ramp system

§ = =2ri(s) —ra(s) + 1,

where 71 has threshold 20, = 4 and 7 has threshold 20, = 5. This system has an equilibrium
in the all ramp region at s* = 10/7 &~ 1.429, at which we have

ri(s*) = 5/14 ~ 0.357
ro(s*) = 2/7 =~ 0.286.

In the corresponding Michaelis-Menten system

2
§ = i 41,

245 25+s
—5++/185
8

~ 1.075, at which

S/

Mi(s) = 57— =~ 035

S/

My(s') = 5= =~ 0.301

Hence, trying to solve for the equilibrium point in the Michaelis-Menten system by setting
M;(s") = r1(s*) and My(s") = ro(s*) will not work.

When the thresholds 8, and #,; are not necessarily equal, nor are #, and 6,5, the 2 and
y equations of the Michaelis-Menten system corresponding to ramp system (3.2) are

Pm (),

the equilibrium is at s’ =

911+x'¢922+y Ot
(3.10)
.__k<x _y)_ by+
Y 01 +x Oxn+y 0y +y oo

Trying to solve ¢y = 0 for y* in terms on z, we soon get that

7



(Oa2 +y") (02 + v )yo = kM (2)y™ (O +y*) + by™ (022 + y*),

x
here M = )
where My (x) -

still have the difficult task of solving for z*. Substituting y* into # = 0 will give us at
least a quadratic in z*, and likely something even more complicated as y* depends on a
Michaelis-Menten function in .

Thus, we have to solve a quadratic in y*. Once we do this, we

This is to show that despite the equations given in (3.10) appearing relatively simple,
solving for equilibria is a rather tedious and messy process. When multiple thresholds per
variable are involved, solving for equilibria in Michaelis-Menten systems quickly becomes
difficult; we do not have a version of Theorem 3.1.3 relating equilibria in ramp and Michaelis-
Menten systems for the multi-threshold case, and, unless working with systems such as (2.3)
and (2.11), we often have to deal with products or powers of Michaeli-Menten functions.

This provides an argument for the use of ramp functions to facilitate the analysis of
Michaelis-Menten systems with multiple thresholds per variable — while solving for z* and
y* in (3.10) is difficult, we were able to solve for these values in ramp system (3.2) relatively
easily.

3.1.3 Eigenvalues of General Matrices

Earlier, we looked at the Jacobian of system (3.2) when in the all ramp region and determined
that, when evaluated at equilibrium, it always has eigenvalues with negative real parts. Here,
we will consider the eigenvalues of a wider array of matrices with double combining terms.
In general, we will define a matrixz with double combining terms as being the Jacobian of a
mass action systems containing at least one double combining term and an arbitrary number
of SRP terms evaluated at a positive equilibrium point. A double combining reaction of the

form X; + X LND's x + X, will affect columns ¢ and j of the Jacobian. Column 7 will contain
terms of the form +kx} when evaluated at a positive equilibrium, with the negative terms
appearing in the 7th and jth entries of that column, and the positive terms appearing in the
kth and ¢th entries. Similarly, column j will contain —kz] terms in the ith and jth entries,
and +kz; terms in the kth and ¢th entries.

We will begin with several examples of matrices with double combining terms to illustrate
the possible eigenvalues — positive vs negative, real vs complex — they can have. Each
matrix will be written as the sum of an SRP matrix and matrices containing the double
combining terms. First, the matrix

-3 —4 -3 0
-1 =5 3 4|
1 4 —4 2|

3 4 3 =7
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00 0 0 2 —4 0 0 ~1.0 =3 0
0 -1 0 4 2 —4.0 0 1 0 3 0
+ +
0 0 —1 2 2 4 00 ~10 -3 0
00 0 -7 2 4 00 1 0 3 0

is the Jacobian of a system with two double combining terms, one derived from the reaction
X; + X9 — X3+ X4 and the other from X; + X5 — X5 + X,4. This matrix has two real
eigenvalues approximately equal to —10.79238 and —7.48238, as well as a complex conjugate
pair approximately equal to —0.36262 + 1.36464:. Meanwhile, the eigenvalues of the matrix

-3 -1 3 0 -1 0 3 0 -2 -1 0 0
-2 =2 3 4 0 -1 3 4 -2 -1 00
3 01 —-13 2| |1 0 -13 2 N 2 1 00
2 2 3 =7 0 1 3 =7 2 1 00

with a single double combining term are all real and negative, being approximately —14.56818,
—8.49616, —1.56363, and —0.37202.

It is also possible for a matrix with double combining terms to have eigenvalues with
positive real parts. For instance, the matrix

—-102 =30 3 4 -2 0 3 4 —-100 —30 0 O
—100 —42 4 7 0 —-12 4 7 —100 =30 0 O
100 33 =17 3 o 3 =17 3 * 100 30 0 O
101 39 10 -—14 1 9 10 —14 100 30 0 O

has a positive eigenvalue of approximately 0.01638, along with three negative eigenvalues
approximately equal to —142.60074, —22.151, and —10.26464. This example is notable as
it shows that the conjecture we discussed back in Section 1.2.2, which hypothesizes that
matrices with one combining term cannot have eigenvalues with positive real parts, does not
hold for matrices with one double combining term.

We end this section with a few sufficient conditions for a matrix with double combining
terms to have only eigenvalues with non-positive real parts.

Proposition 3.1.4. Let A be an n x n matrix with at least one double combining term.
Let A be an eigenvalue of A. If either of the following hold

e A satisfies points a.) and b.) from Proposition 1.1.9

e A is a matrix with exactly one double combining term and has the form
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with ¢ and d positive,

then Re(A) < 0.

—a1;p — C 19 — d
(s — ¢ —az —d
as; + ¢ aso + d
A = aq +c¢ 49 + d
as1 52
L Gn1 Ap2

0
0
—ass
Q43

as53

0
0

34

—Q44

Q54

0
0
35

Q45

—0s55

0

a3,
Q4

(0279

Proof. The result follows from Proposition 1.1.9 and the proof of Proposition 1.2.2.

Proposition 3.1.5. Suppose A is an n X n matrix with exactly one double combining term

and has the form

where

—aj] — C
91 — C
asy + ¢
as1 + ¢

51

alg—d

—Qa922 — d

a32+d
ag +d

as52

i#1

0
0

—as3

Q43

0

—Q44

0

34

Q15
a25

a3s

a45

—Gs55

ap; > E i1, Qg2 > g a2,

i£2

all entries in columns three and four are zero, except possibly ass, a4z, ass, and agy, and c

and d are positive. Then if A is an eigenvalue of A, Re(\) < 0.

Proof. The proof will be very similarly to that of Proposition 1.2.5. We will once again use

the concept of similar matrices, using the diagonal matrix

1

o O O O

0

oS o o =

0 0
0 0
1/m 0
0 1/m
0 0
0 0

0

_ o O O

0

o O O O

. with 7! =
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Q1n
A2n,
a3n
Qy4n

As5n,
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where m > 0. Then, A is similar to the matrix B = SAS™!, which is

—a;; — ¢ ag —d 0 0 as ... a1p
Qo1 — C —a9y — d 0 0 Qos ... Qop,

(as1 +¢c)/m (aza+d)/m —azgs asqy ass/m ... ag,/m

B= |(asg+c)/m (app+d)/m a3 —agy ags/m ... ag/m
as1 ass 0 0 —ass ... asy,

i an1 Ap2 0 0 Aps ...  —Qppy |

As with the proof of Proposition 1.2.5, our goal here is to show there exists an m > 1
such that Proposition 1.1.9 applies to the first and second columns of B. That is, we want
m > 1 such that

n
a31+c ayq1 + ¢
|a21—c|+ + +E ai1§a11+c
m m -
1=

n

azgo +d  ag+d
S

m

lajs — d| + Ao < a9 +d
i=5

both hold.

Focusing on column 1 first, suppose |as; — ¢| = ag; — ¢. Then, for m > 1 we have that

as; +c¢ a4 + C - 2
ag —c+ + +E a; <§ a,~+0<——1>
21 m m P ! _#1 ! m

2

< an +C<— — 1>
m

< a1l +ec.

Next, suppose |ag; — ¢| = ¢ — ag;. As with the proof of Proposition 1.2.5, we will break
this case into two subcases:

1.) If as; > 0: We have that

a1 +c¢c  aq1 +c - 2
C— ay + — +— +E ;i S—a21+a31+"'+an1+0(—+1>
m pre m
2
< a11—2a21—|—c<—+1)
m
if m > 1. When m = i, we have

a1

2
ay — 2ag; + C(E + 1> = a1 +¢,
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and this becomes a strict inequality as m increases further. Hence, choosing
c
m > max {1, —}
as1

establishes the desired inequality.

2.) If as; = 0: Since Zaﬂ < aj1, there is an € € (0, ay1] such that Z a;1 = ay; — €. Then
i#1 i1
for m > 1,

asy + ¢ a1 + ¢ u 2
¢+ + + app < a; —|—c(——|—1>
m m ; ! _; ! m

2
= CL11—€+C<—+1).
m

2
We then want the inequality a1, — € + c(— + 1) < aq; + ¢ to hold:
m

IN

2
a11—€+6<—+1> ai] +c¢
m

< 2¢/m < €

< 2c/e < m
Hence, choosing m > max{1,2c/e} will produce the desired inequality.

Hence, we can always find an m = m’ > 1 such that the desired bound on the entries
of column 1 holds. Similarly, we can find an m = m” > 1 such that the desired bound on
the entries in the second column holds. Thus, taking m = max{m’, m"} ensures that we can
apply Proposition 1.1.9 and obtain the result regarding the eigenvalues of A. O

3.2 Reactions of the form X +Y — 2X

The next type of reaction we will introduce is of the form X + Y £ 2X (or X 4+Y LN 2Y)
, in which species X and Y react to form two molecules of X (or Y) at rate £ > 0. An
example of a system containing a term derived from such a reaction is the following version
of the Lotka-Volterra predator-prey model from [9]:

T = ax — PBxy

. (3.11)
y = Pry — vy,
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Here, the £8xy terms are obtained from the reaction X + Y LA 2Y; the fxy term in the
¥ equation is positive as this reaction results in a net gain of one molecule of Y. We will
analyze the Lotka-Volterra model in more depth in Section 5.3.

In this section, our focus will be on the reaction X + Y LN , in which we lose one
molecule of Y but have a net gain of one molecule of X; hence, the mass action system
corresponding to this reaction is

x = kxy
y = —kxy.

ky  kx
—ky —kx|

Notice that if the value of y is positive, so is the upper diagonal entry of this matrix. Thus,
in a mass action system derived from at least one X +Y — 2X reaction, it is possible that
the Jacobian, when evaluated at a non-negative equilibrium, has a positive diagonal entry.
The presence of a positive diagonal entry may result in the Jacobian having eigenvalues
with positive real parts, as the Gershgorin disk associated with the affected column will be
centered at a positive real number on the complex plane. In the following section, we will
provide several results describing when positive eigenvalues are, or are not, possible.

The Jacobian of this system is then

3.2.1 Eigenvalues of the Jacobian

Here, we will focus on the Jacobian matrices of n-variable mass action systems derived from
exactly one X +Y — 2X reaction and an arbitrary number of SRP reactions. WLOG,
we will assume the X +Y — 2X reaction is of the form X; + Xy — 2X; involving the
first two chemical species. We will also assume the Jacobian is evaluated at a non-negative
equilibrium in which both x] and x3 are strictly positive. Thus, the Jacobian matrices of
interest will have the form

where b and c are positive and the a;; form an SRP matrix.
We begin by providing conditions for a 2 x 2 matrix to have eigenvalues with strictly

negative real parts:

Proposition 3.2.1. Let
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—ay;; +b apptec
4 - 11 12

o1 — b —Qa92 — C

be a 2 x 2 matrix of form (3.12) with eigenvalues A; and . Then, Re(\;) < 0 and Re(A) < 0
if and only if one of the following holds:

1) Q12 = Q22, 11 > Q21, and b<c+ a1 + Q92

a11a29 — Q12091 + c(ay — asy)
Q22 — Q712

2) a1z < asy and b < min {C + aip + aoo,

Proof. Note that as the a;; form an SRP matrix, we have that a;; > a1 and ags > ags.
The characteristic polynomial of A is

A — tr(A)A + det(A),
where
—tr(A) = a1 +axp+c—>

det(A) = ajiage — a1pa91 + c(ar; — ag) + blarx — ag).

Both roots of the characteristic polynomial will have negative real part if and only if —tr(A)
and det(A) are both positive. It is easy to see that we will have —tr(A) > 0 if and only if
b < c+ ay + as.

Then, det(A) > 0 holds if and only if

1102y — Q12091 + (@11 — ag1) > b(az — ara).
Note that as aj; > a1 and asg > aq2, the terms ajjase — a12a91, ¢(an — az), and b(age — aq2)
are all non-negative. If ass = a9, then the above inequality becomes
(a9 + ¢)(a;1 —ag) > 0,
which holds if and only if a;; > ag;. This thus establishes the conditions given in 1.).
If asy > a9, then the above inequality simply becomes
a11022 — 12091 + c(a — ag;)

Q22 — Q12
giving us the conditions in 2.) after taking

> b,

a11a99 — Q19091 + c(a;; — az) }

b<min<c+ai; + a92,
Q22 — Q12

to ensure the positivity of both the trace and the determinant of A. O
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The remaining propositions here will provide conditions for matrices of form (3.12) to
exhibit eigenvalues with positive real parts.

Proposition 3.2.2. Suppose A is an n X n matrix of form (3.12). If b > ¢+ Zaii’ then
the matrix has an eigenvalue with positive real part.

Proof. The condition on b means that the trace of the matrix, b — ¢ — Zaii, is positive.

i
Since the sum of the eigenvalues must equal the trace, this means at least one eigenvalue
must have positive real part. O]

Proposition 3.2.3. Suppose A is an n X n matrix of form (3.12) in which the a;; are all
equal to zero:

[ b a2 + ¢ a3 A1n T

—b —ap —c ag Q2n
A= 10 as2 —ass a3n

| 0 Gp2 an3 —0Qnn |

Then, if A is invertible, A has an eigenvalue with positive real part.

Proof. WLOG, suppose the dimension n of A is even; the case in which n is odd is similar.

Counsider the matrix

a2 +c¢c  as A1n

b —ax—c a A2n

A =10 a32 —as3 a3n,
| 0 an2 an3 —Qnn

[—b

which is A with the first column multiplied by —1, and hence det(A) = —det(A’). Note that
A’ is an SRP matrix, and is invertible because A is invertible. Hence, det(A’) is positive by
Theorem 1.1.7.

Thus, det(A) < 0. Since the determinant of A is equal to the product of the eigenvalues
of A, of which there are an even number, at least one must have positive real part in order
for det(A) to be negative. O

Proposition 3.2.4. Consider an n x n matrix A of form (3.12). Let
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—@G11 G2 +C a3 A1n

(21 —QAg2 —C Ag3 A2n,

A = | as azo —ag33 azp
L Qn1 an2 an3 —App |

be the SRP matrix obtained from A by removing the b terms in column 1. Then, A > 0 is
an eigenvalue of A if and only if

 det(A' = \I)
Cl2 - Cll ’

where C}; and C}y are cofactors of the matrix A" — \I.

Proof. WLOG, suppose that n is even; the case in which n is odd is similar.
We know that A is an eigenvalue of A if and only if det(A — A\I) = 0. Note that

—a11—|—b—)\

a2+ ¢ a13 a1n
as — b —Q —C— A\ 23 A2,
det(A— ) = as1 a3z —asz — A A3n
an1 An2 an3 —Apn — /\
—aj; — A a1z + ¢ ai3 A1p
a2 —Qy —C— A a23 Q2n,
= a31 32 —azz3 — A a3n
(7%} an2 an3 Ann /\
b a2 t+c¢ a13 A1n
—b —ag —c— A 23 Q2n,
—+ 0 32 —azz — A A3n
0 an2 an3 —AQpn — )\
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b aig + C a3 ce Q1
—b —Q99 — C — A 923 e Aon
= det(A' — )\I) + 0 32 —as3 — A\ ... a3,

From here, the determinant on the right is

b a1z + ¢ a3 Ce QA1

—b —Q99 — C — A a93 N agn

0 a32 —as3 — A\ ... asy — b(CH — 012)7
0 Qno an3 cee O — A

where C1; and C1o are cofactors of A" — AI. Thus, det(A — AI) = 0 is equivalent to

det(A/ — )\]) + b(CH - 012) = 0. (313)

Note that det(A” — AI) > 0 by Theorem 1.1.7; A" — AI is an SRP matrix of even dimension,
and must be invertible as A > 0 cannot be an eigenvalue of the SRP matrix A’.

Hence, if we can show that Cj; — C1s is non-zero, we can solve for b in (3.13) and obtain
the target equality. First, note that the SRP matrix

—b aig + ¢ a3 R A1n

b —Q929 — C — A 923 e Aon

B = 0 aso —a33 — A ... asn
L 0 An2 an3 oo —Qpp — )\_

has determinant b(C1 — C11), which must be non-negative due to the dimension being even.

Hence, if C1 — 45 is non-zero, then Ci5 — Cq; is also non-zero and positive. This means

det(A" — \I)
Ci2 —Cny

that if we can show C}; — (5 is non-zero, the expression b = will be positive
as desired.

So, we will now show that the matrix B is non-singular. We will accomplish this by
considering the similar matrix SBS™', where S and S™' are the diagonal matrices
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0 O 1 0 0

0 1/m 0 0 m 0

S: 0 0 ]. 0 aﬂdSilZ O 0 1 0
0o 0 o0 ... 1] 00 0 ... 1

Then, SBS~! multiplies by the second row of B by 1/m and the second column by m:

[ b m<a12 + C) a3 Ce A1n T
—b/m —ax—c—X a/m ... ag,/m
SBSil = 0 maso —Aasz — Ao asy
| 0 MApo n3 cee —Qpp — A

We want to show that there is a value of m such that none of the Gershgorin disks associated
with the columns of SBS™' include the origin, implying that SBS™!, and thus B, is non-
singular. Choosing m > 1, the third through nth columns will satisfy this; since each
column already satisfies Z a;; < aj; and X is positive, we have Z a;; < aj; + A, with the
i#] 1#]
multiplication by 1/m in row 2 making the sum on the left even smaller. Hence, the radii of
the disks corresponding to columns 3 through n are too small to allow the disks to include
the origin.

Furthermore, choosing m > 1 results in the radius of the disk corresponding to the first
column being b/m < b, and thus this disk falls entirely on the right hand side of the complex
plane. So, the only thing we need to look at is column 2. The radius r of its Gershgorin disk
satisfies

r = mc+m2ai2
i#2
S m(c+a22).

Thus, if we can find an m such that m(c+ as) < age + ¢+ A, then r will be strictly less than
a9 + ¢+ X\ and we will be done. Assuming m > 1, we have that

m(c+ ag) < ax+c+ A
<— (m—l)(a22+c) < A

— m < + 1.

Qg +C

Hence, choosing 1 < m < + 1 gives us the desired result. We can thus solve for b in

Qoo +C
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det(A" — \I)

(3.13) and conclude that det(A — A) = 0 if and only if b =
Ci2 —Cn

[]

Proposition 3.2.4 provides a way to generate a matrix of form (3.12) with an eigen-

value A > 0 of our choice: after choosing appropriate values for ¢ and the a;;, we set
- det(A" — \I)

= Q. . as given in the proposition. This gives rise to the following corollary:
12— 0n

Corollary 3.2.5. For any n > 2 and A > 0, there exists an n X n matrix of form (3.12) with
A as an eigenvalue.

3.2.2 A Class of Two-Variable Systems

Now, we will analyze a class of two-variable biochemical ramp systems containing exactly
one term deriving from an X + Y — 2X reaction when in the all ramp region. To make
things as complex as possible, this class of systems in the all ramp region will also contain
terms derived from every possible SRP reaction involving at most two chemical species X
and Y. Thus, these systems will derive from the following seven reactions when in the all
ramp region:

03X X3Y

0y v
(3.14)

X0  x4+v5Boax
Y 0
The mass action system corresponding to the reactions given in (3.14) is
T = —(k1 + k3)z + kay + kszy + a
y = —(ko+ ka)y + ksx — ksay + b,

which can be written in the slightly more simplified form

T = —dix +doxy +dsy+a
(3.15)
Yy = —dyy — daxy +dsz + b
with d; > ds and d4 > ds.

We will analyze ramp systems that resemble system (3.15) when in the all ramp region.
To facilitate our analysis, we will assume we only have one ramp function associated with
each variable. Thus, here we will be studying ramp systems of the form
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T = —cr(x) + cor1(2)ra(y) + csra(y) + a
(3.16)
Y = —cara(y) — cori(z)r2(y) + csri(x) + 0,

where r; has threshold 26; and ry has threshold 26,. Similar to (3.15), we have ¢; > ¢5 and
¢4 > c3. Since we want all of the reactions from (3.14) to be represented in this system in
the all ramp region, all parameters, including a and b, are strictly positive. Note that in the
all ramp region, system (3.16) becomes

CQr  cry | C3y

= 7o T ape, T2, T

CqY CoTY Cs L (317)
. 4 2 5

- b
4 262 49192 291 ’

which has the same form as (3.15) with

C1 Cy
dy = —— dy = —
L 2p, 1 90,
Co Cs
dy = ds = —.
27 46,0, Y
C3
dy = —>
90,

We will now determine when system (3.16) has an equilibrium in the all ramp region.
Setting the ¢ equation from (3.17) equal to zero, we get that

292(C5£C* + 291())
29104 + cox*

* —_—

Yy (3.18)

at equilibrium. Substituting this expression for y* into the & equation from (3.17), we find
that x = 2™ must be a solution to

caer — e5)a? + 20,Cx — 467 (c3b + cua) = 0,
where
C = cieq — b — 305 — caa.

Note that as ¢; > cs, the coefficient of the 2% term in the above quadratic is positive.
This, along with the fact that all parameters are positive, also implies that the discriminant
is strictly positive and larger than (20,C)? in magnitude. Hence, only the positive root from
the quadratic formula yields a non-negative value for x*:
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- —20,C + \/403C? + 1602cy(cy — c5)(c3b + caa)
202(01 — 05)

(3.19)

—(910 + (91 \/02 + 462(01 — C5)(Cgb + c4a)

02(01 - 65)

As we did with system (3.2) with a double combining term, we will now derive parameter
conditions sufficient for the equilibrium values given in (3.18) and (3.19) to fall in the all
ramp region (i.e. z* < 26, and y* < 20,). Starting with z*, it would be useful to choose
parameters such that C' > 0 so that we can use the inequality

—C +/C? +4eyey — ¢5)(esb + cua) < —C + C 4+ 2v/ca(cr — ¢5)(esh + c4a)

= 2\/02(01 — ¢5)(e3b + cua).

b
We have C' > 0 if and only if ¢; > Co0F DT % Then, we will want the inequality
Cq

\/02(01 — ¢5)(e3b + ¢ya)

<1
02(01 - 05)

c3b + cua + cocy

C2

to hold, which happens if and only if ¢; >

Hence, choosing

cp > max{ ,

Coa + Cgb + 3¢5 Cgb + cqa + C2C5 }
Cq C2

gives us

_ —910 + 91 \/02 + 462(01 — C5)(Cgb + C4CL)

02(01 - 05)
< 291 \/CQ(Cl — C5)<Cgb + C4a,)
02(01 - 05)
< 26,

as desired. Assuming z* < 26; holds, then the condition ¢4 > c5 + b is sufficient for the y*
value given in (3.18) to be strictly less than 26,:

202(05[)’2* + 201b)
29164 + cox*

292 (29165 + 291 b)
29164

*

Y

91



292 (05 + b)
Cq

< 20,.
Thus, if

Coa + CQb + 3¢5 Cgb + cqa + CaC5
1 > max ,
Cq C2

cy > c5+0b

both hold, then system (3.16) has the unique equilibrium point (z*,y*) = ((3.19), (3.18)) in

the all ramp region.

With regards to stability, the Jacobian of the all ramp region system (3.17) is

Cl + 02 * 62 * + 63
[ x R
} 20, " 16,6,° 16,6, " 26,
- co ., Cs C4 Ca &

“10.0,0 T2, 20, 10,0,"

when evaluated at the equilibrium point. The trace of this matrix is
1 co ., C4 co
T2, 106,028, 16,6,
To determine the sign of the trace, note that the z nullcline of system (3.16) is given by

ari(z) —a

ra(y) = cor1(x) +c3”

The equilibrium point (z*,y*) must fall on this nullcline; hence, we have that
cri(z*) —a

7“2(9*) = T

Cor (%)
airi(z7)
o1 (z%)
C1

Y

Co

0

12 The trace of J thus satisfies
Co

c1 Co Cq €2 &

20, T 10.6,Y T 20,  10,0,"
( Cy 20102) 1 Cy4 C2
T

or equivalently, y* <

49192 ' Co 201 202 461‘92
Cq C2

= ——F — T
20, 46,0,
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< 0.

Next, the Jacobian has determinant

ciey —cges (01— cs)ear™  (e3 — cq)eoy”

16,6, 8620, 80,02

det(J) =

2010

Using the fact that ¢; > ¢s5, ¢4 > ¢3, and y* < 2, we then have that

C2

cicy —czcs (01 — ¢5)ean” ((03 —C4)C . 20192>
49192 89%92 8919% Co

det(J) >

crey —cges (01— c5)eax™  (c3 — cq)q

40,0, 8620, 4610,

c3(cr —cs5) (¢4 — e5)con®
46,05 8620,

> 0.

Thus, as J has a negative trace and a positive determinant, both of its eigenvalues must
have strictly negative real parts. As a result, when system (3.16) has an equilibrium in the
all ramp region, it is asymptotically stable.

Finally, we consider global flow in system (3.16) when there is an equilibrium in the all
ramp region. The x and y nullclines are given by
ari(z) —a

r2(y) = m and 75(y) =

csri(x) +b
car1(T) + c4
respectively. We have that

cri(z) —a - csri(x) + b

cari(x) + ¢3 cor1(x) + ¢4

if and only if
ca(er — e5)(r1(x))? + Ory(x) — (e3b + cya) > 0,

where C'is defined as in the z* expression from (3.19). Note that setting ri(z) = % yield
1

us the same quadratic from which we derived (3.19); hence, the above inequality tells us that
for x > z*, the x nullcline of system (3.16) will be positioned above the y nullcline on the
Cartesian plane.

Similar calculations show that for x < 2, the y nullcline of (3.16) will lie above the z
nullcline. The & equation from (3.16) is positive for y values that fall above or to the left of
the z nullcline, and negative for y values below or to the right, while we have y > 0 for y
values below or to the right of the y nullcline and ¢ < 0 for y values above or to the left of
said nullcline.
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The positioning of the nullclines and the signs of 2 and y result in global flow in system
(3.16) being toward the equilibrium point in the all ramp region. Figure 3.2.1 shows a couple
of example vector fields, demonstrating two possibilities for the box of phase space in which
the z nullcline enters after the all ramp region.

T O O O T A A YA (O (N S (A (¥ AR R R AR AR IR R R
T O O A O I A A O A A S A R SRR R R R R R
R O O I I 4 A (O S Y O O AN A AR AR IR R
A IR NI AN A AR R IR R R R
A | K A U A O O A A A R P AR AR IR R R RS
T O O O I 4 A S O A S Y O AR AR AR IR R R
R O O A I U I A O O A S A R AR A AR R IR R E R AR
R O I I A A (O S Y AR AR AR I R R
T O A O P S O O A AR AR R R IR R R R
vog RNV Y UL LSS TR AR AR R R IR NN
AN NI ’ 2SS ARAYRVA VLRV VLY
B Y A I VA N T Y O N A SR N A
NAWAN VSIS AR R R R Y
A N R R R iy femmwwNNN VIS
R N e o ' a e ~ R i
R PSP PRSP RSP SR - L R .
b e e e e v - L L
- A ™~ P P P B T T T T T - % R R R RO R R R NN
T4 RIS . TAARNRRRRRNRRRRAS
i N R _E_E o In W N W _E_WN_E_W_N_W LY A% In % W K R W W _K_K_%

281 gel

(a) (b)

Figure 3.2.1: Flow in system (3.16) when an equilibrium exists in the all ramp region. For
each example, the x nullcline is shown in red while the y nullcline is shown in blue.

3.2.2.1 Comparisons to Michaelis-Menten
As a Michaelis-Menten system, (3.16) becomes

T = —c1 My(x) + coMy(2) Ms(y) + c3Ms(y) + a

(3.20)
y = —csMs(y) — coMi(z)Ma(y) + cs My () + b,

T
N 01 —|— T
negative equilibrium if and only if system (3.16) has an equilibrium in the all ramp region;
this non-negative equilibrium (z’, %) is given by

where M;(z) and Ms(y) = ﬁ By Theorem 3.1.3, system (3.20) has a non-
2 TY

x x* , x*0,
= — < > $ f— S —
91 + it 2&1 201 —x*
(3.21)
y y" / Yy bs
=L =y = L2
02 + y’ 2&2 4 292 — y*’

where 2 and y* are from (3.19) and (3.18) respectively.
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The Jacobian of (3.20) is
—c1Mi(z) + eoMi(x)Ma(y)  caMi(x)Ms(y) + s M3(y)

csMi(x) — coMi(x)Ma(y)  —calli(2) My(y) — caMy(y)

in general, and when evaluated at the equilibrium (3.21), an argument similar to that used for
ramp system (3.16) shows that both eigenvalues have negative real parts. Hence, equilibrium
(3.21) is asymptotically stable.
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Figure 3.2.2: Flow in system (3.20) in the first quadrant when the equilibrium point (z’,y")
given in (3.21) exists. The x nullcline is shown in red while the y nullcline is shown in blue.

Additionally, when the equilibrium (3.21) exists, flow in the first quadrant in system
(3.20) is similar to that of the ramp system, with the same placement of nullclines and signs
of the  and y equations. As a result, flow in this region is toward the equilibrium point;
this is demonstrated in the vector field shown in Figure 3.2.2.

3.2.2.2 No Equilibria and Unbounded Flow

The final piece of our analysis of ramp system (3.16) will focus on the absence of equilibria.
In particular, here we will show that when (3.16) has no equilibria, not even in a saturated
region, flow will be unbounded.

Note that the equilibrium values for ™ and y* given in (3.19) and (3.18) respectively can
equivalently be written as
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—C 4 /C? + 4ca(c1 — ¢5)(c3b + cua)
202(C1 —'C5>

csri(x*) + b

cq + cory(a*)’

where C'is as defined for the z* value (3.19). System (3.16) will have no equilibria if at least
one of r{(z*) > 1 or ro(y*) > 1 holds, or equivalently, if we have x* > 26, and/or y* > 26,
using the expressions given in (3.19) and (3.18).
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Figure 3.2.3: Flow in the all ramp region of system (3.16) when there is an equilibrium
(z*,y"). The x nullcline is shown in red while the y nullcline is shown in blue. The x

intercept of the z nullcline is z;,; =

2&91

C

Figure 3.2.3 above shows the flow pattern in the all ramp region of system (3.16) when
an equilibrium exists in this box; this particular vector field is the all ramp region of Figure
3.2.1(b). The all ramp region is a rectangle whose top and right borders are defined by the
lines y = 26, and x = 26, respectively, and the flow on these lines define flow in the saturated

regions.

We would like to examine flow in saturated regions when the lines y = 26, and/or x = 26,
are moved down or to the left such that the equilibrium (z*,y") shown in Figure 3.2.3 no
longer falls in the all ramp region rectangle, whether on the boundary or in the interior; that
is, we want to move the line y = 20y down such that it lies strictly below y*, or move the line
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Figure 3.2.4: Flow patterns in ramp system (3.16) with no equilibria, sorted by where the
line x = 260; was moved relative to z* and zy,, = 2a#;/c;. In each example, the x nullcline
is given in red while the y nullcline is given in blue.

x = 26, to the left such that it falls strictly to the left of x*, or do both of these maneuvers.
Note that we do not want the point (z*,y*) to fall, say, on the line y = 265, because that
corresponds to 73(y*) = 1 above, and hence we can still have an equilibrium in a saturated
region.

We now discuss the various ways in which the equilibrium (z*,y*) can be excised from
the all ramp region, categorized based on the placement of the line x = 26, and the effect
on global flow in ramp system (3.16):

e First, suppose we leave the line z = 26; where it is in Figure 3.2.3, located to the right
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of z*. Then, to exclude the equilibrium from the all ramp rectangle, we must move
the line y = 20, downward so that it falls strictly below (z*,y*). When we do this, the
line y = 26, will then intersect the = nullcline (given in red in Figure 3.2.3) at a point
in which ¢ is positive; as a result, the z nullcline will extend into the region in which y
is saturated, and flow will be straight upward, resulting in y growing without bound.
An example of this type of flow pattern is shown in Figure 3.2.4(a).

ari(z) —a

has an z-intercept in the all ramp region at
cor1(z) + c3

e The x nullcline ry(y) =

2@61
1
it falls between the z-intercept of the x nullcline and z* (i.e. 2ab,/c; < 20, < z¥),
then the equilibrium is excluded from the all ramp region, and we have the following
regarding the placement of y = 26,:

T = ; this is given in Figure 3.2.3 as xj. If we move the line x = 26, such that

— If the line y = 26, remains strictly above the y nullcline (given in blue in Figure
3.2.3) for x < 201, then — since we moved = = 26, to be in between 2a#, /c; and
x* — the y nullcline will hit z = 26, before y = 260,, and thus will extend into
the region in which x is saturated. But since 20; is now to the left of x*, the y
nullcline enters the region in which x is saturated when z is still positive, resulting
in rightward flow. Hence, x will grow without bound. This case is illustrated in
Figure 3.2.4(b).

— If we place the line y = 26, such that it intersects the x nullcline before intersecting
x = 26, then we will get a flow pattern reminiscent of Figure 3.2.4(a) — the x
nullcline will extend into the y saturated region at a point at which g is positive.

— Lastly, suppose the line y = 26, is placed such that the point (z,y) = (26,,205)
falls between both nullclines. From Figure 3.2.3, both differential equations are
positive in the region between both nullclines for x < z*; hence, & and gy will
both be positive at the newly moved point (261, 265), meaning that both will be
positive in the region in which both x and y are saturated. Thus, we will get the
unbounded flow pattern shown in Figure 3.2.4(c).

Note that in the special case 2a#,/c; = 260y, one of the above three points will apply,
still giving us unbounded flow.

e Finally, suppose we move the line x = 26, such that it is to the left of the x intercept
of the x nullcline (26; < 2a6;/cy). In this case, the  nullcline fails to exist in the ramp
system, and the & equation from (3.16) will always be positive.

Thus, we find that whenever system (3.16) does not have an equilibrium, flow is un-
bounded.
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3.3 Reactions of the Form mX — Y

The final reaction type we will consider in this chapter is mX LN Y, in which m molecules
of X are converted into a single molecule of Y at rate k. Here, we assume m is a positive
integer, and also larger than 1; if m = 1, then we would just have an SRP reaction. An
example of a reaction of this form with m = 2 is 2H — H,, in which two atoms of hydrogen
(H) combine to form molecular hydrogen (Hy) [19].

With mass action kinetics, the reaction mX by corresponds to the differential equations
T = —mkx™
y = kx™.
Note here that the & equation has an extra factor of m not present in the 3 equation; this is

because the reaction consumes m molecules of species X while only producing one molecule
of Y. The Jacobian corresponding to this system is

—m2ka™ ! O]

mkz™ " 0.

As m > 1, when z is positive we will have m2?kz™ ! > mka™"!, and also —m2kz™! < 0.
Thus, a reaction of the form mX — Y behaves similarly to an SRP term in the Jacobian,
producing a non-positive diagonal entry along with a corresponding non-negative entry in
the same column of at most equal magnitude. As a result, addition of a term of the form
mX — Y to a system of SRP terms cannot result in eigenvalues with positive real parts
arising.

3.3.1 A Class of Systems with SRP Terms

We will first study two-variable ramp systems derived from a single reaction of the form
mX — Y when in the all ramp region, along with SRP terms. In general, these are systems
of the form

r = —mkry(z)" — ari(z) + bra(y) + xo ’
y = kri(z)™ + cri(x) — dra(y) + yo, 3:22)
where zy and yo are non-negative and all other parameters are positive. The constants a, b, c,
and d are chosen such that
—a b
-

is an SRP matrix, and thus we have that a > ¢ and d > b. We allow the variable x to have
two associated ramp functions, r;; with threshold 26,; and r; with threshold 26;, while y is
only associated with ry with threshold 26,.
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Our focus with system (3.22) will be on equilibria in the all ramp region. In particular,
we would like to see if the presence of the 2™ terms can result in multiple equilibrium points.
In the all ramp region, the equations of (3.22) become

mkx™ ax by

YT @ 2 26,

(3.23)
= kl’m +£_ﬁ+
YT 2oy 20, 20,

Setting the ¢ equation here equal to zero, we find that the equilibrium value of y in the all
ramp region must satisfy

205 [ k(x*)™  cx*
* = 22 + —+ ) 24

Substituting this value for y into & from (3.23), we find that x* must be a root of the

polynomial
k b 1 be b

The constant term of this polynomial is non-negative, while the conditions m > 1, a > c,
and d > b imply that the coefficient of = is non-negative while the coefficient of ™ is strictly
positive. If the constant term is zero — which happens if and only if xo = yg = 0 — then
the polynomial equals zero at x = 0 and is positive for x > 0; hence, the polynomial has a
single non-negative root, and thus (3.22) has a unique equilibrium in the all ramp region at

(z%,y%) = (0,0).

If the constant term is negative, then (3.25) is negative at = 0. Then, the derivative of
the polynomial with respect to x is

km b me1 1 _be
2o\ )’ 20, \" " a )

which is positive for > 0. Hence, polynomial (3.25) is strictly increasing on (0, 00), and
will cross the z-axis at exactly one x = x* > 0. Thus, the polynomial will again have a
unique non-negative root, meaning that system (3.22) will again have a single equilibrium
in the all ramp region, provided that z* < min{26y,26;;} and y* < 265 hold.

Thus, system (3.25) cannot have more than one equilibrium point in the all ramp region.
Now, we will derive sufficient parameter conditions for the unique all ramp region equilibrium
to actually fall in this region. Above, we saw that in the special case o = yp = 0, system
(3.25) has an equilibrium at the origin, which will exist regardless of the values taken by the
other parameters.
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So, suppose at least one of xy and ¥, is positive (so the constant term of polynomial
(3.25) is negative). One way we can ensure polynomial (3.25) has a root satisfying x <
min{26;,26;,} is to choose parameters such that the polynomial is positive when x reaches
its lower threshold, meaning that the polynomial had to have switched from negative to
positive at some z* < min{260;,26,;}. If 26; < 26, the polynomial will be positive at

x = 260, if and only if
b EOT [ b
a > xg+ (C+y0)+ L (-—m) = T1.

d 07

If 26;; is the smaller threshold, then the condition on a becomes

0 b(k + be
a > 9—;<x0+%—mk> +E = T11,

and thus choosing a > max{7y, 711 } will ensure (3.25) is positive at = = min{26;, 260, }.
The value for y* given in (3.24) satisfies y* < 26, if and only if

]{: *\ 1 *

(z*) Lo

(2911)7” 2&1

+yo < d.
Assuming we choose a as above to ensure z* < min{26;, 261, }, this condition on y* can be
met by choosing d > k + ¢+ .
Thus, if the parameter conditions
a > max{ry, 71}

d > k+c+yo

hold, then system (3.22) has an equilibrium point (z*,y") in the all ramp region, where z*
is the unique non-negative root of the polynomial (3.25) and y* is given in (3.24).

3.3.1.1 Multiple Terms

Our next step will be to expand on system (3.22) to cover systems derived from multiple
mX — Y reactions. Additionally, we will also allow reactions of the form pY — X in which
p molecules of Y react to produce a single molecule of X. In general, we will be looking at
systems of the form

T = = Z mikiry, ()™ + 5 sira, (Y)P — ary () + bra(y) + o
=1 1
(3.26)

a 8
y = Z kiry, (2)™ — ZPz‘Sﬂhi (y)P + eri(z) — dra(y) + yo,
i=1 i=1
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where the parameters a, b, ¢, d, o, and yo are as in (3.22), as are the ramp functions r; and
ro. In the all ramp region, system (3.26) becomes

1=

. - mlkzl'ml ;yP
Tr = _;—291i —|—21202i 2—01+2—02+ZE0
(3.27)

. Xa: k;x™: 7 DiS;yPt n cx dy n
Y= 299, T 200, Top 20,
=1 g =1 g

which allows us to see the reactions from which the higher degree terms are derived:

1
204,
integers all greater than 1. Note that we have allowed each of these « reactions to be
associated with its own ramp function; the ith reaction is associated with the function
r1, with threshold 26;,. Thus, along with r;, the variable z has o 4 1 associated ramp
functions.

e We have « reactions of the form m; X LN Y, where K; = and the m; are distinct

) S

e Similarly, we have [ reactions of the form p;Y LIND'S , where S; = # and the p; are
2;

distinct integers greater than 1 (note, however, that it is possible for some p; to equal

some my). The variable y has § + 1 associated ramp functions.

Now, we will determine whether it is possible for system (3.26) to have more than one
equilibrium point in the all ramp region. First, note that if one variable is zero at equilibrium,
then so is the other. To see this, if ¥ = 0 at equilibrium then from & = 0 we have

> sira(y )"+ bra(y) + w0 = 0,

i=1
which holds if and only if y* and xq are both zero. Similarly, if y* = 0 then we get * = 39 = 0
from the § = 0 equation. Thus, an equilibrium of (3.26) will either be the origin or strictly
positive.

Now, imagine the curves # = 0 and § = 0, with & and ¢ from (3.27), drawn in R%
Suppose these curves intersect at some non-negative (z*,y"), which, as mentioned above,
will either be the origin or a point with strictly positive components. We will now determine
if a second such intersection is possible. At 2’ > z*, the x terms in both & and 7 are larger in
magnitude than they were at z*. As a result, a positive y value that makes each differential
equation zero must then be larger than y* to compensate.

Thus, if the curves # = 0 and ¢ = 0 are still in the first quadrant at 2’, they must pass
through y values greater than y*. Suppose (z',y;) lies on the curve & = 0 and (z/,y,) lies on
1y = 0. Then, y; must be greater than ys:

e At 2/, the x terms in & are larger in magnitude than the z terms in ¢ due to the
multiplication by m; > 1. Thus, y; needs to be larger in order to balance out the
larger z terms.
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e Additionally, the y terms in y grow more quickly than those in & due to the multipli-
cation by p; > 1. Hence, yo does not need to be as large in order to cancel out the z
terms.

What this means is if the curves © = 0 and ¢y = 0 pass through positive y values at any
' > z*, then the # = 0 curve will always be drawn above the ¥ = 0. As a result, the two
curves will never intersect in the positive quadrant again. Hence, in the all ramp region,
system (3.26) can have at most one equilibrium.

We end this section with necessary conditions on zy and y, for the existence of an all

ramp region equilibrium for system (3.26):

Proposition 3.3.1. Suppose system (3.26) has an equilibrium (z*, y*) in the all ramp region.
Then, both of the following hold:

o
Tg < a—+ Zmlkz
=1

B
Yo < d+ Zpisi

=1

Proof. We will use the fact that at an equilibrium in the all ramp region, each ramp function
takes a value strictly less than 1.

(0%
By contradiction, suppose xg > a + Z m;k;. Then at the equilibrium (z*,y*) we have

=1
a B
T = — Zmikﬂ’li (.T*)ml + Z SiT2, (’y*)pl — CLT’l(SC*) + brz(y*) + X9
=1 =1

o 8
> ) miki[l =y, (@)™ + all = e (2)] + s, ()P + bra(y”)
=1 =1

> 0,

a contradiction. The condition on y is similar. O

3.3.2 A Class of Systems with Two Equilibria

Above, we saw that neither system (3.22) nor system (3.26) had the potential to exhibit
multiple equilibria in the all ramp region. Here, we will analyze a system with a term
derived from an mX — Y reaction in which two equilibria can exist in the all ramp region
simultaneously under the correct parameter conditions. This system has a term derived from
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an X +Y — 2X reaction and, to facilitate our analysis, assumes m = 2 and one threshold
per variable:

& = —2kri(2)* 4+ ar (2)ra(y) — bri(z) (3.28)
g = kri(2)® — ary(x)ra(y) — eray) + vo.
Here, yo > 0 while all other parameters are positive. We will assume that a > max{b, k};
the justification for this will be explored as we look at parameter conditions for the existence
of equilibria. Ramp functions r; and 75 have thresholds 260; and 20, respectively.

We will now begin solving for equilibria in system (3.28). The equations in the all ramp
region are

2ka? axy  bx

YT T T we, 26 0
ke ey ey |
Y7 0 T 16,0, 20,

From y = 0, we get that

01 (az* + 2c¢b,)
Substituting this into the & equation, we see that x = 2™ must be a root of the polynomial

T [kam2 + 20, (2kc + ab)x + 462 (be — ayp) | - (3.31)

We immediately see that polynomial (3.31) has a root at x = 0. Plugging this into (3.30),
we get that

* 2y002

Yy = )
c

which falls in the ramp region for ro if and only if y* < 2605, i.e. yo < c. Hence, system (3.28)

has an equilibrium in the all ramp region at (z*,y*) = (0, 2yef2/c) if and only if yy < c.

A second equilibrium is obtained from the quadratic term in (3.31). The coefficient of z
in this quadratic is positive, while the discriminant evaluates to

403 [4]{202 + a®b* + 4ka2y0] ,

which is also strictly positive. Hence, the quadratic has at most one positive root, given by

20, (2ke + ab) + \/ 462 [4k;2c2 +a2b? + 4ka2y0]

2ka (3.32)

—01(2kc + ab) + 01\/4k2c? + a2b? + 4kay,
ka '
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The z* value given in (3.32) is negative for certain assignments of parameters; we find
that * > 0 if and only if the condition

be
Yo > —
a

holds. This inequality illustrates why we assumed a > b above — it allows for the condition

be
— < 9o < c¢ to hold, which makes it possible for the z* = 0 equilibrium to coexist with an
a

equilibrium at which x is positive. Next, we want the positive z* from (3.32) to actually fall
in the all ramp region; this requires x* < 26;, which holds if and only if

2k+0b
yo < k+b+ C(fj)
Finally, subbing the positive z* from (3.32) into the expression for y* given in (3.30), we
have that y* < 265 if and only if
ar*  k(z*)?
20, 402

Note that this condition automatically holds if we choose 1, such that

c@k+m}

Yo < C+

b
x < 1y < min{c, k+b+
a a

which is necessary and sufficient for the equilibrium (0, 2y06>/¢) to fall in the all ramp region
and for z* from (3.32) to satisfy z* < 26, simultaneously. With y in this range, the term

ar*  k(x*)?
20, 462
is positive as x* < 26; along with the assumption that a > k. Hence, yo < c¢ implies

ar*  k(x*)?
20, — (9% also holds.

Thus, in summary we have the following regarding equilibria in the all ramp region for
system (3.28):

Yo < C+

2906

e The equilibrium (z7,y7) = (O, ) falls in the all ramp region if and only if yy < c.

e The positive equilibrium (z3,v3) = ((3.32), (3.30)) falls in the all ramp region if and
only if

be . c(2k + b) ar*  k(x*)?
" < 1y < mln{k—l—b—l—T, c+291 — 462
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e The equilibria (z7,y]) and (x3,y5) coexist in the all ramp region if and only if

c(2k + b) }

a

b
> < Yo < min{c, k+b+
a

3.3.2.1 Stability and Flow

We now consider the stability of the two equilibria system (3.28) can have in the all ramp
region. The Jacobian of the all ramp region system (3.29) is

kx N ay b ax
02 40,0, 20, 460,60,
(3.33)
kx ay ax c
202 40,0, 40,0, 20y
e . e 2y002 . .
At the equilibrium (27, y]) = <O, —), the Jacobian simply becomes
c
p b
2916 281
ayo c
2910 292
b
One eigenvalue, —c/20,, is always negative. The other eigenvalue, 2(19& ~ 55 is negative if
1€ 1

Yo < bc/a and positive if yo > be/a. Thus, when (x7, ;) is the only equilibrium in the all
ramp region, both eigenvalues are negative and (z7,y;) is asymptotically stable. However,
once Yo passes the value bc/a and the second, positive equilibrium emerges, (x7,y;) loses
stability and becomes a saddle point.

For the positive equilibrium (z3,v5) = ((3.32),(3.30)), note that from & = 0 in (3.28),
the value y; must satisfy

2kry(z3) + b

) = T
or equivalently, since we are assuming (z5, y5) exists in the all ramp region,
Yo = a/gl .

Using this value for y3, the upper left diagonal entry of (3.33) evaluated at (z3,v5) becomes
kxy  ay; b kxzs  kxb 4 b0, b

2 16,6, 20, @ 202 2
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kg
262"
which is negative. Hence, as the lower diagonal entry of (3.33) is also negative, the trace of
the Jacobian is negative. The determinant is then

ak(x3)*  baxy  kexh N be acys  ak(x3)?  baxy ks
8636, 8020, 2020, 46,0, 80,07 80°0, 8020, 4620,
which is positive. Thus, with a negative trace and a positive determinant, both eigenvalues

of (3.33) evaluated at (z35,y5) have negative real parts, and (x3,y5) is asymptotically stable
when it exists in the all ramp region.

For flow, note that system (3.28) has two x nullclines, the line x = 0 and

ro(y) = 2kry(x) +b (3.34)

a

2/{37’1(1') + b
a

When x > 0, the & equation is positive when ry(y) > and negative when

T2(y) < 2]{37“1 (ZE) + b

located above or to the left of the second z nullcline, and leftward flow when below or to the
right of this nullcline. Then, the y nullcline of (3.28) is given by

- thus, we will have rightward flow at points in the first quadrant in R?

kri(x)? + yo

ary(xz)+c¢ (3:35)

ra(y) =

ary(z) + ¢ ary(z) +c¢
Thus, we will have downward flow when above or to the left of the y nullcline, and upward

flow when below or to the right of the y nullcline.

The g equation is positive when 74 (y) < and negative when ro(y) >

When system (3.28) only has the equilibrium (27, y7) = (0, 2yof2/c) in the all ramp region
(i.e. when yy < bc/a), the x nullcline given in (3.34) intersects the line z = 0 at ro(y) = b/a,
or equivalently, y = 2b6,/a. This intersection point lies above (x7, y7), and since the nullclines
cannot intersect a second time in the single equilibrium case, the = nullcline (3.34) will always
be located above or to the left of the y nullcline (3.35) in Ri. This nullcline placement, along
with the sign patterns of the & and y equations described above, results in global flow being
directed toward (x7,y;). A vector field illustrating this case is shown in Figure 3.3.1(a).

Next, we consider the case in which (z7, ) coexists with the positive equilibrium (z3, y5) =
((3.32),(3.30)). On the line z = 0, the y equation will be positive for y < y; and negative
for y > y; hence, flow along the y axis is toward (z7, 7).

As yo > be/a when the two equilibria coexist, the z nullcline (3.34) intersects z = 0 below
(«3,v7), thus initially placing the y nullcline (3.35) above the nullcline (3.34) in the first
quadrant. After the two nullclines meet at (x3,y5), however, the positions of the nullclines
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Figure 3.3.1: Flow in system (3.28) when (a) one equilibrium exists in the all ramp region
and (b) when two equilibria exist in the all ramp region. In (b),

c(2k +b)
a

C =ming c,k+b+ . In each case, the y coordinate of the equilibrium point

(0,2yob2/c) is indicated by y;. For each example, the x nullclines are shown in red while
the y nullcline is shown in blue.

will switch and the z nullcline (3.34) will be above or to the left of the y nullcline for z > x3.
This can be seen from the fact that

2kry(z) + b - kri(z)* + o
a ary(z) + ¢

holds if and only if
kary(z)? + (2ke + ab)ry(z) + be — ayo > 0.

x
The above quadratic, after setting r(x) = 20 and clearing denominators, is the quadratic
1

term from (3.31) from which 3 was derived; hence, the above inequality holds for all > z3.

Thus, in the two equilibria case the placement of nullclines and signs of the differential
equations produces a vector field resembling the one shown in Figure 3.3.1(b), in which flow
along the y axis is toward (z7,y]), while global flow for trajectories with > 0 is toward the
positive equilibrium (3, y3).

We summarize our analysis of system (3.28) in the following theorem:

Theorem 3.3.2. Consider a system of form (3.28). Then:
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1.) System (3.28) has the equilibrium (x3,y]) = <0, > in the all ramp region if and

only if yo < ¢; the positive equilibrium (z3,y5) = ((3.32), (3.30)) exists in the all ramp
region if and only if

be : c(2k +b) ar*  k(x*)?
" < Yo < m1n{k+b—|—T, c—1—291 — 40°

2.) The equilibria (x7,y7) and (x5, ys) exist in the all ramp region simultaneously if and
only if

be

2k
— <y < min{c7 k’—i—b—i—u}.
a

a

3.) If yo < be/a, then (x7,y7) is asymptotically stable; if yo > b/c, then (x7,y]) is a saddle
point. If (x3,y5) exists in the all ramp region, it is always asymptotically stable.

4.) Global flow is toward (x7,y7) if it is the only equilibrium in the all ramp region. If both
equilibria exist in the all ramp region, flow along the line x = 0 is toward (x7,yy), but
global flow for x > 0 is toward (z3,y3).

3.3.2.2 Comparisons to Michaelis-Menten

With Michaelis-Menten terms instead of ramp functions, system (3.28) becomes

T = —2]€M1(I)2 + CLMl((L')MQ(y) - le(ZE)

' 2 (3.36)
g = kM, (x)* — aM,(x)My(y) — cMy(y) + o,
where M (x) = 7 and Ms(y) = ﬁ

Parameter conditions for the existence of non-negative equilibria in Michaelis-Menten
system (3.36) are very similar to the ones for system (3.28) to have equilibria in the all ramp
region. Like with the ramp system, (3.36) can exhibit two distinct equilibria:

Yot
C—%Yo

e The equilibrium (1, 4}) = (0, ) has a non-negative y component if and only if

Yo < C.

e A positive equilibrium satisfying

—(2kc + ab) + \/4k2c2 + a2b? + 4ka2y,

2ka

My (zy) =
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Ma(yl) =
2(v2) aMy () + ¢

’

or equivalently,

;L 0, A’
ST Y
;o 0, B’
y2 1 _ B/?

exists if and only if

b 2k+0b
EC <y < min{k—l—b—l—%, c+aM1(:U’2)—kM1(x'2)2}.

e The equilibria (z},y;) and (3, y5) coexist in the first quadrant if and only if

2
@ < Yo < min{c, k+b+w}.

a a

Regarding stability of equilibria, the Jacobian of system (3.36) is
—4kMy(x) My (x) + aMy(x)Ma(y) — bMi(x) aMy () Mj(y)

2k M, (x) Ml (z) — aM(x) Ms(y) —aMy(z) My(y) — cMy(y)

Analysis of this matrix evaluated at the equilibrium points (2}, 3;) and (5, 5) can be handled
similarly to that of the Jacobian (3.33) of the ramp system (3.28) and will produce the same
results. That is, the equilibrium (z7,y;) is asymptotically stable when yo < bc/a and is a
saddle point when yo > bc/a, losing stability upon the emergence of the positive equilibrium
(x},y5), which is always asymptotically stable when it exists.

Flow in system (3.36) is also similar to its ramp counterpart. Our analysis for system
(3.28) regarding the placement of nullclines and signs of the differential equations also applies
to system (3.36) in the first quadrant with the same results. Flow in the first quadrant is
toward (z,%;) when it is the only non-negative equilibrium of the system. When (2}, %))
and (3, y5) coexist in the first quadrant, flow along the line z = 0 is toward (z},y;) but
trajectories starting in the interior of the first quadrant approach (x5, 5) over time. Example
vector fields of system (3.36) are shown in Figure 3.3.2 below.
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Yo < —
while the y nullcline is shown in blue.

X

c(2k+0b
a

(a)

equilibrium exists and (b) when two non-negative equilibria exist. In (b),

Figure 3.3.2: Flow in the first quadrant for system (3.36) when (a) one non-negative
min {c, k+b+

(0, 9002/ (c — yo)) is indicated by ;. For each example, the x nullclines are shown in red
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Chapter 4

Deficiency Theory

4.1 Introduction and Definitions

In this chapter, we will discuss an advantage of using ramp functions over Michaelis-Menten
functions, namely the ability to apply deficiency results from chemical reaction network
theory. As mentioned in the Introduction, the most famous of these results, the Deficiency
Zero Theorem, was developed in the early 1970s with the work of Feinberg, Horn, and
Jackson [8, 11, 12].

Before presenting deficiency results, we first have to introduce several definitions and
concepts that will be used throughout this chapter. Our definitions and notation will be
adapted from Feinberg’s book [9].

First, the entities that appear on either side of a reaction arrow are called complezes.
For example, the reaction X +Y — 27 involves the complexes X + Y and 2Z. Note that
this is distinct from the concept of a chemical species that we have been referring to in the
previous chapters; the reaction X 4+ Y — 27 involves three species, X, Y, and Z.

It will now be useful to formally define the concept of a chemical reaction network:

Definition 4.1.1. [Chemical Reaction Network]
A chemical reaction network consists of three finite sets ., ¢, and # in which

a.) . is the set of chemical species
b.) € is the set of complexes

c.) Z is the set of reactions, such that VC € ¥,

i) C—>C¢Zx
it.) 3C" € € suchthat C > C" e Zor C' - C e X

Each complex in a chemical reaction network can be associated with a non-negative
vector in nggl. The entries of the vector corresponding to complex C' are obtained from the
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stoichiometric coefficients of the species in C, i.e. the coefficients in front of each species in
C'. For instance, if our network consists of just the reaction X +Y — 27, the vector in Rio

associated with the complex X + Y, assuming the species are ordered (X,Y, Z), is (1,1,0)
as the coefficients of X and Y are both 1 in X +Y and Z has a stoichiometric coefficient of
zero in this complex. The complex 27 then corresponds to the vector (0,0, 2).

We can also associate a vector in R”! to every reaction in our network. If the vectors
corresponding to complexes C' and C” are vo and ver respectively, then the reaction C — C'
has corresponding reaction vector ver — ve. Thus, the reaction vector corresponding to
X+Y —=271is

0 1 —1
of — |1] = [—-1
2 0 2

The span of the reaction vectors of a chemical reaction network defines the stoichiometric
subspace, denoted by S, of the network. If the dimension of S is s, we say that the rank of
the network is s.

Next, the stoichiometric subspace of a reaction network gives rise to the concept of
stoichiometric compatibility and corresponding stoichiometric compatibility classes:

Definition 4.1.2. [Stoichiometric Compatibility]
Consider a chemical reaction network with stoichiometric subspace S. Let v, and v, be
vectors in R'g;'. Then,

a.) The stoichiometric compatibility class containing v; is the set (v +5) N nggl.

b.) The positive stoichiometric compatibility class containing v; is the set (v; +5) N R‘f‘.

c.) v; and vq are stoichiometrically compatible (i.e. are in the same stoichiometric com-
patibility class) if vo — v € S.

The definitions and concepts we have discussed so far are illustrated in the following

example.

Example 4.1.3. Consider the chemical reaction network shown below.

X+Y —Z7 Z +3V
2U 2X

Figure 4.1.1: An example chemical reaction network.
The sets ., €, and Z from Definition 4.1.1 for this network are
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< =A{X,)Y,Z, UV}
¢ = {X+Y,2,2U,7Z +3V,2X}
X ={X+Y =2 7Z—-2U,Z+3V —2X}

The three reaction vectors for the network, assuming we order the species as (X, Y, Z,U, V),
are

~1 0 2
—1 0 0
1|, |-1], [-1
0 2 0

0] o] [-3

The stoichiometric subspace S of the network is the span of these vectors; hence, S is the
linear subspace of R® consisting of vectors of the form

-1 0 2 [ —c1 4+ 2¢5 |
—1 0 0 —Cy
c | 1| +c|-1| +c5|—-1| = |cgt—cy—c3],
0 2 0 2¢9
| 0 | | 0 ] | —3] | 3¢

where ¢y, o, and c3 are real scalars. Since the reaction vectors are linearly independent, the
dimension of S is 3, and thus the network has rank s = 3.

The network shown in Figure 4.1.1 is presented as a standard reaction diagram, in which
each complex is represented exactly once. Such a diagram can be thought of as a directed
graph (digraph) in which the complexes are the vertices. The connected components of a
standard reaction diagram are called linkage classes. Thus, the network in Figure 4.1.1 has
two linkage classes, one composed of the set of complexes {X + Y, Z,2U} and the other the
complexes {Z + 3V, 2X}.

A standard reaction diagram provides information on a chemical reaction network’s re-
versibility. A network is said to be weakly reversible if the existence of a directed path from
complex C to complex C" implies the existence of a directed path from C’ back to C. The
network shown in Figure 4.1.1 is not weakly reversible; for instance, while there is a directed
path from the complex X + Y to the complex 2U, there is no such path from 2U back to
X+Y.

The network shown in Figure 4.1.2, however, is weakly reversible. The linkage class
shown on the left simply represents the reversible reaction 2X + Y = Z + U, and thus
we can freely “move” from one complex to the other. In the right linkage class, there is a
directed path between any pair of complexes; we can move from W to X, for instance, via
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2X+Y X

Z+U V w

Figure 4.1.2: A weakly reversible chemical reaction network with two linkage classes.

the path W — X, and then from X to W via X — V — W.

A network is reversible if C — C' € % implies C' — C € #, i.e. all reactions are
reversible. Neither the network in Figure 4.1.1 nor the one in Figure 4.1.2 are reversible as
most of the reactions are one-way.

Complexes C' and C”" are said to be strongly linked if either C' = C’ or there is both
a directed path from C to C” and such a path from C’ to C. Strongly linked complexes
are part of the same strong-linkage class. If there is no directed path from a complex in a
strong-linkage class to a complex outside the strong-linkage class, the strong-linkage class is

said to be terminal.
U
-V

W < 3X

X+Y

Z

Figure 4.1.3: A chemical reaction network with three strong-linkage classes, one of which is
a terminal strong-linkage class.

We can illustrate the concept of strong-linkage classes and terminal strong-linkage classes
with the network shown in Figure 4.1.3. This network is composed of three strong-linkage
classes: one containing the complexes X + Y and Z, another containing U, V', and W, and
the last containing just the complex 3X. The strong-linkage class containing U, V', and W
is terminal; there are no reaction arrows leaving this strong-linkage class. The other two

strong-linkage classes, however, are not terminal due to presence of the reactions Z — V
and 3X — W.

The final concept we will need before discussing deficiency is that of a kinetics for a
reaction network. Note that in the following definition, we use the support of a vector v,
denoted supp v, to mean the set of chemical species whose corresponding entries in v are
non-zero. For instance, earlier we mentioned that if our network consists of just the reaction
X +Y — Z, the vector corresponding to the complex X + Y| assuming the order (X,Y, Z),
is (1,1,0); hence, supp(1,1,0) is simply the set {X,Y}.

Definition 4.1.4. [Kinetics|
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Consider a chemical reaction network with species set . = {X1, X»,..., X, }. For each

complex C' € €, denote the corresponding vector in R';g' by ve. Let © = (1, z9,...,2,) €
RI;(;I denote the concentrations of X;, X5, ..., X,, at some instant in time.

Then, a kinetics .#  for the reaction network is, for every reaction C' — C" € %, the
assignment of a continuously differentiable rate function #o_.c : R%' — R>( such that
Hoor(x) > 0 if and only if supp ve € supp z. In other words, #¢_,c/(x) is positive if and
only if each species in the reacting complex C' has a strictly positive concentration.

The following example makes use of Definition 4.1.4 to show that it does, indeed, apply
to Michaelis-Menten kinetics:

Example 4.1.5. We can model the reactions X; + X5 LN 2X, and X, LN 0 using Michaelis-
Menten terms with the system of differential equations

o= —k 1 e S T
! ! 91+ZL’1 92+$2 293+I1

. L x )
To = .
2 ! 6)1 + 21 92 + Zo ’

where the parameters are all positive. The kinetics this system arises from consists of the
functions

klal'lxg
(‘91 + xl)(eg + l’g)

%/X1+X2H2X2 (9517 5172) =

kgxl
03 + 1 '

«%/Xl—m(xl,ﬁz) =

Note that the vector x = (1, x2) is in R2>o because while 0 counts as a complex, it does not
count as a chemical species. We see that these two functions satisfy the conditions given in
Definition 4.1.4; both are continuously differentiable for all (zq,z5) € R2>0, X4 Xy2X, 1S
positive if and only if z; and 2, are both positive, and J#y,_ is positive if and only if z; is
positive.

We derived the differential equations by multiplying #x, . x, s2x, and #x, 0 by the
appropriate constants representing the net gain or loss of species in the reactions. In general,
the &; equation for a network with kinetics %" is the ith component of

Z Hoor(ver — ve),

C—=C'ex

where ver — v¢ is the reaction vector corresponding to C' — C’. Thus, the above system can
also be written in the form

Ty —1
| = Hxiixaoex,

T2

-1
+ K .
g H
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Now that we have defined a kinetics in general, we can formally define mass action
kinetics:

Definition 4.1.6. [Mass Action Kinetics]

Consider a chemical reaction network with species set . = {X1, Xs,..., X, }. For each
complex C' € €, let C; be the ith component of the corresponding vector vo € R%'. Let
x = (r1,%2,...,2T,) € ]ngol denote the concentrations of X;, Xs,..., X, at some instant in
time.

Then, a kinetics J# for the reaction network is mass action if for every reaction C' —

C'ex,
Hooo(x) = kC%C’HxiC%
i=1
where kc_cr > 0.

As an example, if we want to model the system defined by the reactions 3X; + 2X5 LiN
5X5 +4X5 and 0 LN e 1 with mass action kinetics, we would have that

— 3,2,.0 __ 3,..2
H3X1+2X0—5Xo+4X5 (L1, T2, T3) = kiairyry = kizia;
_ 0,0,.0 __
Hosx, (X1, T2, w3) = koxijaswy = ko.

Then, using the fact that the corresponding reaction vectors are (—3,3,4) and (1,0,0), the
system of differential equations describing these two reactions is

jfl = —3k’1:c“;’:1:§ + k2
i‘g = 3]{711‘?1’%
i’g = 4/6155?1'%

Notice that this system satisfies the Hungarian Lemma 1.1.1 characterizing when a polyno-
mial system is mass action. The lemma and Definition 4.1.6 are equivalent in that a system
of polynomials satisfies Lemma 1.1.1 if and only if it can be derived from a chemical reaction
network endowed with mass actions kinetics as defined in Definition 4.1.6.

4.1.1 Deficiency

We are now ready to define the deficiency of a network:

Definition 4.1.7. [Deficiency]
The deficiency > 0 of a chemical reaction network is

0 =m—1¥{—s,

where m is the number of complexes in the network, ¢ is the number of linkage classes, and
s is the rank of the network.
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As an example, the network shown in Figure 4.1.1 has five complexes, two linkage classes,
and we determined that its rank is three. Therefore, the deficiency of the network is § =
5 —2 —3 = 0. Another example is provided below.

Example 4.1.8. Consider the following network:

/O\ X+Y ~—27
X Y A 2Y + 7 — 3X

Figure 4.1.4: A chemical reaction network with a deficiency of two.

This network has complex set

¢ = {0,X,Y,Z,X+Y,22,2Y + Z,3X},

which contains eight elements, so m = 8. There are three connected components in Figure
4.1.4, so the network has ¢ = 3 linkage classes. Finally, the rank of the network is s = 3; the
reaction vectors corresponding to the reactions in the leftmost linkage class are simply the
standard basis vectors of R® (as mentioned earlier, 0 does not count as a species). Thus, the
network has deficiency 6 =8 —3 — 3 = 2.

We can also talk about the deficiency of a linkage class; this is calculated as if the linkage
class in question was an entire reaction network on its own. That is, the deficiency of the
1th linkage class of a network is

52' = mi—l—si,

where m; is the number of complexes in the ith linkage class and s; is the rank of the linkage
class. For instance, the leftmost (first) linkage class of the network in Figure 4.1.4 has m; = 4
complexes (0, X, Y, Z) and rank s; = 3, thus its deficiency is 6; =4 — 1 — 3 = 0. The other
two linkage classes also have deficiency zero, as they each contain two complexes and have a
rank of one due to having only one associated reaction vector each.

We end this section with the statement of two results relating to the deficiency of a
chemical reaction network, the Deficiency Zero Theorem and the Deficiency One Theorem.
We will discuss applications of these theorems to biochemical ramp systems in the following
section. Note that in the statement of the theorems, by an “assignment of rate constants”
we mean an assignment of the positive kc_,or constants given in Definition 4.1.6.

Theorem 4.1.9. (Deficiency Zero). Consider a weakly reversible chemical reaction net-
work with deficiency 6 = 0. If the network is endowed with mass action kinetics, then for
any assignment of rate constants, the corresponding system of differential equations satisfies
the following:

a.) Each positive stoichiometric compatibility class contains exactly one equilibrium.
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b.) The unique equilibrium in each positive stoichiometric compatibility class is asymptot-
ically stable.

Theorem 4.1.10. (Deficiency One). Consider a chemical reaction network with defi-
ciency 0 such that each of its { linkage classes contains exactly one terminal strong-linkage
class. Let §; be the deficiency of the i-th linkage class, and suppose that

i) 6 <1,i=1,2,...¢

both hold. If, when endowed with mass action kinetics, there is an assignment of rate con-
stants such that the corresponding system of differential equations has a positive equilibrium,
then:

a.) Fach positive stoichiometric compatibility class contains exactly one equilibrium.
b.) The Jacobian evaluated at any positive equilibrium point is invertible.

Additionally, if the network is weakly reversible, then the corresponding mass action system of
differential equations always has a positive equilibrium for any assignment of rate constants.

4.2 Applications to Biochemical Ramp Systems

Theorems 4.1.9 and 4.1.10 provide results useful for the analysis of mass action systems. This
provides a motivation for using ramp functions in the place of Michaelis-Menten functions:
since ramp systems are mass action in the all ramp region, the theorems can be applied,
whereas they cannot be applied to a system with Michaelis-Menten kinetics.

Thus, ramp functions can facilitate the analysis of complicated Michaelis-Menten sys-
tems through the application of Theorems 4.1.9 and 4.1.10 to the all ramp region system.
For instance, if we model a weakly reversible network with deficiency zero using ramp func-
tions, Theorem 4.1.9 tells us that the all ramp region system has a unique asymptotically
stable equilibrium in each positive stoichimetric compatiblity class. We would still have to
determine under what parameter conditions these equilibria actually fall in the all ramp
region, but these calculations would be much easier than trying to solve for equilibria in the
corresponding Michaelis-Menten system.

We will now show how the Deficiency Zero and One Theorems can be applied to the
Adams model of plant metabolism with ramp functions, something we previously discussed
in [6].
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4.2.1 Adams Model without the SEL

In Section 2.3.1.1, we saw that system (3), the Adams model without the SEL modeled with
ramp functions, becomes

T a i
1 = Qo —
2K,
. a1 azTo a5T2
T = —

oK, 2K2 2K,

azTs  a4T3

2K} 2K,

in the all ramp region. This is a mass action system derived from five SRP reactions:
0— X1, X; — X9, Xo = X3, X9 — 0, and X3 — 0. Note that we have assumed ag > 0

here; if ag = 0, then the reaction 0 — X; would not be present. The corresponding standard
reaction diagram for this system is shown in Figure 4.2.1.

N

X3 - Xo - X3

T3 =

Figure 4.2.1: Standard reaction diagram of the Adams model without the SEL.

From Figure 4.2.1, the system without the SEL has m = 4 complexes and ¢ = 1 linkage
class. Assuming the species are ordered (Xi, Xs, X3), the stoichiometric subspace, the span
of the reaction vectors, is

1] [—1 0 0 0
S:span{O,l,—l,—l,O}

1 0 0
= span{ O|,|—1],10 }
0 0 -1

= R3.

Hence, the reaction vectors span all of R®. This means the system has rank s = 3, and the
only positive stoichiometric compatibility class is Ri.

The Adams model without the SEL thus has deficiency 6 =4 — 1 — 3 = 0. Additionally,
from Figure 4.2.1 the system is weakly reversible. Hence, the Deficiency Zero Theorem 4.1.9
applies, and says that the above mass action system of differential equations admits a unique,
asymptotically stable, equilibrium in its sole positive stoichiometric compatibility class for
any assignment of parameters.
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This is consistent with what we saw in Section 2.3.1.1; there, we found a unique equilib-
rium point (z7, x5, x3), which is positive if ap > 0. The only thing we had to do in addition
was determine conditions on parameters such that the equilibrium falls in the all ramp region.

Note that in the special case ag = 0, the removal of the reaction 0 — X results in the
network no longer being weakly reversible, and thus the Deficiency Zero Theorem no longer
applies.

4.2.2 Adams Model with the SEL

The equation for system (4), the Adams model with the SEL, when in the all ramp region
were previously given in (5) as

. aj as ay
Yy = ap— 2K1?/ - 4K32K33x2y+ 2—K4$3
. 3] as as
T2 = 2K1y_ 4K§K§,$2?J— 2—K5$2
as a4

T —— Xl — ——I3.
T AReK: Y T ok,
Assuming ag > 0, this is a mass action system derived from the reactions 0 — Y, Y — X,

Y+ Xo = X3, X3 = Y, and Xo — 0. The standard reaction diagram for this system is
shown in Figure 4.2.2.

Y + X5 0
X3 ~Y - X,

Figure 4.2.2: Standard reaction diagram of the Adams model with the SEL.

The Adams model with the SEL has m = 5 complexes and ¢ = 1 linkage class. The
stoichiometric subspace, assuming species are ordered (Y, X3, X3), is

1] [-1] [-1] 1 0
S:span{O,l,—l,O,—l}

1 0 1
= span{ O|,|—-1],10 }
0 0 -1

= R?
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and hence we again have a system with rank s = 3 and a single positive stoichiometric
compatibility class, ]Ri. The network shown in Figure 4.2.2 thus has a deficiency of § =
5—-1-3=1

The Adams model with the SEL is not a weakly reversible network, but it does contain
a single terminal strong-linkage class; this is the triangle formed by the complexes 0, Y, and
X5, none of which have any reaction arrows pointing away from them. Hence, the conditions
of the Deficiency One Theorem 4.1.10 are met, and thus the theorem tells us that if there is
an assignment of parameters such that the mass action system admits a positive equilibrium,
then each positive stoichiometric compatibility class contains exactly one equilibrium and
the Jacobian evaluated at a positive equilibrium does not have any zero eigenvalues.

In Section 2.4.2.1, we determined an expression for a positive equilibrium (y*, z3, 23) of
the Adams model with the SEL in the all ramp region. Since this system only has one
positive stoichiometric compatibility class, Theorem 4.1.10 allows us to confirm that this
equilibrium is indeed unique. The result that the Jacobian is non-singular when evaluated
at the equilibrium point is consistent with [5, 6], which showed the Jacobian will always have
eigenvalues with strictly negative real parts.

While analysis of the Adams model with and without the SEL is simple enough that
Theorems 4.1.9 and 4.1.10 do not add additional information that we couldn’t determine
through algebraic means, these theorems are useful tools to have for larger, more complex
systems that are not as easy to algebraically manipulate. The theorems can give us an
indication, for instance, of whether multiple positive equilibria are possible in the all ramp
region.

4.3 Results for General Networks

In this section, we will provide deficiency results for chemical reaction networks built from
the reaction types we have considered previously, such as SRP and combining reactions. Our
focus will primarily be on determining which systems have deficiency zero, and under what
circumstances the addition of new reactions can result in a change in the deficiency.

Our first couple of results will make reference to the undirected graph underlying a
standard reaction diagram; what we mean by this is the graph obtained by replacing the
reaction arrow(s) connecting two complexes with a single, undirected edge. Figure 4.3.1
shows an example standard reaction diagram and the corresponding underlying undirected
graph.

We begin with the following lemma stating that the deficiency of a reaction network will
not change if we add reaction arrows between two complexes already in the same linkage
class:

Lemma 4.3.1. Consider a chemical reaction network in which complexes C' and C” are in
the same linkage class. Then, adding the reaction(s) C' — C’, ' — C, or C' = C" will not
change the deficiency of the network.

122



X+Y U X+Y U

Z -V - W Z Vv w
(a) Standard reaction dia- (b) Underlying undirected
gram graph

Figure 4.3.1: The standard reaction diagram for a chemical reaction network and the
corresponding underlying undirected graph.

Proof. WLOG, suppose we added the reaction C' — C”. Since the addition of this reaction
did not change the number of complexes or linkage classes in the system, in order to show
that the deficiency did not change we need to prove adding this reaction did not change
the rank of the network. Thus, we have to show that the reaction vector corresponding to
C — (', ver — ve, was already in the span of the pre-existing reaction vectors.

As C and C' are in the same linkage class, they are in the same connected component in
the underlying undirected graph for the network. Thus, there is a path C,C}, s, ...Cy, C’
from C to C’ in the undirected graph. Suppose that in the standard reaction diagram for
the network, this path is oriented C' — C; — Cy — --- — (), — C’; it won’t matter if we
have U1 — C; for some j instead, since the reaction vectors for Cj1; — C; and C; — Cjiq
only differ by a factor of —1.

Suppose the linkage class containing C' and C’ contains o chemical species X, X, ..., X,.
Then, complex C; can be written in the form a,; Xy + a2; X2 + - -+ + a4 X, where the a;;
are non-negative integers in which some may be zero; for instance, the complex X; +2Xj3 in
a linkage class containing species X1, X5, and X3 can be written as X; + 0X5 4+ 2X3. The
complexes C' and C” will be written the same way, using j = 0 for C' and j = k + 1 for C’.

Now, we consider the k+1 reaction vectors corresponding to C' — Cy, Cy — Cs, ..., Cy —
C’. The ith component of each of these vectors is a;; — a;o for C — C}, a0 — a1 for C; — Cs,
..., and a1 — ag, for Cp — C.

Summing up these vectors, the ¢th component is thus a;;11 — a9, the ith component of
ver — vo. Thus, the reaction vector corresponding to C' — C' is in the span of the reaction
vectors corresponding to the reactions ¢ — C; — Cy — -+ — C, — C’. Hence, adding
this additional reaction did not change the rank of the system, and the deficiency remained
unchanged. O]

As an example of Lemma 4.3.1, considering the chemical reaction network shown in
Figure 4.3.2. Adding the reaction arrow between the compelxes X + Y and U does not
change the rank of the system; ordering the species as (X,Y, Z,U), the reaction vector for
X +Y — U is the sum of the reaction vectors for X +Y — 7, Z — X, and X — U (where
the reaction vector for X — U is just the reaction vector for U — X multiplied by —1):
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X+Y U X+Y

-/ |/

A - X Y A - X Y
(a) Original network (b) With X +Y — U added

U

Figure 4.3.2: Adding the reaction X +Y — U did not change the network’s rank or
deficiency.

L
|
—_
—_
—

Thus, the reaction vector for X +Y — U was already in the span of the pre-existing reaction
vectors, so adding the reaction did not change the network’s rank.

4.3.1 A Class of Networks with Deficiency Zero

Here, we will prove that chemical reaction networks in which each species appears in exactly
one complex are deficiency zero. The network shown in Figure 4.3.1 is an example of such a
network, but the Adams model with the SEL as shown in Figure 4.2.2 is not, as Y and X,
each appear in two complexes.

Theorem 4.3.2. Consider a chemical reaction network in which each chemical species ap-
pears in exactly one complex. Then, the deficiency of the network is § = 0.

Proof. We will first show that the statement holds for a network with just one linkage class;
in this case, we want to show that the deficiency satisfies m — 1 — s = 0, and hence we need
to prove that the rank of the system is m — 1.

We start by considering networks whose underlying undirected graph is a tree (i.e. is
acyclic). We will show that such a network has deficiency zero via induction on the number
of complexes m. The base case is m = 2 — Definition 4.1.1 implies a chemical reaction
network must contain at least two complexes — which refers to a network consisting of
two complexes C' and C’ connected by a reaction arrow(s). The rank of such a system is
m — 1 = 1 since there is only one associated reaction vector.

Now, suppose any network with m = k£ > 2 complexes whose underlying graph is a tree
has rank £ — 1. We now consider a network with k + 1 complexes C1,Cs, ..., Cryq and a
tree structure. As a tree with more than one vertex, the graph underlying the network with
k + 1 complexes must have at least two leaves (i.e. complexes connected to only one other
complex). Hence, there is a complex C; that is connected to exactly one other complex by
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a reaction arrow in the network, and we can assume C; is not the zero complex. WLOG,
suppose C; was connected to the complex C, by the reaction C; — C,.

If C; is removed, the remaining k£ complexes form a network whose underlying graph is
still a tree (since C; was a leaf), and by the induction hypothesis this network has rank
k —1. By our assumption that each species appears in exactly one complex, C; must contain
a species not present in any other complex in the network; suppose this is the jth species.
Hence, if we add C; back to the network, the reaction vector corresponding to C; — C, has
a non-zero jth component, while every other reaction vector has zero in the jth component.
Thus, the reaction vector for C; — C|, is linearly independent of the other reaction vectors,
so adding C; back increases the rank of the network from k£ — 1 to k.

Hence, we have that a network whose underlying graph is a tree will always have rank
m — 1, and thus deficiency zero. For an arbitrary network with one linkage class, the
underlying graph has a spanning tree (i.e. a tree subgraph containing all complexes). The
network represented by this spanning tree has rank m — 1. The original network is obtained
from this spanning network by adding in the remaining reaction arrows between complexes.
From the proof of Lemma 4.3.1, adding reaction arrows between complexes in the same
linkage class does not change the deficiency of the system. Thus, the original arbitrary
network must have a deficiency of zero.

Finally, we show the result holds for a network with ¢ > 1 linkage classes. From above,
the deficiency of each linkage class on its own is zero, with the ith linkage class having
rank m; — 1, where m; is the number of complexes in the ith linkage class. Since each
species appears in only one complex, each species also appears in just one linkage class.
Hence, the linkage classes are independent of each other, in the sense that two reaction
vectors derived from distinct linkage classes are linearly independent. As a result, the rank

of the entire network is just the sum of the ranks of the individual linkage classes, which is
¢

s = Z(ml — 1) =m — £, and hence the deficiency is § = m — { — s = 0. O

=1

In particular, Theorem 4.3.2 describes networks built solely from SRP reactions (SRP
networks). Hence, we have the following corollary:

Corollary 4.3.3. A chemical reaction network containing only SRP reactions has a defi-
ciency of zero.

4.3.2 Networks with One Combining Reaction

We know from Corollary 4.3.3 above that SRP networks are deficiency zero. Here, our
goal will be to determine whether the deficiency changes when a single combining reaction
X +Y — Z (or equivalently, the dissociation reaction Z — X +Y or the reversible reaction
X +Y = Z) is then added to such a network.

When adding a combining reaction, one of the following will happen:
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1.) The reaction X +Y — Z forms its own linkage class. In this case, both complexes are
new, and in particular Z was not present in the original SRP network, so the reaction
vector for X +Y — Z is the only one with a non-zero Zth component. Hence, the rank
of the network increases by 1 with the addition of the new reaction, and the system’s
deficiency remains zero: 6 = (m+2) — ({+1) — (s+1) =0.

2.) The reaction X +Y — Z joins a pre-existing linkage class. Then, only the complex
X +Y is new. The reaction vector for X +Y — Z may or may not be in the span of
the other reaction vectors, so the rank may either stay the same or increase by 1; the
deficiency will thus either remain 0 or increase to 1.

Hence, a network with one combining term will have a deficiency of either zero or one.
We will characterize the system structures required for an increase in the deficiency. First,
however, we will state and prove a couple of useful propositions.

Proposition 4.3.4. Consider a linkage class consisting solely of SRP reactions that does not

contain the 0 complex. Suppose this linkage class contains m species Xy, Xo,..., X,,. Let
V1, Vs, ...,V € R™ be the reaction vectors corresponding to this linkage class. Then, if u is a
standard basis vector of R™ or a non-zero multiple of such a vector, u ¢ span{vy, va, ..., % }.

Proof. The linkage class satisfies 6 = m — 1 — s = 0, and hence the rank of the linkage class
is m — 1; the reaction vectors cannot span all of R™ as a result, and at least one standard
basis vector must be missing from the span. Here, we will show that all of the standard
basis vectors are missing; the fact that a non-zero multiple of such a vector cannot be in the
span will then follow.

By contradiction, suppose that there is a standard basis vector belonging to span{uvy, vs, . .
WLOG, suppose this is e; = (1,0,...,0). Then, there exist constants a; not all zero such
that

1
0
0
0 = aA1V1 + QU + *++ + ApV.
_0_.
We then have that
_ 1 - _ 0 -
-1 -1
0 0
0 = a1v1+a2v2+---—|—akvk+ 0
-~ O - -~ O -
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0 -1
1 1
0 0
— 0 = a1V1 + QU + -+ - + AV, + 0 )
_O_ - O -
and so the standard basis vector e, belongs to the span of the v; and the reaction vector for
Xy — Xo. Similarly, we can see that e; for i = 3,4,...,m belongs to the span of the v; and

the reaction vector for X; — X;.

Thus, if we take our SRP linkage class and add each reaction X; — X; for i # 1 (if
not already present), then we get a network in which each standard basis vector belongs
to the span of the reaction vectors; this network with added reactions is thus rank m.
However, adding these additional reactions does not change the fact that this is an SRP
linkage class, and thus the deficiency remains zero, meaning that the rank must remain
m — 1, a contradiction. So the initial assumption that e; was in span{vy, vs, ..., v, } must

be false. O

Proposition 4.3.5. Consider a linkage class consisting solely of SRP reactions that does

not contain the 0 complex. Suppose this linkage class contains m species X1, Xo, ..., X,,.
Let vy, v9,...,v € R™ be the reaction vectors corresponding to this linkage class.

Suppose that u € R™ is a vector such that the ith and jth entries, for some 7 and j
distinct, equal a # 0, and all other entries are zero. Then, u ¢ span{vy, vy, ..., vk}

Proof. WLOG, suppose u = (a,a,0,...,0). By contradiction, suppose that u is in the span

of the reaction vectors. Then, we have constants aq, as, ..., a; such that
o
a
0
0| = v + agUy + - - - + apVg.
_0_
Adding the vector (a, —a,0,...,0) to both sides, we get that
[2a] [ 1]
0 —1
0 0
0| = @Vt avet--Fagvptal g,
L. 0 - L. O -
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and thus a non-zero multiple of a standard basis vector is in the span of vy, vs,..., v, and
the reaction vector Xo — X;. However, by Proposition 4.3.4 this is impossible. Hence, it
must be the case that u ¢ span{vy, vy, ..., v} O

We now have the following theorem:

Theorem 4.3.6. Suppose we have a network consisting solely of SRP reactions. Then,
addition of a reaction of the form X +Y — Z, Z —- X +Y, or X +Y = Z will result in
the system’s deficiency increasing to 1 if and only if at least one of the following is true:

a.) 0 and X are in the same linkage class, and Z and Y are in the same linkage class

b.) 0 and Y are in the same linkage class, and Z and X are in the same linkage class

Proof. WLOG, assume we added the reaction X +Y — Z. Suppose that X, Y, and Z are
ordered as the first, second, and third species in the network respectively, so the reaction
vector for X +Y — Zis (—1,-1,1,0,...,0).

We start by proving the reverse implication. Suppose case a.) holds (the proof for b.) is
similar), so 0 and X are in the same linkage class, as are Z and Y. This assumption means
that only the X + Y is new, with Z already having been present in the SRP system. Thus,
the number of complexes has increased by 1, while the number of linkage classes remains the
same. To show the system is deficiency one, we must show that the rank hasn’t changed,
which we will show by proving that the reaction vector for X +Y — Z can already be
written as a linear combination of the other reaction vectors in the system.

Since X and 0 are in the same linkage class, by the proof of Lemma 4.3.1 the reaction vec-
tor for X — 0, which is (—1,0,...,0), is in the span of the other reaction vectors for this link-
age class. Similarly, as Y and Z are in the same linkage class, the vector (0,—1,1,0,...,0),
corresponding to the reaction Y — Z, is in the span of the other reaction vectors.

Hence, the vector (—1,—1,1,0,...,0) is also in the span of the other reaction vectors of
the network, and so addition of the reaction X +Y — Z did not change the network’s rank.

Now, we will focus on the forward implication. Suppose that the addition of the X +Y —
Z reaction increased the deficiency of the network to 1. Then, the vector (=1, —1,1,0...,0)
must be a linear combination of the pre-existing SRP reaction vectors.

To prove that the forward conclusion holds, we will first show that Z must be in the same
linkage class as at least one of X and Y. We will prove this by contradiction: suppose that
Z shares a linkage class with neither X nor Y. Then, there are two cases we will consider:

1.) Z and 0 are not in the same linkage class: Since (—1,—1,1,0...,0) is in the span of
the SRP reaction vectors, and each species in an SRP network appears in exactly one
linkage class, the vector (0,0,1,0,...,0) must be a linear combination of the reaction
vectors in Z’s linkage class; since Z does not appear in any other linkage class, Z’s
linkage class is the only one whose reaction vectors can have a vector with a non-zero
third component in their span. And we specifically need the vector (0,0,1,0,...,0),
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with zeros in all other entries, from Z’s linkage class because a) X and Y are not in
the same linkage class as Z, so the first and second components cannot be non-zero
and b) if we had a non-zero ith entry for i > 4, we wouldn’t be able to cancel it out
in the linear combination with reaction vectors from other linkage classes, since if the
1th species appears in Z’s linkage class, it cannot appear in another one as well.

However, if Z and 0 are not in the same linkage class, by Proposition 4.3.4 it is
impossible for (0,0, 1,0,...,0) to be in the span of the reaction vectors from Z’s linkage
class.

2.) Z and 0 are in the same linkage class: With 0 in the same linkage class as Z, then by
the proof of Lemma 4.3.1, the reaction vector for 0 — Z, which is (0,0,1,0,...,0),
must be in the span of the reaction vectors in 0 and Z’s linkage class.

So, the vector (—1,—1,0,...,0) must be a linear combination of the remaining reaction
vectors from outside Z’s linkage class. Again, there are a couple of cases to consider:

a.) X and Y are not in the same linkage class: Then, similar to what we saw in case
1.) above, we must be able to write (—1,0,...,0) as a linear combination of
reaction vectors from X'’s linkage class, and similarly (0,—1,0,...,0) as a linear
combination of reaction vectors from Y’s. However, by our assumption that Z
lies in a separate linkage class from both X and Y, neither X nor Y can share a
linkage class with 0 in this case, and thus this is impossible by Proposition 4.3.4.

b.) X and Y are in the same linkage class: In this case, we must be able to write
(—1,—1,0,...,0) as a linear combination of reaction vectors from X and Y’s
shared linkage class. But since X and Y’s linkage class does not contain 0, by
Proposition 4.3.5 this is impossible.

Based on the above, we get a problem when assuming that Z is in the same linkage class
as neither X nor Y. Hence, if the system is deficiency one when X +Y — Z is added, then
Z must be in the same linkage class as X or Y or both.

WLOG, suppose Z shares a linkage class with Y. To complete the proof, we must show
that X and 0 share a linkage class. There are a couple of cases to consider here:

1.) X is not in the same linkage class as Y and Z: Then, there must be a linear combina-

tion of reaction vectors in X’s linkage class that produces the vector (—1,0,...,0).
However, as we’ve seen previously, this is only possible if 0 belongs to the same linkage
class as X.

2.) X is in the same linkage class as Y and Z: By assumption, the vector (—1,—1,1,0,...,0)
is a linear combination of the reaction vectors in this class. That is,
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0 = a1V1 + oV + -+ - + apUk.

0

where the a; are constants and the v; are the reaction vectors in the linkage class
containing X, Y, and Z. Rearranging, we get that

~1 0

0 1

0 —1

0| = @vrt a2+t apvp+ | g |

- 0 - — 0 -

which means that (—1,0,...,0) is a linear combination of the reaction vectors vy, . .. vy
and (0,1, —1,...,0), which is the reaction vector corresponding to the reaction Z — Y.
But as we’ve seen before, this is only possible if the 0 complex is present in this linkage

class.

O
We have the following corollary from Theorem 4.3.6:

Corollary 4.3.7. Suppose we add a single reaction of the form X +VY — Z, X +Y « Z,
or X +Y = Z to an SRP network. If the 0 complex is not present in the network, then the
system’s deficiency remains zero after the new reaction is added.

4.3.3 Networks with an mX — Y Reaction

Similar to what we did in Theorem 4.3.6, here we want to determine under what conditions
the addition of the reaction mX — Y — or the similar reactions ¥ — mX or mX =Y —
to an SRP system results in an increase in deficiency. Adding a single reaction of this type
may result in the deficiency staying zero, or it may increase to one. The following theorem
characterizes when the deficiency becomes one:

Theorem 4.3.8. Consider a network with just SRP reactions. Suppose we add a single
reaction of the form mX — Y, Y — mX, ormX =Y with m > 1. Then, the network
with the added reaction has deficiency one if and only if the complexes X, Y, and 0 are in
the same linkage class.
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Proof. WLOG, suppose we add the reaction mX — Y, and suppose the corresponding
reaction vector is (—m,1,0,...,0) (i.,e. X and Y are numbered as the first and second
species respectively).

We begin with the reverse implication. First, suppose that X, Y, and 0 are in the same
linkage class. When the reaction mX — Y is added, the number of complexes the increases
by 1 (since m > 1, mX is a distinct complex from X), but the number of linkage classes
remains the same as our assumption means Y was already present in the SRP system. To
show that the system now has deficiency one, then, we must show that addition of the
reaction did not change the system’s rank; that is, we must show the vector (—m, 1,0,...,0)
is in the span of the pre-existing SRP reaction vectors.

Since X and 0 are in the same linkage class, by the proof of Lemma 4.3.1 the reaction vec-
tor for X — 0, (—1,0,...,0) is in the span of the reaction vectors in X and 0’s linkage class.
Thus, the vector (—m, 0, ...,0) is also a linear combination of such vectors via multiplication
by m.Similarly, as Y and 0 are in the same linkage class, the vector (0,1,0,...,0) is a linear
combination of reaction vectors in this linkage class. Hence, the vector (—m, 1,0,...,0) is
also a linear combination of such vectors, and we are done.

For the forward implication, we will prove the contrapositive: if X, Y, and 0 are not all
in the same linkage class, then the system’s deficiency must remain zero after mX — Y is
added. First, note that if mX — Y forms its own linkage class, then both mX and Y are
new complexes (and hence Y cannot share a linkage class with X and 0), and the reaction
vector for mX — Y is the only one with a non-zero second component. As a result, the
deficiency is still zero: 6 = (m'+2) — (£ +1) — (s+ 1) = 0 (here, we've denoted the number
of complexes in the original SRP network by m').

So, we just need to consider the case in which mX — Y does not form its own linkage
class, i.e. Y was already present in the SRP system. In this case, the number of complexes
increased by 1 with addition of the new reaction, while the number of linkage classes stayed
the same. Hence, to show the system’s deficiency is still zero, we need to show that the rank
has increased, i.e. that (—m, 1,0,...,0) is not in the span of the SRP vectors. There are a
few cases to consider.

1.) X and Y are in different linkage classes: if (—m, 1,0,...,0) was in the span of the SRP
reaction vectors, then the (—m, 0, ..., 0) vector must be a linear combination of vectors
in X’s linkage class and similarly, the vector (0,1,0,...,0) must be obtainable from
the reaction vectors in Y'’s linkage class.

Thus, if (—m, 1,0,...,0) was in the span of the SRP vectors, then we must be able to
get multiples of two standard basis vectors from two different linkage classes. However,
this is impossible by Proposition 4.3.4 because since X and Y are in separate linkage
classes, at least one of them does not share a linkage class with 0.

2.) X and Y are in the same linkage class, 0 is in a different class or not present: First, con-
sider the case in which X and Y are the only two species in their linkage class in the
SRP system. Then, their linkage class is of the form X — Y, Y — X, or X =Y,
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and thus any linear combination of reactions vectors produces a vector of the form
(—a,a,0,...,0), and (—m, 1,0,...,0) does not have this form.

Next, suppose X and Y’s linkage class contains at least one other species Z, and let Z
correspond to the third entry in the reaction vectors. Let vy, vs, ..., v, be the reaction
vectors for this linkage class. If (—m, 1,0,...,0) was in the span of the SRP vectors,
then it would be in the span of the v; (due to, as mentioned above, each species in an
SRP system being in exactly one linkage class). Thus, there would exist a; not all zero
such that

= a1V + Vs + - -+ + apVk

Then, adding the vector (1,—1,0,...,0) to both sides, we get

[—m + 1] 1

0 -1

0 0

0 = QU1+ QU2 + -+ AU + |
Since m > 1, —m + 1 is not zero, and thus the vector (—m + 1,0, ...,0) is a non-zero
multiple of a standard basis vector. The expression above says that this vector is in
the span of vy, vy, ..., vk, (1,—1,0,...,0), i.e. in the span of the reaction vectors of X

and Y'’s linkage class along with the reaction vector for Y — X added. But this means
that a non-zero multiple of a standard basis vector is in the span of reaction vectors
from a linkage class that does not contain 0, which is impossible.

3.) X was not present in the SRP system: then, clearly (—m, 1,0, ...,0) is not in the span
of the SRP reaction vectors, since it’s impossible to get a non-zero first entry with no
X complex present in the system.

In any case, we find that (—m,1,0,...,0) is not in the span of the SRP reaction vectors,
and thus the system’s deficiency remains zero after adding mX — Y. O]

We get the following corollary similar to the previous section:
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Corollary 4.3.9. Suppose we add a single reaction of the form mX — Y, Y — mX, or
mX = Y to an SRP network. If the 0 complex is not present in the network, then the
system’s deficiency remains zero after the new reaction is added.

4.3.4 Weakly Reversible SRP Networks

We know from Corollary 4.3.3 that SRP networks are deficiency zero. If an SRP network
is also weakly reversible, then the Deficiency Zero Theorem applies to the corresponding
system of mass action differential equations, which can give us useful information regarding
the existence of equilibria and their stability.

Here, we will consider weakly reversible SRP networks with two species X and Y and
aim to establish the structure of their corresponding systems of differential equations using
mass action kinetics. In doing so, we will make it possible to determine from the differential
equations whether a two-variable SRP system can be represented by a weakly reversible
standard reaction diagram.

An SRP network with two species can have at most three complexes (X, Y, 0). First, we
consider the case in which our network only contains the two complexes X and Y. In this
case, the only way we have a weakly reversible network is if we have the reversible reaction
X =Y. This gives us the system of differential equations shown in (4.1), where k; and ko
are positive.

T = —kll"i‘ kgy
(4.1)
Yy = kix — kay

Now, we consider the case in which our network has all three of the complexes X, Y,
and 0. With three complexes, there are multiple ways to get a weakly reversible network.
First, we consider the case in which the network has a directed triangle between these three
complexes; there are two possible orientations for this, shown in Figure 4.3.3.

AYEVAN

Figure 4.3.3: Weakly reversible networks with an underlying directed triangle.

X

Y

Before writing out the equations for a network with a directed triangle, note that such
a network may have additional reactions in addition to the three in the triangle; for in-
stance, a network could have the three reactions shown in Figure 4.3.3(a) along with the
reverse reaction 0 — X. We want to include the possibility of these additional reactions in

133



our differential equations. To do this, we will represent possible additional reactions using
constants ¢; > 0.

For example, the general form for a system with the triangle in the 4.3.3(a) orientation
is

T = —kix+ kyy —cqr + 5
(4.2)
g) = —ka + kg + 4T — cgYy.
Here, the k; are positive, and represent the three reactions we must have in order to have
the triangle oriented as in Figure 4.3.3(a). Meanwhile, the ¢; are non-negative, and represent
the possible reverse reactions 0 — X, X — Y, and Y — 0 that may be present.
Similarly, for Figure 4.3.3(b), we have the general system of equations

T = —kix+ky —car + c5y
_ (4.3)
Yy = kix — ksy — csy + c.

Finally, a weakly reversible network can have the underlying reactions shown in Figure
4.3.4. Note that in this figure, reversible reactions are indicated by the double-sided arrows;
thus, the network shown in Figure 4.3.4(a) consists of the reactions X = 0 and Y = 0.

0 0

0

/ N\ \ /
X Y Y X
(a) (b) ()

Figure 4.3.4: The final form of weakly reversible two-variable networks.

When it comes to equations for the three network structures shown above, we again want
to consider the possibility of additional reactions being present (e.g. we want to include the
possibility of a system with the form of Figure 4.3.4(a) with the reaction X — Y added).
So, as we did above, we will include terms with non-negative constants ¢; to denote possible
additional reactions. Then, Figure 4.3.4 gives us the following general differential equations,
in the order (a), (b), and (c):

T = —kix+ky—cax + c5y
(4.4)
Yy = —ksy+ ks + car — sy,

T = —k’ll' + k’zy — C5% + Cg
| (4.5)
Y = k1w — kay — k3y + ku,

and
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T = —kix+ koy — ksx + ky
' (4.6)
Yy = ]{31213' — kgy — C5Y + Cg.

Based on our work here, we can say the following about when a two-variable SRP system
in weakly reversible:

Theorem 4.3.10. An SRP network with two species is weakly reversible if and only if, when
endowed with mass action kinetics, the corresponding system of differential equations has at
least one of the forms (4.1)-(4.6).

Additionally, we have the following sufficient condition for a general n-species SRP net-
work to not be weakly reversible:

Proposition 4.3.11. Consider an SRP network with n species X;, Xo,...,X,,. With mass
action kinetics, the corresponding system of differential equations is

T —a11 Q12 ... Q1n T L1,
X2 (21 —Az2 ... A2n, T2 X2,

= . . . . T . )
Tn an1 An2 cee —Apn T, Lnyg

where the n x n matrix is an SRP matrix and the z;, are non-negative.
Suppose i such that z;, > 0. Then if all column sums of the SRP matrix are zero, the
network is not weakly reversible.

Proof. 1f x;, > 0, then the network contains the reaction 0 — X;. If the network was weakly
reversible, then there would have to be a directed path back to 0; hence, there would have
to be a j (which may or may not equal i) such that X; — 0 is a reaction in the network.
Such a reaction, if it exists, would contribute a —kz; term in the #; equation, but there
would be no corresponding +kx; term in any other equation. Hence, the SRP matrix will
contain a —k term in the jth diagonal entry that is not matched by a +k term in the same
column. As a result, the jth diagonal entry will be larger in magnitude than the sum of the
off-diagonal entries in the same column, and thus the jth column sum is non-zero. Hence,
if all column sums are zero, there is no X; — 0 reaction to accompany the 0 — X; reaction,
and the network is not weakly reversible. O

135



Chapter 5

Other Results

5.1 Compositions of Ramp Functions

In this section, we will consider systems in which ramp functions are composed inside other
functions. We aim to compare the qualitative behaviour of such systems to their Michaelis-
Menten counterparts. Note that the systems considered in this section will not necessarily be
biochemical ramp systems as defined in Definition 1.1.2; we will keep the systems as general
as possible.

5.1.1 Single-Variable Systems

We first consider systems in a single variable, x, involving a continuous, differentiable function
f. The ramp systems composed with f will have the form

& = f(r(z)), (5.1)
where the ramp function r has threshold 26. The corresponding Michaelis-Menten system is
then

i = () = F0M(@) (5.2)

We have the following:

Theorem 5.1.1. The number of equilibria system (5.1) has in the all ramp region is equal to
the number of non-negative equilibria system (5.2) has. Furthermore, stability of equilibria
15 the same between the two systems.

Proof. Suppose 0 < y* is such that f(y*) = 0. Then, system (5.1) has the corresponding

equilibrium z; = 20y™ in the all ramp region and system (5.2) has the non-negative

*

4 - if and only if y* < 1. Hence, every y* € [0,1) such that f(y*) =0

equilibrium x, =

corresponds to a unique equilibrium in both systems.
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The sole eigenvalue of system (5.1) at an equilibrium in the all ramp region is given by
Loy
while the eigenvalue associated with the corresponding non-negative equilibrium in system
(5.2) is
0
(9 + $2)2

These eigenvalues are positive multiples of f'(y*), and thus have the same sign.

f'(yr).

We can also see that the flow pattern in the all ramp region of system (5.1) will be
qualitatively the same as flow in the first quadrant of system (5.2). This can be seen from
the fact that for y € [0,1),

fro) = F(M (1)) = rw)

and thus f(r(2")) for 2’ = 20y is positive (or negative or zero) if and only if f(M(x")) for

— : is also positive (or negative or zero).
-y

Since these expressions for ' and z” are continuous and strictly increasing functions
of y, this means that every region in which f(r(z)) is positive, negative, or zero has a
corresponding equivalent region in which f(M(x)) is also positive, negative, or zero, and
hence flow and stability of equilibria in the all ramp region of system (5.1) is the same as
that in the first quadrant in system system (5.2). O
The conclusion of Theorem 5.1.1 is illustrated by the example below.
Example 5.1.2. Consider the ramp system
& = sin(7r(x))
and corresponding Michaelis-Menten system
& = sin(TM(z)).

These are systems (5.1) and (5.2) with f(z) = sin(7z). For this example, we will assume
that the ramp function has threshold 20 = 1.

In the all ramp region, r(z) = = and thus equilibria in the ramp system must satisfy

Tx* = nm where n € Z>o. We get that * = n77r’ which falls in the all ramp region if and
only if n < 7/m. This gives three equilibrium solutions, corresponding to n = 0, 1, 2:

w27

*7 *7 5) = 07 R

(27, 23, x3) ( al

The eigenvalue of the ramp system is given by 7 cos(7z); we get an eigenvalue of 7 at ] and
x5 and —7 at x3. In the all ramp region, the function sin(7r(x)) is positive for € (0, x3)

) ~ (0,0.4488, 0.8976)
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and z € (23,1) and negative for x € (23, x3). Thus, the equilibrium z3 is stable while the
other two equilibria are unstable.
0.5nm

— nmw

Equilibria in the Michaelis-Menten system are given by 2’ = if and only if n <

7/, again giving us three possibilities:

0.57 s
(@ ahah) = (0720 ==

) ~ (0,0.4071, 4.3827)

3.5 7
The Michaelis-Menten system has eigenvalue —————— cos (—x), which is positive
(0.5 + z)? 05+2

when evaluated at 2] and 2} and negative at x),. The function sin(7M(x)) is positive for
x € (0,75) and z € (x},00) and negative for x € (x4, 25). Similar to what we saw in the
ramp system, the equilibrium ), is stable while the other two equilibria are unstable.

5.1.2 Multi-Variable Systems

Now, we will expand on our work above by considering compositions in more than one
variable. In general, we will be studying ramp systems of the form

i = F(7(&)), (5.3)

along with the corresponding Michaelis-Menten system

i = F(M()), (5.4)
where
o 7= (x1,%9,...,%,) is the vector of n variables
o F(Z) = (F\(Z), F5(T), ..., F,(T)) is a continuous, differentiable vector function
o 7(Z) = (r1(x1), r2(x2), ..., rn(2z,)) is the vector of ramp functions, where r; has thresh-
old 20,

o M(Z) = (Mi(xy), Ma(xs), ..., My(z,)) is the vector of Michaclis-Menten functions,

where M;(z;) = 7 il
i T Ly

We will first focus on determining when equilibria for systems (5.3) and (5.4) share
the same stability. Later, we will provide an example showing that in general, stability of
equilibria is not necessarily the same between the two systems.

Suppose x* = (%,25,...,2%) is such that F(z*) = 0. Then, system (5.3) has the

rn

equilibrium
y'o= W)
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= (20127, 20525, ... ,20,27)

in the all ramp region and system (5.4) has the non-negative equilibrium

2= (2],25,...,2))
B (lef 0oy anfl>
SN\l —at -2y L=

if and only if 27 < 1 for all 4.

The entry in row i column j of J,., the Jacobian of system (5.3) in the all ramp region,

OF, | |
evaluated at y* is ﬁ 5 (z*). The same entry in Jys, the Jacobian of system (5.4),
L
. 0, oF;
evaluated at 2™, is *(2*). Thus, the jth column of .J, is equal to the jth column
(9]' + Z;)Q 83:]

of Jy; multiplied by 502
J

(05 + )

207
of each Jacobian are just positive multiples of each other; hence, the signs of the real parts
will be the same between the two. Such a ¢ exists if and only if

0;+z)
202

If there is a ¢ > 0 such that = c for all j, then J. = cJj; and the eigenvalues

— (2])? +20,z; +05(1—2¢) = 0

= z; = 0;(—=1£V20)
for all j. Note that the only way to get a non-negative 2} here is if ¢ > 1/2 and thus
z; = (V2c — 1)0;, taking the positive square root above.
Thus, if there is a ¢ > 1/2 such that 2} = (V2¢ — 1)6; for all j, the Jacobians J, and
Jyr evaluated at y* and z* respectively will be positive multiples of each other, and thus the

real parts of their eigenvalues will have the same signs. We summarize this in the following
theorem, letting k = v2¢ — 1:

Theorem 5.1.3. Consider systems of form (5.3) and (5.4). Suppose x* € RY, is such that
each component satisfies ©¥ < 1 and F(z*) = 0. Let y*, 2" € RY, be such that F((y*)) =

F(M(z*)) = F(z*) = 0. Denote the Jacobians of (5.3) and (5.4) evaluated at y* and z*
respectively by J,. and Jy,

If there is a k > 0 such that z; = k6; for all j, then J, and Jy are positive multiples of
each other, and thus the real parts of their eigenvalues have the same signs.

Provided we have no eigenvalues with real part 0, Theorem 5.1.3 provides a sufficient
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condition for equilibria in systems (5.3) and (5.4) to have the same stability. However, it
will not be the case that equilibria in the two systems always have the same stability, as we
show in the example below.

Example 5.1.4. Consider the vector function

1
. —x+y+6
F(z,y) =

1
—3x+2y+§

Note that F(z,y) = 0 has the unique solution (z,y) = (1/6,0).

We will compose F' with ramp functions ry(z) and r5(y) with thresholds 20, = 0.8 and
205 = 2 respectively. Thus, the corresponding system of form (5.3) in the all ramp region is
given by

T y 1
T 08 + B + 6
. 3 1
Y= o5tV Ty
while the Michaelis-Menten system of form (5.4) is
. T Y
TS a1y

3z n 2y n
04+ 14y

Notice that the ramp system is not mass action; Lemma 1.1.1 is not satisfied as the y
equation contains a negative term that does not contain the variable .

y =

N~ O

For the ramp system, the equilibrium is (1 (z*), r2(y*)) = (1/6,0) or (z*,y*) = (2/15,0).
The Jacobian evaluated at this equilibrium is

—5/4 1/2
~15/4 1|’

which has characteristic polynomial A\* + 0.25\ + 5/8. The eigenvalues are A ~ —0.125 +
0.7806%, and hence the equilibrium is asymptotically stable.

Meanwhile, in the Michaelis-Menten system the equilibrium occurs at (z',y) = (0.08,0).
The Jacobian at this point is

In(X*Y") = —125/72 1
M T 2125724 2|
. . . a2 19 125 . .
with characteristic polynomial A\~ — ﬁ)\ + - The eigenvalues are A ~ 0.1319 £ 1.31099¢,
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and thus the equilibrium point is unstable.

The equilibrium point differs in stability between the two systems; it is stable in the
ramp system but unstable in the Michaelis-Menten system. The reason for this is that in
multi-variable systems, it is not just the sign of the entries of the Jacobian that matters,
but their magnitude as well. In the ramp system, the magnitude of the diagonal Jacobian
entries was such that overall, the trace was negative (—0.25), but in the Michaelis-Menten
Jacobian, the differing size of the diagonal entries resulted in a positive trace (19/72). This
is enough to flip the signs of the eigenvalues between the two matrices.

5.2 Mixed Systems

This section examines what we will call mixzed systems, referring to systems of differential
equations in which variables appear both as the input of ramp functions and outside ramp
functions; these systems are thus not biochemical ramp systems as defined in Definition
1.1.2. As usual, we aim to compare the behaviour of these systems with their counterparts
in which the ramp functions are replaced by Michaelis-Menten terms.

5.2.1 An Example Class of Systems

The first mixed system we will consider is the simple single-variable system

& = ar(x) — bz, (5.5)

where a and b are positive parameters and r has threshold 26. This system always has an
equilibrium point at * = 0. Whether additional equilibria exist depends on the parameters.
When r is in its ramp region, system (5.5) becomes

T = <%—b)x.

A non-zero equilibrium exists in this region if and only if we are dealing with the special
case a = 20b; if this equality holds, then every x € [0,26] is an equilibrium point of system
(5.5). Note that the threshold value x = 26 is included because at this value, the right hand
side of the & becomes a — 260b, which is zero when a = 260b.

In general, however, it will not be the case that a = 20b, and thus we will not have
additional equilibria when r is in its ramp region. When x > 20, r is saturated, and system
(5.5) becomes

r = a— bx,
which has the positive equilibrium point z* = a/b if and only if z* > 260, i.e. a > 26b.

When it comes to stability of x* = 0, the derivative of the right hand side of (5.5) when
r is in its ramp region is
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a
% b.
This value is negative for a < 20b and positive for a > 26b. Thus, the equilibrium at the
origin is asymptotically stable if a is less than 26b in value, but becomes unstable when a
exceeds 26b and the positive equilibrium in r’s saturated region emerges.
The positive equilibrium z* = a/b is always stable when it exists; when r is saturated,
the derivative of the right hand side of (5.5) is —b, which is always negative.

A summary of equilibria in system (5.5) is provided in Table 1 below, covering the a < 20b
and a > 26b cases; the special case a = 260b is excluded.

a < 20b a > 20b

Non-Neg Equilibria | ¥ =0 only | 2" = 0 and 2* = a/b

Stability of x* =0 Stable Unstable

Stability of * > 0 — Stable

Table 1: Summary of equilibria results for mixed ramp system (5.5).

Now, we will analyze the Michaelis-Menten counterpart to system (5.5),

ax
Tr =
0+
Equilibria of system (5.6) are the solutions to

— bx. (5.6)

bz’ + (b — a)x = 0,

—0b
of which there are two: z* = 0, a p The second equilibrium point is positive if and only
if a > 6b.
The derivative of the right hand side of (5.6) is
0
_Y
0+ x)?

At ¥ = 0, the derivative becomes (a/f) — b, which is negative for a < b and positive for
a > 0b. Thus, as with system (5.5), the origin is stable when it is the only non-negative
point, but becomes unstable when the positive equilibrium emerges.
At z* = (a — 6b)/b, the derivative evaluates to
b(0b — a)

)
a
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which is always negative when this equilibrium exists (a > 0b). Thus, the positive equilibrium
will be stable when it exists.

Once again, we summarize the equilibria results for system (5.6) in the following table:

a < 6b a > 6b

Non-Neg Equilibria | 2* =0 only | z* =0 and z* = (a — 6b)/b

Stability of x* =0 Stable Unstable

Stability of * > 0 — Stable

Table 2: Summary of equilibria results for mixed Michaelis-Menten system (5.6).

From Tables 1 and 2, we see that the behaviour of systems (5.5) and (5.6) is qualitatively
similar: both always have an equilibrium at the origin, and a positive equilibrium exists if a
is above a certain value. The equilibrium at the origin is stable when the positive equilibrium
does not exist, but becomes unstable when the positive equilibrium emerges. Meanwhile,
the positive equilibrium is always stable when it exists.

However, there is a slight quantitative difference between the two systems that should
be noted: the value above which a must be in order for the positive equilibrium to exist.
In system (5.5), this value is 20b, but in system (5.6) it is 6b. This is notable as in our
previous comparisons of ramp and Michaelis-Menten systems with one threshold per variable,
parameter conditions for the existence of equilibria were identical between the two systems;
for instance, the conditions for coexistence of the two equilibria in systems (3.28) and (3.36)
are exactly the same, and Theorem 3.1.3 provided an equivalence between the existence of
equilibria in the all ramp region and the existence of non-negative equilibria in Michaelis-
Menten systems.

Thus, while systems (5.5) and (5.6) are qualitatively similar, we need to be mindful of
quantitative differences that can result in different behaviour between the two. For instance,
if we were working with a value of a € (0b,26b), then the Michaelis-Menten system (5.6)
would have a positive equilibrium, but the ramp system (5.5) would only have the equilibrium
at " = 0.

5.2.2 A Ramp and Michaelis-Menten System with Different Be-
haviour

The slight difference in parameter conditions for systems (5.5) and (5.6) to exhibit positive

equilibria raises the question: is it possible for a mixed system with, say, ramp functions

to always have equilibria, while the corresponding Michaelis-Menten system only admits
equilibria for specific parameter values? To answer this, consider the system
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2
3a + 90 ), (5.7)

4
where a > 0 and 26 is the threshold for the ramp function r. In the ramp region, solving
& = 0 gives the equilibrium solutions

T = ar(x)—x2+39x—<

30 30 a

202 T

The equilibrium x* = 30/2 always falls in the ramp region for r, while the second equilibria
satisfies 2% < 26 if and only if a < 6*. When 7 is saturated, solving for equilibria gives

. 39+a

i —=
2

The negative root will never satisfy z* > 26, but the positive root will if and only if a > 62.

*

Thus, system (5.7) will always have two positive equilibrium points: one at z* = 36/2,
and a second, larger equilibrium whose location (ramp vs saturated region) depends on the
value of a relative to 6°.

In the ramp region, the derivative of the right hand side of (5.7) is

a
— — 2x + 30.
26 T
At x* = 30/2, the derivative becomes a/(26), and thus this equilibrium is unstable. If the
second equilibrium z* = 5 + % exists in this region, then the derivative at this value is

—a/(260), and hence the second equilibrium is stable.
When r is saturated, the derivative of the right hand side is

—2x + 30.

304V it s

At the second equilibrium z* = in this region instead of the ramp region,

the derivative becomes —+/a, and thus the equilibrium is stable.

Thus, the equilibrium z* = 36/2 of system (5.7) is unstable, but the second positive
equilibrium will always be stable, regardless of whether it is located in the ramp region or
the saturated region.

Now, we want to compare our equilibria results for system (5.7) to those of the corre-
sponding Michaelis-Menten system

. _ar _<3a+902) 5 g
= x” + 30z —1 ) (5.8)
Equilibria of system (5.8) are roots of the cubic
2 3
55— 90,? _ <a+430 >x+3a91—99 ' (5.9)
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Does this cubic always have positive roots? The answer is no — Figure 5.2.1 graphs the
cubic with @ = 7 and 0 set to the values 0.1,0.5,1, and 2. We can see that while two real,
positive roots exist for the & = 0.1 case graphed in blue, none of the other three curves
intersect the y-axis for x > 0.

301
201
N
104
0~ : : : -
1 2 3 4 5
X
[— =01 — &=0.5 6=1 6=2|

Figure 5.2.1: Graph of cubic (5.9) for z > 0 with a = 7 and 6 = 0.1 (blue), 0.5 (red), 1
(green), and 2 (yellow).

Thus, we have a notable difference between systems (5.7) and (5.8): while the ramp
system (5.7) will always have two positive equilibrium points, Michaelis-Menten system (5.8)
is not guaranteed to have a single non-negative equilibrium.

5.2.3 A Class of Two-Variable Systems

We will now consider the two-variable mixed system

T = bl’l“l(l') — a11x + a12Yy +c

. (5.10)

Y = bara(y) — any +d,
where all parameters are positive, r; and ro have thresholds 26; and 26, respectively, and
the a;; form an SRP matrix (that is, a2 < age). Starting with ¢ = 0, the value of y at
equilibrium is

. 2d0,
y = 2&2202 — bz
in the ramp region for ro if and only if by + d < 2a9205, or
. by +d
y =
22
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when 7y is saturated if and only if by + d > 2a9205. One of these conditions on parameters
will always hold, and thus we will always be able to find a positive y*.

Once we have found y*, the equilibrium value of x is given by

x* _ 291((112y* —f-C)
2a1101 — by

when 7 is in its ramp region if and only if a2y + by + ¢ < 2a1164, or

% b1+a12y*+c
T =

11

when 7, is saturated if and only if a1oy™ + b1 + ¢ > 2a11601. Again, one of these conditions of
parameters will always hold, so we will always be able to find an z*. Hence, system (5.10)
will always have a positive equilibrium (z*, y*).

The Jacobian of system (5.10) will be a triangular matrix. The diagonal entry in the first
column is given by —b;/(2601) — ay; if «* falls in the ramp region for rq, or simply —ay; if
x* falls in the region where rq is saturated. In the latter case, the corresponding eigenvalue
is obviously negative. When z* lies in the ramp region for r;, the parameter condition
a12y” + by 4+ ¢ < 2a;116; implies that by < 2a1161, and thus —by/(260;) — a1, is negative as well.
Hence, in either case the eigenvalue given by the first diagonal entry will be negative.

Similarly, the diagonal entry in the second column of the Jacobian will also always be
negative. Hence, the equilibrium point (z*,y") is always asymptotically stable.

Now, consider the corresponding Michaelis-Menten system

T = — anx a C
91 T 11 12Y

. bay
= — agy +d.
Yy O +y 22Y

From the y equation, an equilibrium value of y must satisfy

(5.11)

6L22y2 + (CLQQQQ —d— bg)y - d@g = 0.

The quadratic term has a sole non-negative root given by

yo = At b ambs & lanfh — d - by)” + dandby (5.12)

2@22

Substituting this y* value into the & equation, we find that z* must be a root of the quadratic

apr® + (a116h — a1py™ — ¢ — by)x — aspbhy™ — cby.

Again, this quadratic has one non-negative root given by

B VB2 + dayi (arnb + cby) (5.13)

2@11 ’
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where 5 = a110; — a2y — ¢ — b;. Hence, system (5.11) always admits a unique positive
equilibrium, with the 2* and y* values given by (5.13) and (5.12) respectively.

The Jacobian of system (5.11) at the positive equilibrium is the triangular matrix
by 64
(61 + z+)?

— an Q12

0 bab2
02 +y7)2
and thus the eigenvalues are equal to the diagonal entries. We will determine the sign of the
eigenvalues by first considering the diagonal entry in the second column. With the y* value

given in (5.12), this eigenvalue becomes
4b202(a22)2
(d + by + ageby + /(a9202 — d — by)? + 4agedby)?

The denominator of this fraction expands out to be

— a99.

(d+ by + G2292)2 + 2(d + by + agebs)y + (agbfs —d — 52)2 + 4agdby

where Y= \/(0,2292 —d—- b2)2 + 4@226[02. NOW, the term (d + bg + a2202>2 + ((12202 —d— b2)2
evaluates to
2d> + 2b2 + 2(ag2b2)? + 4bod.
Note that we have

2b§ -+ 2(&2292)2 — 4b262a22 = 2(b2 — a2292)2

> 0,

and thus 203 + 2(age02)? > 4byfyas,. Hence, since the denominator contains 2b3 + 2(agfs)?
added to several other positive terms, the denominator must be strictly greater than 4b565a9s.
Hence, the eigenvalue satisfies

46292(6122)2 4b292(&22)2
5 T2 < o — A
(d + bg + a2292 + ’7) 4b292a22
= ()’
. . o . b16, : .
and is thus negative. Similarly, the eigenvalue m — aq; will also always be negative.
1 T

Thus, the positive equilibrium of system (5.11) is stable.

Thus, systems (5.11) and (5.10) display similar qualitative behaviour: both have a unique
positive equilibrium regardless of parameter assignments, and this equilibrium is stable.
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5.3 Lotka-Volterra Systems

This final section will consider the possibility of oscillations and periodic orbits in ramp
systems. Such behaviour is know to be possible in general mass action systems; for instance,
[3] provides several examples of planar mass action systems with periodic solutions. A
concrete example can be found in Selkov’s model of glycolysis [18]. A version of his model,
found in sources such as [20], is given by the mass action system

i = —x+ay+ 2’y

j = —ay —z’y +b,

where x and y represent the concentrations of adenosine diphosphate and fructose-6-phosphate
respectively, which is known to produce oscillations under certain assignments of parameters.

The oscillatory system we will be focusing on here, however, is the Lotka-Volterra predator-
prey model developed by Alfred Lotka [13, 14] and Vito Volterra [22] in the early twentieth
century. This model is described by the system of differential equations

T = axr — Py
(5.14)
y = oxy —y,
where = and y represent the populations of a prey and predator species respectively, and
a, 3,6, and ~ are positive constants. Note that this version of the model differs slightly
from the one shown in (3.11), which assumed 6 = f3; here, we will not be assuming such a
restriction on § and f3.

The Lotka-Volterra model (5.14) is a mass action system and thus can be derived from a
set of reactions representing ecological processes and the relationship between the two species.
For instance, the oz term in the 4 equation can be obtained from the reaction X < 2X,
which can be interpreted as the natural growth rate of the prey; the prey population increases
at a rate proportional to its current population. The —vy term in the y equation comes from
the reaction Y 2> 0, which tells us that the predator species dies off at a rate proportional
to its current population.

The zy terms in each equation describe the effects of predation on the two populations,
with the prey population decreasing and the predator population increasing as a result of

this interaction. A corresponding reaction is X +Y LN bY, where b is an integer greater than
1; note that this reaction contributes a 5(b— 1)zy term to the y in (5.14), and thus we have

§=Bb—1).

5.3.1 Mass Action Results

Before we look at a version of the Lotka-Volterra model containing ramp functions, we will
first cover equilibria results for system (5.14), which have been known since the original work
of Lotka and Volterra [13, 14, 22] . This system admits two equilibria: one at (z*,y*) = (0, 0),
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describing the extinction of both species, and a positive one given by (z*,y*) = (v/0,a/3),
representing coexistence of the predator and prey.

The Jacobian of (5.14) is
a—py —px
oy ox — |

When evaluated at (0,0), this becomes a diagonal matrix with eigenvalues o and —~; the
origin is thus a saddle point. At the positive equilibrium, the Jacobian becomes

By
0 1)
ad )
— 0
B

with characteristic polynomial A* 4+ a7y. Thus, the eigenvalues \;» = +./avi are purely
imaginary.

The positive equilibrium (%, y*) = (v/d,«/B) is, in fact, a centre enclosed by periodic
closed orbits. This can be seen from the fact that in the first quadrant, a first integral for
system (5.14) is given by

de _ x(a—fy)
dy  y(0x —7)

:>/5a:—fyd$:/a—yﬂydy (5.15)

X

= oz —yIn(z)+Py —aln(y) = C,

which defines a class of closed curves for a constant C'. Several closed trajectories for system
(5.14) are shown in Figure 5.3.1.

5.3.2 Ramp System Results

We will now consider the behaviour of system (5.14) when the variables are instead the input
of ramp functions. The Lotka-Volterra model then becomes

T = ari(z) — Bri(z)r(y) (5.16)

y = or(@)ra(y) —yr2(y),
where r; and 79 have thresholds 26; and 26, respectively.
Ramp system (5.16) always has an equilibrium at the origin. In the all ramp region, the
equations have the form

_ oz Py
© 20, 4616,
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Figure 5.3.1: Vector field and closed trajectories enclosing the positive equilibrium
(z*,y") = (v/0,a/B) in Lotka-Volterra system (5.14). Three trajectories in the first
quadrant are shown, each displayed in a different colour.

g— oo
40,05 20y
and thus the positive equilibrium
291’7 2920[
@) = (5575) (5.17)

exists in the all ramp region if and only if v < § and a < 8. The Jacobian of system (5.16)
in the all ramp region is given by

a Py P

291 49102 46102
oy ox ¥
40,0, 40,05 20,

At the origin, the Jacobian evaluates to

«

2
’Y )
0 —-——-
205

with real eigenvalues of opposite signs; thus, the origin of the ramp model is still a saddle
point.

Meanwhile, the Jacobian is
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_b
10,0,

0

*

0y
460,60,

at the positive equilibrium (z*,y*) given in (5.17) above. With a trace of zero and a positive
determinant, the eigenvalues of this matrix are purely imaginary. The goal of our analysis
here will be to determine whether this positive equilibrium, when it exists in the all ramp
region, will still be embedded within closed curves as in the mass action system. In particular,
we want to determine whether trajectories starting outside the all ramp region are closed,
thus spanning multiple boxes of phase space.

5.3.2.1 Closed Trajectories

We begin our quest to show that system (5.16) has closed trajectories when the positive
equilibrium falls in the all ramp region by first computing first integrals for each region of
phase space. In the all ramp region, using the equations given above we have that

ar _ *|5 )
W ula - 5]
5 8 (5.18)
— /(49192 N 297211)([55 - /(2&; N 49192)dy
0x 7 Inz + By a =C

- — ——1
10,0, 20, 40,0, 20, 7
for an arbitrary constant C'.

Next, in the x saturated region — the box of phase space defined by z > 26, and y < 26,
— the equations of system (5.16) become

)
20,
v = <62;27)y'

A first integral is then given by
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_ By
dx « 205

v ()

= /(5—7)dm = /(26;a—6)dy

= (0 —v)z—20alny+ py = C

(5.19)

Meanwhile, in the y saturated region, the box defined by x < 26, and y > 265, the equations

become
a—f3
T ( 20, )x
_
y - 201 77

with first integral

dy 2% -
— /(5 — 2317>dx = /(a — B)dy (520

— dz —20ylnz — (a— Py = C

Finally, in the both saturated region, where x > 26; and y > 265, we have the equations

T =a—-pf
y=0—v
and first integral
dr _ o-p
dy — §—7
21
— [z = [(@- 5y (521)

= (0—7r—(a=fy = C

Now, we will follow a trajectory of system (5.16) starting in the interior of the first
quadrant and show that it must be a closed curve. We will follow the trajectory with help
from the vector field for the system shown in Figure 5.3.2 below; note that this image displays
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20
the x nullclines x = 0 and y = 1Y

in red with the y nullclines y = 0 and x = in

blue. From Figure 5.3.2, trajectories starting close to the positive equilibrium stay in the all
ramp region and form closed curves as in the mass action Lotka-Volterra system. So, we will
consider the behaviour of a trajectory that passes through at least one saturated region.
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T e L LS L NN
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I s e AR
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§ Vys~yp2r 2t rrrrrrrry
R et el el s Pl i P
P Tl e e
\.‘-‘—-—n-—t o — — ¥

0 28,y 28

Figure 5.3.2: Vector field of ramp system (5.16) when the positive equilibrium
(2%, y*) = (2017/9, 20,/ B) exists in the all ramp region. The x nullclines are shown in red
while the y nullclines are shown in blue.

Suppose we have a trajectory starting on the boundary of the all ramp region and the x
saturated region, at a point (z,y) = (2601, y;) with 0 < y; < 265. This point corresponds to
the trajectory in the all ramp region defined by

) ¥ By o
— — —1n(20 ——1
20, ~ 26, ) F 3g.9, ~ 29, MY
using the first integral given in (5.18) for some constant Cj. On the z saturated side, the
corresponding curve using the first integral (5.19) is

201(6 — ) — 20ralnyy + Byr = C.

The first equation here can be rearranged to the form

201(6 — ) — 20 lnyy + Byr = 46010,C1 + 20171n(20,) — 26,7,
the left side of which is the first integral on the x saturated side. Thus, we have that

4919201 + 291’}/111(291) — 291’}/ = CQ. (522)
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The trajectory will then move into the x saturated region following the curve

(0 —v)x —20alny + By = Cs.

From the vector field in Figure 5.3.2, the trajectory may cross into the all ramp region again
or may cross into the both saturated region; we will consider both of these cases.

Case 1: The trajectory hits the boundary of the all ramp region, at a point (z,y) = (261, y2)
with y; < yo < 2605. The first integral on the x saturated side at this point is

201(0 —v) — 20alny, + By, = Cs.
On the all ramp region side, the first integral at this point is

0 Y B2 (e

N
26, ~ g, 200+ 3 — o

A rearrangement of this equation gives us that

20,(0 —v) — 20 Iny, + Bys = 46,0,C5 + 20,7 In(26,) — 20,7,
and thus

4919203 + 2‘91’}/ 111(261) — 291’}/ = Cg.

From (5.22), this then means that C; = C5. Hence, the trajectory ends up rejoining the
initial curve in the all ramp region, moving along the curve
ow 7 By o

10,0, 20, T 10,0, ~ 20,

From here, the trajectory may remain in the all ramp region until it reaches the point
(201,y1) on the boundary of the x saturated region again, thus forming a closed curve.
However, from Figure 5.3.2 we can see that a trajectory in the all ramp region can also enter
the y saturated region; we will now consider this sub-case.

Suppose the trajectory hits the boundary between the all ramp and y saturated regions
at (z,y) = (x1,2602) where 0 < x; < 26,. The trajectory is described by the curve

0z 2 5 a
_ 7 P Y 00, =
10,6, 26, Tt 597 ~ 59, (202) = G

on the all ramp region side, and, using the first integral from (5.20),

51’1 — 291’7 1H([L’1) — 292(0& — /6) = 04

for some constant Cy on the y saturated side. From the all ramp region first integral, we get
that

51‘1 - 291’}/ ln(xl) - 292(0& - 5) = 4010201 + 29201 1H(202) - 2020(,
and thus
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4‘9182C1 + 2‘920& 1H<2¢92) — 2920& == C4. (523)
The trajectory then follows the curve
dr —201yIlnz — (o — By = Cy

in the y saturated region until it reaches the boundary of the all ramp region again at a
point (x,y) = (x2,26,) with x5 < x;. The first integral on the y saturated side at this point
is then

51’2 - 201’7111(1’2) - 202(@ - ﬁ) = 04.
On the all ramp region side, the first integral at this point is

0Ty gl s a
_ 7 P 20, =
10,6, 26, T2 T 57~ 5, M(202) = G5,

or equivalently,
dxy — 201y In(zg) — 205 (v — B) = 46,05C5 + 20 In(2605) — 26,x.
Hence, we have that
4010,C5 + 20200 1n(265) — 20,0 = Cy,

and thus C} = C5 using (5.23). Therefore, the trajectory rejoins the original curve in the all
ramp region, creating a closed orbit.

Case 2: The trajectory hits the boundary of the both saturated region at the point (z,y) =
(x3,2603), where x3 > 26,. The first integral on the x saturated side at this point is given by

(0 —y)xs — 20 In(2602) 4+ 2058 = Cy,
or equivalently,
(0 —y)xz —205(a — B) = Co + 20 In(2605) — 20,0x.
On the both saturated side, the first integral from (5.21) at (x3, 269) is
(5 - ’7)!173 — 202(0./ - 5) = CG-
Hence, we have that
CQ + 2920& ID(QQQ) - 2020[ = 06~ (524)
The trajectory then follows the curve

(6 =7z —(a=B)y = Cs

while in the both saturated region. As seen in Figure 5.3.2, the trajectory will eventually
reach the boundary of the y saturated region at a point (z,y) = (261, y3) with y3 > 265. The
first integral at this point in the both saturated region is
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20,(0 =) — (a = Bys = Cs,
from which we can derive that
201(6 — ) — Cs
a— 3 '
Note that we know that o — 8 is non-zero because if the positive equilibrium exists in the
all ramp region, then oo < 8. At (204, ys3), the first integral in the y saturated region is then

Ys =

2915 — 201’7 ln(291) — (O( — ﬁ)yg = 07

2&1(5 — 201’7 111(261) - 07
a—pf '

:>y3:

Equating both expressions for y3, we find that

06 = C? + 291’)/111(291) — 291"}/
This expression for Cg, combined with (5.22) and (5.24), gives us that

4(919201 -+ 2620& 1H<2¢92) — 2920& = C7. (525)
Finally, the trajectory moves along

dr —201yInz — (o — B)y = C4

in the y saturated region until reaching the boundary of the all ramp region at (z,y) =
(x4,2605) with x4 < 26;. The first integral in the y saturated region at this point is

dxy — 201y Inzy — 205(a — B) = Cf,

while on the all ramp region side, we have

0x4 v B o
0 P Y00, = O,
10,0, 26, Tt 5g0 59, M(202) = G

A rearrangement of the latter equation gives
5374 — 291’}/ In Ty — 292((1/ — B) = 4919208 + 292& 111(292) — 29201,

and thus we have

4919208 + 2920& 111(202) - 2820& == C7.

This expression for C7, along with the one given in (5.25), tells us that C; = Cs. Hence, the
trajectory rejoins the initial curve in the all ramp region, and is closed.

Thus, we have shown that when ramp system (5.16) has a positive equilibrium in the
all ramp region, the closed trajectories seen in the original Lotka-Volterra model are still
present, and they can span multiple boxes of phase space. Several trajectories for system
(5.16) are shown in Figure 5.3.3.
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Figure 5.3.3: Trajectories of ramp system (5.16) when the positive equilibrium
(x*,y") = (201v/6, 205/ B) falls in the all ramp region. Four closed trajectories are shown,
each represented in a different colour.

5.3.2.2 Unbounded Behaviour

We will now consider the behaviour of ramp system (5.16) when it does not have a positive
equilibrium in the all ramp region, with the goal of showing that unbounded flow will always
result in this case. Note that from Figures 5.3.1, 5.3.2, and 5.3.3, flow on the z-axis for
x > 0, for both the ramp and original mass action model, is unbounded; this represents the
idea that when there are no predators, the prey population is free to grow without bound.

However, we have seen that when system (5.16) has a positive equilibrium in the all ramp
region and both populations are initially positive, we get bounded, closed curves and not
unbounded behaviour; our goal with this section is to show that when such an equilibrium
does not exist in the all ramp region, unbounded flow is possible even if both variables are
initially positive.

The positive equilibrium (r1(x*), r2(y™)) = (7v/d, a/B) of system (5.16) falls outside the
all ramp region if and only if at least one of v > § or @ > S holds. We will first consider the
case in which we have 7 = § and o < f; under these assumptions, we have r(z*) = 1 and
y* = 20/, and thus every point (z,y") with x > 26, is an equilibrium.

From (5.16), for x > 0 the & equation is positive when 7(y) < a/f and negative when
ro(y) > /. With v = ¢, the ¢y equation is zero when r(z) = 1 and, for positive y, is
negative when 7 (z) < 1; thus, when y > 0 the ¢ equation is zero for every z > 26; and is
negative everywhere to the left of the line x = 26;. The resulting flow pattern is shown in
Figure 5.3.4, where we can see that trajectories starting in the interior of the first quadrant
can become unbounded in the x direction.

The cases in which a = f and v < § or @« = 8 and 7 = § are similar, and will produce
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Figure 5.3.4: Vector field of ramp system (5.16) when every point (z,2602c/3) for = > 26, is
an equilibrium; this line of equilibria is shown in light purple. The x nullclines are
displayed in red while the y nullcline y = 0 is shown in blue. Note that while the region
defined by x > 26, is also a y nullcline, it is not coloured in here.

flow patterns similar to the one in Figure 5.3.4 displaying unbounded flow in either the x or
y direction. Note that in the double equality case, every point in the both saturated region
(x > 26, and y > 265) is an equilibrium.

Finally, we have the case in which v > § or a > (3. If the latter holds, then the & equation
from (5.16) satisfies
& = ary(z) = fri(z)r(y)
> fri(z)[1 —ra(y)]
>0

for all x > 0, and thus an initially positive prey population will grow without bound. If
~v > 9§, then for y > 0 the y satisfies

g = dri(x)ra(y) — yr2(y)
< yra(y)[ri(z) — 1]
< 0,

and thus if both populations are initially positive, the predator population will decline to
zero over time, after which point the prey population will grow without bound.
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5.3.3 Michaelis-Menten Results
We end with an analysis of the Lotka-Volterra model containing Michaelis-Menten terms:
& = My(a— SM,)

(5.26)
'g = My(éMx - ’7)

Here, M, = % and M, = ——— for arbitrary positive constants ¢, and ;. As with the
91 +x 02 +vy

mass action and ramp models, system (5.26) admits two non-negative equilibria: one at

the origin, and one at (z*,y*) = ( iz , 04_92>’ which is positive if and only if v < ¢ and
0—7 f—«
a < f.
System (5.26) has Jacobian
dM. dM,
— BM, z —BM,—
(= AM,)=Z PMa=g
dM. am, |’
SM,—= oM, — z
Y dx ( 7) dy
dM, 0 dM, 0
where Frale @ —|—1:c)2 and dyy = @ —iy)Z At the origin, the Jacobian becomes
06/01 0 ]
0 —v/6:

and thus is again a saddle point. At the positive equilibrium (z*,y*) given above, the
Jacobian is

0 _ B92Mz*
* * (92 + y)2
J(X*Y*) =
(01 + SL’)2
360,05 M, M,

; when 2 and y* are positive,
(01 + 2)%(02 + y)? Y P
the determinant is positive. Hence, when the second equilibrium is positive, the eigenvalues

of the Jacobian are purely imaginary.

This matrix has trace 0 and determinant

Now, we consider trajectories of system (5.26). A first integral is given by
dr  My(a— BM,)
dy My(5M$ - ’7)

oM, —~ a— M,
/ M, M,
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= (0 —7v)r—vInz—abylny+ (f—a)y = C

If the system has a positive equilibrium, then the coefficients 6 — « and § — a are positive.
Letting

§—v =1¢
70, = o
aly = o
f-a =g

this first integral becomes
0o —+'Inzx—d'lny+py = C,

which has the same form as the first integral (5.15) of the mass action Lotka-Volterra model.
Hence, when system (5.26) has a positive equilibrium, we expect to see closed curves in the
first quadrant; several such trajectories are shown in Figure 5.3.5.

B
e e e R RO RO N N N

Figure 5.3.5: Trajectories of Michaelis-Menten system (5.26) when the positive equilibrium

0 ol
(x*,y") = ( 57 ! '3 2 ) exists. Three closed trajectories are shown, each represented in a
—v -«

different colour.

Next, we will show that when system (5.26) does not have a positive equilibrium, then,
similar to what we saw with the ramp system (5.16), unbounded flow is possible even when
both variables are initially positive. The Michaelis-Menten system fails to have a positive
equilibrium if and only if v > ¢ and/or o > 8. If @ > 3, then for x > 0 the & equation in
(5.26) satisfies
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& = My(a— SM,)
Z ﬂMr(l - My)
> 0,

while if v > ¢, the ¥ equation satisfies
y = My(5M$ - /7)
< 6M, (M, —1)
<0

for y > 0. Thus, when system (5.26) does not have a positive equilibrium, initially positive
trajectories will ultimately become unbounded in the x direction: & will either always be

positive for x > 0, or y will decline toward the x > 0 part of the z-axis, along which flow is
to the right.

161



Conclusions and Future Work

With this dissertation, we have built upon the foundation laid by [5, 6] regarding ramp func-
tions and their application as approximations of Michaelis-Menten functions. The concept
of a biochemical ramp system introduced in [5] was limited in scope, only covering systems
derived from three main reaction types, but we expanded this class of systems in Definition
1.1.2 to include all ramp systems that are mass action in the all ramp region.

Chapters 2 and 3 analyzed classes of biochemical ramp systems not studied in [5], namely
those with multiple thresholds associated with each variable and those derived from reac-
tions not of the SRP, combining, or dissociation types. The qualitative behaviour, namely
the existence and number of equilibria and global flow, was identical between these ramp sys-
tems and their Michaelis-Menten counterparts in the instances that we made a comparison,
strengthening the argument presented in [5, 6] that ramp functions are good approximations
to Michaelis-Menten terms.

However, there is still much work than can be done in the analysis of the classes of ramp
systems studied in the second and third chapters. A couple of avenues for future study are
as follows:

e There was a large focus on systems containing SRP terms; Sections 2.1-2.3 exclusively
covered SRP systems with multiple thresholds, while every system covered in Chap-
ter 3 included SRP terms in addition to their new reaction types. Thus, one might
consider analyzing systems derived from a more diverse set of reaction types, with
SRP terms limited or excluded altogether, such as systems with both combining and
double combining terms or systems derived solely from, say, dissociation reactions and
reactions of the form mX — Y.

Several questions can be investigated through the analysis of these systems: do the
corresponding ramp and Michaelis-Menten systems still display qualitatively similar
behaviour? If not, can we determine under what circumstances the systems diverge in
their behaviour?

e In systems with a single threshold per variable, Theorem 3.1.3 established a relation-
ship between the existence of equilibria in the all ramp region and the existence of
non-negative equilibria in the corresponding Michaelis-Menten system. Is there an
analogous result for systems with multiple thresholds per variable?

Other notable results from Chapter 2 were found in Sections 2.3.1.1 and 2.4.2.1, where
we were able to apply our techniques for solving for equilibria in ramp systems with multiple
thresholds per variable to the Adams model (3) without the SEL and the model (4) with
the SEL respectively. Previous techniques developed in [5] could only apply to the case in
which each variable had one associated threshold, and thus here we were able to solve for
equilibria in the completely general case.

In Chapter 4, we introduced the concept of the deficiency of a chemical reaction network
along with the Deficiency Zero Theorem 4.1.9 and Deficiency One Theorem 4.1.10. We
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explained that since these theorems provide results on mass action systems, they can be
applied to biochemical ramp systems in the all ramp region. While the application of these
theorems to the Adams model didn’t provide any new insight, we argued that these theorems
could be invaluable to the analysis of more complex systems. In particular, the analysis of
Michaelis-Menten systems with a large number of variables can be facilitated by replacing the
Michaelis-Menten terms with ramp functions and then using one of the deficiency theorems,
if applicable.

We also produced deficiency results for certain classes of networks, such as characterizing
when the deficiency of an SRP system increases after the addition of a combining of mX —
Y reaction. We also focused on weakly reversible SRP networks, with Theorem 4.3.10
characterizing the system of differential equations corresponding to a two-species weakly
reversible SRP network and Proposition 4.3.11 providing a sufficient condition for such a
network with n species to not be weakly reversible. There is potential for more work to be
done in this area: can we characterize the mass action differential equations corresponding to
a weakly reversible SRP network in n variables in general? Knowing whether a given system
of differential equations can be derived from a weakly reversible SRP network is useful for
analysis — we have shown that an SRP network always has a deficiency of zero, and if said
network is also weakly reversible, the Deficiency Zero Theorem applies and can tell us about
the number of possible equilibria and their stability.

The first two sections of Chapter 5 considered ramp functions in contexts outside bio-
chemical ramp systems, namely as compositions with other functions and in mixed systems
in which variables could also appear outside the input of a ramp function. The results
presented in these sections are interesting in that they were the first time notable differ-
ences in the qualitative behaviour of ramp systems and their Michaelis-Menten counterparts
were observed. While single-variable compositions and the two-variable class of mixed sys-
tems (5.10) and (5.11) still displayed qualitatively similar behaviour between the ramp and
Michaelis-Menten models, the composition system from Example 5.1.4 and the mixed sys-
tems (5.7) and (5.8) had notable differences; in Example 5.1.4, the unique equilibrium point
did not have the same stability in the ramp and Michaelis-Menten model, and while system
(5.7) always has two positive equilibria, its Michaelis-Menten counterpart (5.8) only exhibits
equilibria under certain parameter assignments.

The differences seen between these corresponding ramp and Michaelis-Menten systems
raise several questions that can be pursued in future research:

e When do systems of form (5.3) and (5.4) — systems with compositions of ramp and
Michaelis-Menten functions respectively — display qualitatively similar behaviour? In
Example 5.1.4, the difference in stability between the ramp and Michaelis-Menten
systems resulted from a difference in the magnitude of certain Jacobian entries, which
was enough to flip the sign of the trace. Can we determine conditions on, say, system
parameters that ensure the eigenvalues cannot switch signs between the two? Can we
expand or generalize Theorem 5.1.3 to describe when the real parts of the eigenvalues
of the Jacobians of the ramp and Michaelis-Menten systems have the same signs?
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e Similarly, can we determine when the qualitative behaviour of a mixed system with
Michaelis-Menten terms is maintained after replacing the Michaelis-Menten terms with
ramp functions?

e We noted that the ramp system in Example 5.1.4 is not mass action when in the all
ramp region. Similarly, system (5.7) is also not mass action when r(z) is in its ramp
region; this is because of the negative constant term. In contrast, the systems we
studied in Chapters 2 and 3 that displayed identical behaviour between the ramp and
Michaelis-Menten versions are mass action when in the all ramp region.

This makes one wonder: is it important whether or not a ramp system is mass action
when in the all ramp region? Is there something “special” about mass action systems
that makes it more likely for a ramp system that is mass action in the all ramp region
to behave qualitatively similar to its Michaelis-Menten counterpart?

We began looking at oscillations in ramp systems with the Lotka-Volterra model in
Section 5.3. Notably, we were able to show that system (5.16) still exhibits closed orbits
when it has a positive equilibrium in the all ramp region, and it is possible for these closed
orbits to cross multiple boxes of phase space. Similar results were found for the Michaelis-
Menter counterpart, system (5.26).

Our work on the Lotka-Volterra model only scratches the surface of what we could learn
about closed orbits in ramp systems. Future work could follow multiple paths:

e [s it possible for a ramp system to have closed orbits, but the corresponding Michaelis-
Menten system does not? Or vice versa?

e We saw that when the positive equilibrium for system (5.16) fell in a saturated region
or didn’t exist, initially positive trajectories could become unbounded over time. Will
this always be the case? That is, if a ramp system has an equilibrium in the all
ramp region that is enclosed within a closed orbit, will moving the equilibrium (via
a reassignment of parameter values) to a saturated region or outside the range of the
ramp functions completely always result in unbounded behaviour?

e System (5.16) only contains two variables, and one threshold per variable. Are closed
orbits possible in three-variable biochemical ramp systems? If so, can they span mul-
tiple regions of phase space like the Lotka-Volterra ramp system?

How would introducing multiple thresholds per variable affect the ability of a system
to produce closed orbits? Would it be possible to have a closed orbit that does not
pass through the all ramp region?

Finally, throughout this work we tackled several linear algebra problems, some of which
are not fully resolved:

e In Section 1.2.2, we proved several special cases of a conjecture proposed in [5] claiming
that matrices with one combining term cannot have eigenvalues with positive real
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parts. A proof of the general case has still not been found, and appears to be quite the
undertaking. Further work on this conjecture could prove to be an interesting problem,
and a full proof would aid stability analysis in systems with one combining term.

e Similarly, Section 3.1.3 provided several conditions for a matrix with one double com-
bining term to have eigenvalues with non-positive real parts. Can we develop a theorem
generalizing when such a matrix has only eigenvalues with non-positive real parts? Or
can we determine the conditions under which such a matrix will have an eigenvalue
with positive real part?

e Section 1.2.3 presented a conjecture from [5] stating that if an invertible dissociation
matrix has an eigenvalue with positive real part, then its inverse cannot have negative
entries. We showed that while the conjecture is true for 3 x 3 matrices, it is not true
for larger matrices in general. When does the conjecture hold for matrices of size 4 x 4
or higher, though? What structure does the matrix need to have in order for the
conclusion of the conjecture to hold?

In summary, here we have expanded on the ideas from [5, 6] regarding the use of piecewise
linear ramp approximations to Michaelis-Menten terms. We broadened the definition of a
biochemical ramp system to cover a wider variety of systems, and developed new theory by
considering topics such as ramp systems with multiple thresholds per variable, systems with
additional reaction types, compositions of ramp functions, mixed systems, and oscillations
that were not covered previously. Our work has further suggested that biochemical ramp
systems behave qualitatively identical to their Michaelis-Menten counterparts, and they also
have the advantage of satisfying the Deficiency Zero and Deficiency One Theorems when in
the all ramp region. The results in the final chapter, however, suggest that differences in
behaviour can manifest in systems that do not satisfy the definition of a biochemical ramp
system.

Overall, there is still much theory to develop regarding ramp systems. Future work on
ramp systems can focus on areas such as the existence of closed orbits in systems not of the
Lotka-Volterra form and determining when the eigenvalues of the Jacobian have non-positive
real parts, all while continuing to compare the qualitative behaviour of the system to the
corresponding system with Michaelis-Menten terms.
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