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Abstract

The concept of the Hypercycle was introduced in 1977 by Manfred Eigen and Peter
Schuster within the framework of origins of life and prebiotic evolution. Hypercycle are
catalytic sets of macromolecules, where each replicator catalyzes the replication of the
next species of the set. This system was proposed as a possible solution to the information
crisis in prebiotic evolution. Hypercycles are cooperative systems that allow replicators to
increase their information content beyond the error threshold.

This project studies the dynamics of a discrete-time model of the hypercycle consider-
ing heterocatalytic interactions. To date, hypercycles’ dynamics has been mainly studied
using continuous-time dynamical systems. We follow the Hofbauer’s discrete model [13].
First, we introduce some important and necessary mathematical notions. Then, we also
review the biological concept of the hypercycle and some criticisms that it has received.

We present a complete proof of the fact that the hypercycle is a cooperative system.
Also, we present an analytic study of the fixed point in any dimension and its stability. In
particular, in dimension three we prove that fixed point is globally asymptotically stable.
In dimension four we have obtained a stable invariant curve for all values of the discreteness

parameter.
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Chapter 1

Introduction

The origin of life is an open problem being also a recurrent and fascinating subject of
scientific research. In the context of prebiotic evolution, it is necessary a proper definition
of the word life. Living systems can be defined as information-coding replicating systems,
having the property of so-called open-ended evolution i.e., large capacity to evolve and
adapt. Most of the initial investigations about the origin of life are theoretical. Initially,
before the 20th century, the origin of life was attributed to the spontaneous generation.
Afterwards, Aleksandr Oparin suggested that, millions of years ago on the primitive Earth,
the first amino acids (the constituents of the proteins) were formed from random molecular
species [22, 20|. Oparin believed that, after that, more complex forms of life would have
evolved following the law of natural selection, formulated previously by Darwin, being
able to evolve without limits (i.e., open-ended evolution previously mentioned). Later,
other scientists, such as Miller and Joan Or6 carried out important experiments, showing
that organic molecules can be synthesized from inorganics ones in prebiotic conditions.
Specifically, by simulating in the laboratory the non-oxidative atmosphere, together with
strong energy inputs due to lightning, they showed that molecules like amino acids and
nucleic acids could be synthesized [19, 21]. Therefore, the first molecular replicators might
have been formed, having the properties of life. The involving existent molecules could
then have established different interactions between them, when appear the term prebiotic
evolution having then the capabilities to form more complex organic structures |22, §].

Once these organic structures might have been formed, replicators could have been
polymerized. Replicators are macromolecules able to make copies of themselves. A good
example and a strong candidate for a possible prebiotic replicator is RNA (RiboNucleic
Acid)[22]. Some replicators are known to have catalytic ability, for example ribozymes.
These are RNA molecules that are able to catalyze different chemical reactions [31]. It
is known that this type of replicators have very high mutation rates. It is plausible to
think that RNA-based prebiotic replicators might replicate under high mutation rates.
That is, due to the lack of error correction mechanisms, these replicators might synthesize
different sequences from the parental one. A population of replicators under large mutation
rates produce the so-called quasispecies [22, 7, 8]. A quasispecies is a large group of
genotypes (i.e., RNA sequences) presenting a very large genetic heterogeneity due to large
mutation rates. In other words, they are a group of RNA macromolecules forming a cloud
of mutants together with the initial parental sequence. This idea was first introduced
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by Manfred Eigen, in order to describe the molecular evolution of the primitive sets of
replicating molecules [8]. The concept of quasispecies is very powerful and has been used
as a modelling framework for different types of biological systems beyond the origin of
life problem. For instance, this concept has been applied to investigate the dynamics of
RNA viruses (e.g. immunodeficiency virus type 1, HIV-1) |2, 32] or the so-called cancer
quasispecies [4]. In the latter case, it is known that cancer cells suffer of very large
mutation rates, accumulating a lots of mutations and displaying extreme levels of genetic
heterogeneity. Consequently, this allows tumors to escape the restrictions of the normal
cell growth, causing an abnormal fast-growing system [4]. The fast replication dynamics
of cancer cells, together with their high mutation rates, have been suggested to produce a
quasispecies-like population structure [4, 2, 8, 32].

There is an important problem with the quasispecies structure and dynamics, the
information threshold |7, 8]. As mentioned, the process of replication in the first prebiotic
molecular systems is supposed to be highly error-prone. Eigen conjectured that replicators
with large mutation rates and thus a large amount of accumulation of errors have a limit
in the accumulation of the information they can encode. That is, there exists the so-called
error threshold. In fact, this error threshold is defined as the threshold from which the
encoded information of the master copy becomes random. The error threshold imposes
a theoretical limit to the amount of information that an error-prone replicator can carry.
That is, there is a maximum length of the replicating sequence allowing the maintenance
of the information. Moreover, in a quasispecies population, the fastest replicating species
will dominate over the entire population due to only-competition dynamics [8, 17]. It is
known that, related to the critical sequence length, there exists a critical mutation rate,
U, per nucleotide and per replication cycle beyond which the genetic message melts down
and becomes random. This critical mutation rate is given by g, = v, v being the length
of the sequence, defining a mutation limit. As mentioned, if the mutation rate exceeds
this critical value, the information is lost and the information of the population becomes
random. Alternatively, the critical length of the sequence scales with the mutation rate
as v, = p~ L.

Therefore, the previous constraints cause an information crisis in the prebiotic evolu-
tion. This implies that there is a maximum length in the sequences, which is, more or
less, of about 100 nucleotides, and thus, prebiotic systems could not increase their ge-
netic information allowing for an increase in complexity [22, 24]. Also, as long as they
could have a high information content, the replicators should be capable to encode protein
sets responsible for the correction of errors during replication. From these premises, the
so-called Eigen paradox arises |22, 8|. The Eigen’s paradox can be stated as follows:

To increase the length of replicators, and consequently their genetic information, it
is necessary the presence of an enzymatic machinery able to correct errors. However, in
order to synthesize molecules responsible for error correction, it is necessary to have long
sequences.

This formulation lead us to a chicken-egg problem: What was first: the chicken or the
egg?.

As a solution to this informational crisis in quasispecies, Eigen and Schuster introduced
the system investigated in this project, the hypercycle [7]. The hypercycle is a type of



molecular organization that allows replicators to increase their information content under
the suppositions of the Eigen’s paradox. Specifically, as we will explain in Section 3, the
hypercycle allows the coexistence of a set of sequences, each of them below the critical
length imposed by the error threshold. Since these sequences cooperate between them, the
amount of the information can be much larger than the one allowed by the error threshold.

In this project, we decided to study a discrete-time model of the hypercycle for two
reasons. First, there are a lot of investigations about the continuous-time model asso-
ciated to its dynamics and other concepts such as cooperation. However, there are few
investigations about the discrete hypercycle. Hofbauer was the first author who studied
the discrete model [13] and we decided to analyze and go in depth into his study. There
are different investigations depending on the dimension of the model for time-continuous
hypercycles. We will comment on these results in chapter (5). However, the role of the
dimension in the dynamics for discrete-time models is scarce in the literature. Second,
discrete-time models, in general, are very important in biological systems with processes
of cooperation or facilitation (see Figure (3.1)) [25].

When we started to think about which topic we would like to study, we thought that it
could be really interesting to study a specific biological model. Since we think that biology
is an amazing science and the relation between this model and the origin and evolution of
life was a boost for us.

As we will explain later, in chapter (3) there are different models for the hypercycle,
the most essential and basic is in which the molecules in the system interact only with
the previous molecule. This means that the replication of one molecule depends only
on the contribution of its previous molecule. However, there exist other models for the
hypercycle including other types of interactions, such as the so-called parasites and short
circuits. These other interactions would suppose a problem with the hypothesis that this
structure would mend the informational crisis problem.

In this chapter, as we have already seen, an historic and scientific context for the
hypercycle is introduced. Also the causes of its appearance and problems that tried to
solve. Finally we make a brief summary of the structure of the project and a short
introduction for every chapter.

In the second chapter we have the goal of showing and understanding theoretical
concepts, both basic and advanced about Dynamical Systems theory, focusing in the
branch of discrete dynamical systems, according to our model. We spend the first section
of this chapter on introducing some basic concepts about this theory, that we have seen
in the "Models Matematics i Sistemes Dinamics subject, and also, an important part of
this section, we discuss results of Lyapunov Stability, presenting new theory that we have
not studied during the degree courses. We give important definitions and three theorems
that we will use later to study the dynamics of our system, in chapter (5). In the next
section we study an important concept from ordinary differential equations theory that
will be also useful in chapter (5). This concept is the Poincaré map. Also we introduce
the statement of a theorem about the stability of periodic orbits. The last section in this
first chapter is about circulant matrices. We introduce and prove one theorem that gives
us an expression for the eigenvalues and eigenvectors of this type of matrices. this will be
useful to us in order to find the eigenvalues and eigenvectors of the differential matrix for
our system in the fixed point, in section (5.1).
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In the third chapter the biological concept of the hypercycle is presented, also we talk
about experiments where the existence of this type of structure has been proved. And also,
we introduce some criticisms about it. After this, we dedicate a section to deduce, from
a system of ordinary differential equations, the discrete model that we will use during
our project, and the domain in which is defined our model. Our model is close to the
continuous-time model for large values of a parameter introduced in the discrete-model.

The fourth chapter is dedicated to prove that our model is cooperative under a certain
hypothesis. As we have already seen, the hypercycle is a structure that admits coexistence
between different sequences, then, biologically speaking, cooperation means that none
species extinct. We also give an hypothesis by which our system is exclusive, however we
will not prove it, because we only have focused in the cooperation case.

In the fifth chapter we study the dynamics of our model and it is divided in three
sections. In the first one, we discuss about the unique fixed point in the interior of the
domain. First, we show the fixed point, both implicitly and explicitly. Then we apply a
change of barycentric coordinates in the continuous-time model, because our model is close
to it. This is useful to find the differential matrix of the system and to find its eigenvalues
and eigenvectors. Once we have the eigenvalues we discuss the stability of the fixed point
in terms of the dimension of our system. To study the stability we use the properties of the
differential matrix, such as it is a circulant matrix, results that we prove in section (2.3).
In next section we prove that the fixed point is a global asymptotically attractor in third
dimension, i.e., it is a point that attracts each point of the domain, this is proved using the
Lyapunov asymptotic global stability theorem, presented in section (2.1). Also, we study
a particular case that its orbits have period six. Finally, in last section of this chapter,
we study the invariant curves of the system for a specific dimension, and also we discuss
their stability. To do this, we implement a program with C language, (see appendices),
that using a pseudo-Poincaré section finds invariant curves of the system. With prefix
pseudo, we refer to a Poincaré section applied to a discrete model, because, as we have
said, our system is close to a continuous model, for certain values of a parameter of the
model. We introduce the explanation of the program and we introduce a brief description
of the main functions of the program. Also, we have some graphics to show the results
obtained. We also study the possible bifurcations of our system in terms of a parameter
of it. And we arrive to the conclusion that for a certain values there is no bifurcation and
for other values it seems that there is a bifurcation.

Finally, in the last chapter we discuss the main results of this project and we also

discuss possible projects for the future.



Chapter 2

Some mathematical preliminaries

In this chapter, our aim is to introduce some important mathematical concepts, def-
initions and theorems that are necessary to develop our project. We have divided this
chapter into different sections.

2.1 Discrete dynamical systems and Lyapunov stability

First, we have some important concepts about discrete dynamical systems because
our project is mainly focused on this branch of mathematics. All of the concepts in this
section can be found in [30] and in the notes of the course "Models Matematics i Sistemes
Dinamics”, except the proofs of the Lyapunov stability theorems for discrete systems
which have been proved in this project.

Definition 2.1. A discrete dynamical system is a pair (D, f) where D C R" and f : D C
R" — D C R" is a continuous function.

Definition 2.2. The phase space of a discrete dynamical system is the set D, i.e., the set
of possible states of the system.

Observation 2.3. fk(x) denotes the value of the solution of the discrete system at time
k starting at x. It is fulfilled that f°(x) = x and x; = f*(x) = f(f*1(x)).

Definition 2.4. The orbit of a point xg € D is a sequence:

O(xg) = {xo0,x1 = f(x0),x2 = f*(x0),...,%u = f"(x0),... }.
Definition 2.5. A fized point of the system f is a point xo € D such that f(xo) = xo.

Definition 2.6. A periodic point of period p > 1 is a point xg € D such that f¥(xp) = xo
and f*(xo) # xo for 0 < k < p.

Definition 2.7. A periodic orbit of period p > 1 is a sequence of points {xo, x1, .. .,xp_l}
such that f(x;) = xjq1, for 0 <i < p—2, and f(x,-1) = Xo.

Now that we have some important definitions in dynamical systems, we begin with

some concepts about Lyapunov stability.
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Definition 2.8. A fized point, xq, of the system is a Lyapunov stable fixed point if Ve > 0,
36 > 0 such that Yx € D with ||x — x,|| < 6, we have || f*(x) — xo| < €, Vk € N. We
also say that the system is Lyapunov stable at xg.

Definition 2.9. A fized point, xo, of the system is a Lyapunov unstable fixed point, if xg
is not a Lyapunov stable fixed point. Similarly, the system is Lyapunov unstable at xq if
the system is not Lyapunov stable at xg.

Definition 2.10. A fized point xg is asymptotically stable or attractor if it is stable and
if Je > 0 such that Vx € D with ||x — x,|| < € it is fulfilled that limy_,« f*(x) = xo.

Definition 2.11. A fixed point xg is a repellor if it is attractor for a local inverse ffl.

Definition 2.12. The basin of attraction or domain of attraction of xqo is the set:
A={xeD]| lim ff(x) = xo}.
k—c0
Definition 2.13. A set X is invariant if f(X) = X.

Observation 2.14. A set X is positively invariant if f(X) C X and, if f is invertible, it
is negatively invariant if f~1(X) C X.

Theorem 2.15. Let D C R" be an open set, xo € D and f : D — D such that:
1. f(x0) = xo,
2. fis differentiable at xq,
3. |A| <1, VA € Spec{Df(x0)}.

Then, xo is asymptotically stable.

Theorem 2.16. Let D C R" be an open set, xo € D and f : D — D such that:
1. f(x0) = xo,
2. fis of class C1,
3. A € Spec{Df(x0)} such that |A| > 1.

Then, xqy s unstable.

If some eigenvalues have modulus less than 1 and the others have modulus 1, the
previous results do not apply. In such case, the concept of Lyapunov function and the
theorems of Lyapunov Stability are very useful. So, we are going to introduce them.

Definition 2.17. Let V : U C R" — R be a real valued continuous function. V is a
Lyapunov function of the system f in a neighborhood U of the fized point xq if:

1. V(XO) = O,
2. V(x)>0,Vxe U\ {x},

3. Vof(x)<V(x), VxeuUn ).
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Observation 2.18. If V: U — R satisfies:
1. V(x9) =C,
2. V(x)>C,Vxe U\ {x},
3. Vof(x)<V(x),Vxeun f1(u).
for some C, then V(x) = V(x) — C is a Lyapunov function.

Theorem 2.19. Lyapunov Local Stability Theorem for maps.

Let D C R" be an open set and f : D — D a continuous discrete system. We suppose
that there exists xo € D such that f(xo) = xo. If there exists a Lyapunov function V for
Xo, then, xg is a Lyapunov stable fixed point.

Proof. Let € > 0 be arbitrary. Choose 0 < r < € such that B(xo,r) C UND.
We know that f is continuous at xg, so, we have that:

Vr >0, 361 > 0, such that Vx € B(xg, 1) then f(x) € B(xo, 7). (2.1)
Now, we define
m=min{V(y) |y € A= B(xo,r) \ B(x0,01)} > 0. (2.2)

This minimum, m, exists because A C IR" is closed and bounded, so it is compact. From
the existence of m, we can affirm that

d0 < §, < 471 such that Vx € B(xo,éz), V(x) < m.
We choose x € B(xp, ) and take v = V(x). We claim that
Vn > 1, f*(x) € B(xp,01) and V(f"(x)) < V(x) =v.

We are going to prove it by induction:

e n=1
By condition (2.1) we have f(x) € B(xo,7) and by (2.2) we have V(f(x)) < V(x) =
v < m. This implies that: f(x) € B(xg,d1) because if f(x) € B(xo,7) \ B(xo,d1)
it would fulfill that V(f(x)) > m and we will have a contradiction. So, we have
already proved the result for n = 1.

e n+1:
Suppose that the statement is true for n. Then, f"*1(x) € B(xo,7) because (2.1) and
V(" (x)) < V(f*(x)) < m because (2.2). This implies that: f"*1(x) € B(xo,d1)
because if f"*1(x) € B(xo,7) \ B(xo,d1) it would fulfill that V(f"*!(x)) > m and
we will have a contradiction. We also have that V(f"*1(x)) < V(x).

Finally, we have that:
f"(x) € B(xg,01) C B(xo,7) C B(xp,€), Vn >1

And this implies that the fixed point is Lyapunov stable. O
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Definition 2.20. Let V : U C R" :— R be a real valued continuous function. V is a
strict Lyapunov function of the system f in a neighborhood U of the fized point xo if:

1. V(xp) =0,
2. V(x)>0,Vxe U\ {x},
3. Vof(x)<V(x),Vxeun f1(Uu).
Observation 2.21. If V : U — R satisfies:
1. V(x) =C,
2. V(x)>C,Vxe U\ {x},
3. Vof(x)<V(x),Vxeun f1(u).
for some C, then V(x) = V(x) — C is a strict Lyapunov function.

Theorem 2.22. Lyapunov Asymptotic Local Stability Theorem for maps.

Let D C R" be an open set and f : D — D a continuous discrete system. We suppose
that there exists xg € D such that f(xo) = xo. If there exists a strict Lyapunov function
V for xg, then, xqo is an asymptotically Lyapunov stable fixed point.

Proof. We have already proved the stability of the point in the last theorem. So, we have
to prove that lim, .« f"(x) = xp, for x in some neighborhood.
Take r > 0 such that B(xp,7) C UND and § > 0 such that Vx € B(xg,6) : f*(x) €
B(xg,r), Vn > 0.
We know that V(f"(x)) is a decreasing sequence which is bounded from below. Therefore
it has a limit:

lim V(f"(x)) =¢>0.

n—oo

Since {f"(x)} C B(xq,7), there exists ng such that lim f™(x) = x; € B(xp, 7). We
Nj—r00
suppose that this limit xq is not equal to xg and we will arrive to contradiction.

We have that liin V(f™(x)) = ¢, because f"(x) is a subsequence of f"(x). And also,
Np—00
by continuity of V' we have that: liin V(f*(x)) = V( liin f™(x)) = V(x1). Then,
np—00 Nj—00
¢ =V(x1) > 0. Now, we have:

lim V(F(f*(x))) = V(f(x1)) < V(x).

N —r 00

And also,
lim V(f(f™(x))) = ¢.

ng— 00

These two statements imply that £ < V(x1) and this is a contradiction, which implies
that x; = xo. Hence all convergent subsequences of f"(x) converge to xo.
We have already proved that the fixed point xg is asymptotically stable. O

The last two theorems are for a neighborhood of the fixed point xg, but now, we want
to see which are the conditions for the global case.
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Theorem 2.23. Lyapunov Asymptotic Global Stability Theorem for maps.

Let D C R" be open set, f : D — D a continuous discrete system. We suppose that there
exist xo € D such that f(xo) = xo. If there is a strict Lyapunov function V for xo defined
in D and {x € D | V(x) < C} is compact YC > 0, then, xo is globally asymptotically
Lyapunov stable fived point, i.e., Vx € D, I}gﬁlofk(x) = xg. In other words, the basin of

attraction of xg is D.

Proof. Let x € D and v = V(x).

Then x € A = {x € D | V(x) < v}. The sequence of iterates {f"(x)} is contained in

A. We also know that V(f"(x)) is strictly monotone decreasing and lim, . V(f"(x)) =

¢>0.

f"(x) has a convergent subsequence f" converging to x; € A.

Assume xq1 # xg.

We have that liin V(f™(x)) = ¢, because f"(x) is a subsequence of f"(x). And also,

Nj—00

by continuity of V' we have that: liLn V(f*(x)) = V( lim f™(x)) = V(x1). Then,
ng— 0 Ny —00

¢ =V (x1) > 0. Now, we have:

Lm V(f(f"(x))) = V(f(x1)) < V(x).

N —00

And also,
lim V(F(F"(x))) = .

Np—r 00

These two statements imply that ¢ < V(x7) and this is a contradiction, which implies
that x1 = xp.
We have already proved that the fixed point xg is globally asymptotically stable. O

2.2 Differential equations and Poincaré map

In this section, we are going to introduce some concepts of differential equations theory
that will be used in section (5.3). All of the following concepts are in [5] and on the notes
of the course "Equacions Diferencials”.

Definition 2.24. Given f : U C R" — R" an autonomous system of differential
equations is a system of the form:

X = f(x)/
where t 1s the independent variable, x is the dependent variable and X = ‘ZI—’;. X is also a
vector of state variables. In this setting we say that f is a vector field in U.

Definition 2.25. A flow is a function

p: QCRxU — U
(t,x) — @(t,x)

such that,

1. ¢(0,x) = x,
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2. ¢(s,9(t,x)) = (s +t,x).

The solutions of an autonomous system of differential equations generates a flow in some

subdomain of R x U.

/

Figure 2.1: Poincaré section, %, and Poincaré map, P. x is a point whose trajectory
intersects with X in point p and returns to the section in P(p). T is a periodic orbit.
Figure obtained from [5].

Definition 2.26. A hypersurface & C IR" is a transversal section of a vector field if
Vx e X, T.M+ (f(x)) =R"

Definition 2.27. A Poincaré section, ¥, of a system of differential equations is a (n —1)-
dimensional submanifold such that it is transversal to the flow of the system (see Figure

(2.1)).

Definition 2.28. A Poincaré map, or return map, is a function P : X — ¥ such that
P(x) = ¢r(x)(x), where T(x) is the time of the first return to ¥ where the solutions
crosses L in the same sense than in x. (See Figure (2.1)).

Basically, the Poincaré map is useful to find periodic orbits of a system of differential
equations, because the periodic points of the Poincaré map, are the points of the intersec-
tion of the periodic orbits with X, i.e., to find periodic orbits we can find points x such
that P(x) — x = 0, or more generally P¥(x) —x = 0.

Another important result is the stability of the periodic orbits:

Definition 2.29. Let T’ be a periodic orbit of a system of differential equations x = f(x),
P the corresponding Poincaré map defined on a Poincaré section £ and x € T NX. We
say that T is orbitally stable or asymptotically stable if x is stable or asymptotically stable
as a fized point of P.
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During the project we use these concepts about Poincaré map and stability of periodic
orbits focusing on the similarities of our model with the continuous-time one connecting

these concepts with invariant curves of diffeomorphisms.

2.3 Eigenvalues and eigenvectors of a circulant matrix

In this section, we introduce the concept of circulant matrices because we are going
to use it in the study of the dynamics of our system, specifically in section (5.1). We also
study eigenvalues and eigenvectors of this type of matrices. These results have been taken
from [11].

Definition 2.30. A circulant matriz is a matriz of form C = (Ci,]') € R™" satisfying:

Ci,j = C(i,]') modns .e.:

Co 1 C2 e Cn—1
Cn—1 Co C1 e Cp—2
Chn-1 Co
Co - T c1
(o] C2 N O | Co

Theorem 2.31. A circulant matriz C diagonalizes, i.e., it has n eigenvalues and n eigen-

vectors, where eigenvalues are:

2mijk

A —che i, j=0,...,n—1,

and eigenvectors are:

. 1 27ij 2mij(n—1)

(]):7(1 S ﬁ) i=0 -1

v ,en ,...,e , ..., N .
NG /

Proof. First, we are going to calculate eigenvalues and eigenvectors, and once we have
them, we will prove that C diagonalizes.
Our eigenvalues and eigenvectors are the solutions of the following system of equations:

Colh) = Ao,

We can write it in the form:

n—m-—1

) ckvklm—i— Z ckvk (ne m)—)xv,(n), m=0,1,...,n—1.
k=0 k=n—m
Now, choosing Z)]E) f’ for k=0,. — 1, where p is a n-th root of unity we have:
i m+k+ Z Ch—m= pk—”—mzx\-ipm m=0,1,...,n—1.
= e V1 'V

Simplifying terms and using that p~™" = 1, because p is a n-th root of unity, last equation
is equal to:
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2mij
So, finally, if p € {e7n ,j=0,...,n—1}, we have:

n=l o o
A=Y aer
k=0

and the corresponding eigenvector is:

, 1 27 2nij(n—1)
v(]):—<1,en,...,e " )

n

Now, we have to prove that the eigenvectors are linearly independent vectors, this means
that there are n eigenvectors and consequently our matrix diagonalizes. To prove this, we
are going to prove that our matrix:

A= 00| oM|...| 0Dy,

is invertible. For this, it is sufficient to find a good candidate inverse matrix of A, we call
it B, and prove that BA = Id.
Let B be the following matrix:

B = (v | o1 | p(n=2) | ... p(IYT,

Since the product has to be the identity matrix, we will split the problem into two cases.
One for the diagonal elements, which have to be one, and the rest of the elements that
have to be zero. Now, we will see that this is fulfilled:

e

1 . . n—1

_ 2mi(n—k)q 2mikq 1 .

U(n k)v(k) = — E e n e n = — E 6271'1(] prnd 1,

n n
q=0 q=0

because of the Euler’s formula. And, now:

n—1 . . n—1 o
. 1 1
o0y = 1 ¥ = 1y= 2t
n — n —
q=0 9=0

27i(l+j)

Since I 4 j # n, we have that e~ n  is a n-root of unity and it is different to 1. We call
it u. It is obvious that u" = 1.
From the last two lines, we have:

n—1
Yo =1+utp ot =
k=0

The second equality is easy to see if we multiply both sides by p — 1. Then, we have the
result desired. O



Chapter 3

What is the Hypercycle?

In this chapter, we introduce the hypercycle, both biologically and mathematically. In
the first section, we will review the hypercycle theory: why this new system was conceived,
why it its importance in biology and, above all, what is its connection with the origin and
evolution of life. In the next section, we will first introduce a differential equations model
for the hypercycle and we will show the analogue discrete equation. Finally, we will discuss
the importance of choosing a discrete equation for our model instead of directly studying
the differential equations system.

3.1 Biological concept and its importance

The concept of the Hypercycle appears in 1977, being introduced by Manfred Eigen
and Peter Schuster |7]. These scientists asked themselves the following question: "Why
do millions of species, plants and animals, exist, while there is only one basic molecular
machinery of the cell: one universal genetic code and unique chiralities of the macro-
molecules?" |7].

The hypercycle is a catalytic set of macromolecules, where each molecule or replicator
catalyze the replication of the next species of the set (see Figure (3.1) and (3.2)). Precisely,
the problem of the information crisis can be solved with this new model of organization,
because it is a cooperative system, matter that we deal with later. In the hypercycle,
each element is a sequence since all species cooperate and coexist below the critical length
imposed by the error threshold. Hence, the information content of the whole system can
overcome the error threshold [22, 7, 29, 23, 9, 24].

Several experiments have been carried out to confirm the existence of this type of struc-
tures in real replicators. In the following lines we comment on the most important results
for these systems:

Peptide self-replication:

This system is a minimum hypercycle based on two self-replicative peptides, rolled up in a
helix, R1 and R2 [18]. The replicator R1 is produced as an interaction between a fragment
of the electrophilic peptide E and a nucleophilic peptide fragment N1. The replicator R2

13



14 What is the Hypercycle?

(a) Molecular hypercycles (b) Ecological hypercycles

Figure 3.1: Schematic diagram of molecular (a) and ecological (b) hypercycles. Hypercy-
cles are catalytic networks with cyclic structure, in which the species replicate or reproduce
with the aid of the previous partner. Molecular hypercycles have been suggested to play
a key role in the origins of life scenario, for which ribozymes might have organized hy-
percyclically to increase the information content. Ecological hypercycles in (b) display
the positive feedbacks that introduce non-linearity due to processes of cooperation e.g.,
mutualism, facilitation between different species.

is made of with a fragment of E and a fragment of a different nucleophilic peptide N2.
They created a solution of three fragments, E, N1 and N2. A priori, they thought that it
will be a survival situation of the most competent specie, where R2 moves R1, because R2
would consume the common fragment E fastest. At first sight, it seems to them that this
hypothesis was accomplished, because it seems that R2 was produced with more abun-
dance than R1. Therefore, they decided to do a new solution, adding this time a 40%
more of replicator R1 (in relation to the concentration of the nucleophilic fragments) and
what happened was surprising. At the beginning of the reaction, the self-replicating rate
of R1 increased a 1.7 more, but the formation rate of the replicator R2 improved in 5.4
its self-replicating rate. This fact made that they concluded that the two replicators were
not mutually selective in their growth. R1 catalyzed the formation of R2 and also its
formation. Finally, they decided to change the reaction another time, adding 45% more of
the replicator R2 and they saw that not only the production rate of R2 has increased in
2.9, even R1 also increased its production rate in 3.5. Clearly, replicators were cooperating
and they were acting as a catalysts.

Yeast:

In this experiment, the authors performed a study where they proved that it was possible
to create a cooperation between two populations of yeast non interaction between them a
priori. To do so, they introduced these two populations with a specific genetic modification
each one, that consisted in removing different essential nutrients of each population. They
realized that populations exchanged this removed essential nutrients between them, i.e.,
each species of yeast provide other species of yeast with the nutrient that it was extracted.
They also observed that cooperation was not very deep, but they demonstrated that even
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the system was a synthetic simplified cooperative system, with new properties, such as a
higher capacity of self-maintainance [27].

E. Coli:

The scientists involved in this experiment decided to do a experiment with two bacterial
strains engineered to exchange some essential amino acids, similarly to the experiments
with yeast described above. For this case one of the strains I could not produce the essen-
tia amino acid isoleucine (iso), but it overproduced leucine (leu). The other strain L could
not produce leu but overproduced iso. Therefore, the strains were able to exchange these
essential amino acids and they could participate in a mutualism allowing growth. Later,
they introduced a new replicator called parasite, P, that took advantage of the limited
resources in the medium, will restrict the growth of the coupled system. This parasite
exploited one of the amino acid, iso. The coculture of these three organisms under good
conditions gave as a result a strict growth of the strains I and L [1].

3.2 Criticisms for the Hypercycle

When the concept of the hypercycle appeared, it arose many doubts and criticisms in
the scientific community about the problems that this type of organization could have.
Some of these problems would be the appearance of short circuits and parasites [22, 14, 28|.

In the case of the short circuits, it means that in the hypercycle, appears interactions
between the next species, there are interactions between further molecules in the structure
[22]. We will give a visual example to understand this concept. Suppose that we have an
hypercycle with three molecules 11, 12 and I3, where each one catalyzes the reproduction
of the next molecule, but one of them, for example 12 also catalyzes the reproduction of
the first molecule, 11 (see Figure (3.2b)). Clearly, inside this hypercycle of three catalytic
species, appears a smaller hypercycle with two molecules, 12 and I1 (the short circuit). In
the moment that appears this smaller hypercycle it is obviously to think that this set of
two molecules will be the hypercycle that grows faster and in consequence the set that will
survive, because all can tend to it and the third molecule, I3 could disappear. Therefore,
consequently, the larger hypercycle contracts to a less complex form, losing information.

In the case of the parasites, it means that in the set there are macromolecules that
receive help from another catalytic species of the set, but they do not act as a catalyst
of other species [22, 14, 28|. An easy example could be also an hypercycle with three
molecules 11, I2 and I3, but in this case only two molecules have a cyclic structure, i.e.,
I1 catalyzes the replication of 12 and 12 catalyzes the replication of 11, but, moreover,
12 also catalyzes the replication of I3, and this last molecule do not act as a catalyst of
other molecules of the system (see Figure (3.2b)). It is obvious to think that, in time,
parasite will dominate, I3, and that I3 will be the unique species that will survive and I1
and 12 would disappear. This problem about the existence of parasites has been studied
a lot, first introduced by Boerlijst i Hogeweg. They demonstrated that a hypercycle
spatially-extended can self-organizate spatially for reject the parasites that could have in
the hypercycle [3].
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Figure 3.2: (a) Two-member hypercycle. (b) Three-member hypercycle. Catalytic in-
teractions are represented with dashed arrows, curved solid arrows show replicator self-
replicating activity. Shortcuts or parasites, P, are indicated with dotted arrows. Figure
obtained from [24].

Another concern about the hypercycle, related with the apparition of short circuits, is
the problem with the size of the hypercycle. The scientists saw that in the moment that
the hypercycle had a high number of macromolecules, it could suppose a problem, because
it would be easier to apparition of short circuits [22].

Finally, there are the large fluctuations, i.e., it could be possible that the concentration
of one of the elements in the hypercycle collapses to zero. The survival of the hypercycle
depends on the existence of all replicators of the set, therefore if this will happen, the
whole hypercycle collapse. This happens especially in hypercycles with oscillations, in
EDOs, when there are 5 or more species |12].

3.3 Hypercycle with time-discrete dynamics

In this section we will introduce the hypercycle system investigated in this project.
To start with, we will study a simple hypercycle taking into account the hetero-catalytic
interactions, i.e., it does not take into account interactions between species, beyond the
interaction with the previous species. We will specifically focus in a system investigated
in [13], building a discrete-time hypercycle model. Before doing so, we will introduce the
time-continuous system, which has been widely studied.

A time-continuous, mathematical model for the hypercycle could be the following
system of ordinary differential equations:

xl = xl(klxl—l — 4)(3()), fOr Z — 1,..., n, (3]‘)

where x; denotes the concentration of the i-th species, k; are the kinetic constants that
denote the strength of the catalysis of the i — 1 species on the growth of the i species.

¢ is a term that keeps the total population constant and introduces competition between
all the hypercycle members. Which is the value of ¢? The fact that the population has to
be constant is expressed by: Y ; x; = ctant (In our case, we suppose that: Y ;x; =1,
to make calculations easier). Then, considering this, it has to be fulfilled: ' ; %; = 0.
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Therefore:

n

in = in(kixi_l —(P(X)) =0« Zkixixi_l —4>(x) in =0« 4)(9() = Zkixixi_l.
i=1 i=1 ] i=1

i=1 i=1

Note, also, that the subindexes i are modulo n, i.e., Xxg = X, X1 = X;41, ..

Another observation is that the ratio of growth % is proportional to the concentration of
the preceding species x;_1.

We will consider our system on the following n-simplex:

n
Sy ={x=(x1,..., xp) ER" | in =landx; >0 fori=1,---,n}
i=1
This system of differential equations which has been widely studied by many scientists,
was firstly studied by Eigen and Schuster [7].
Now, we want to have a discrete system to model the hypercycle. So, we need a

function:
' F(x): R” — R”
x=(x1,,xx) > F(x)=(Fh(x), -, Fu(x))

with F;(x) being the value of x; in the next generation, i.e., F;(x) represents one step on
time. First, F;(x) has a term proportional to x; and a term proportional to the product
X;X;_1, taking into account that the (i — 1)-th species contributes to the i-th one. This
means that the reproduction function is non-linear:

F,‘(.X‘) ~ xi(C + kixi,l).
This proportionality is equivalent to:
Fi(x) = Ax;i(C + kixi—1),

where A will be determined next. We impose the total population to be constant, say
equal to one. Soif Y1 ; x; =1,

n n
Pz-(x) =1« ZAxi(C—kkixi,l) =1« AZxZ-(CnLkixi,l) =1+
i=1 i=1

n
i=1 i

S A(; xC+ ;xikixi,l) =1<= A(C—FQD(X)) =1« A= m

Therefore, we have the following discrete system:

_ CHkixiq

n
F(x) = =1,---,n with ¢(x)=) kixixjy and C>0. (3.2)

Crox) !

This equation was introduced by Hofbauer [13].
We rewrite the i-th equation, as follows:

o C+ k,-xl-,l

, o _C+k,-xl-,1 ' C+q>(x)
S e

xi —x; <= F(x) —x; = Cto() xl_C+q>(x)

Xi



18 What is the Hypercycle?

— F(x) —x = Wxi — Fl(?_l_xl = xi(kixi—1 — ¢(x))C+C4)(x)

This transformation of (3.2) permits us to interpret C~! as the time interval between two
generations. If we think of x; = x;(f) and:

E(x)(t) = xi(t+C71),

using the definition of the derivative, we have:

. Xi(t—l—cfl) — xi(t) T Xl'(t—l—cfl) — xi(t) . Fi(x) — X
i, MOy SN0 gy B
— fim w1 — (%) ——— = (ki1 — ¢(x))

_C—>oo i\NMiAi—1 ¢ C—{-(P(X) — A (AAi—1 Qb .

The last step follows because ¢(x) is bounded and hence:

lim —— =
C—ooo C + 47(36 )

Then, expression (3.2) approximates the differential equation (3.1) for C — oco. Therefore,
(3.2) is a good discrete system analogue to (3.1) and for large values of C, the discrete
system will have similar properties to those of the differential equation. Finally, we obtain
the discrete-time hypercycle model that will be analyzed in this project.

We considered that it would be interesting to study the discrete-time model because
there are a lot of investigations about the continuous-time model, but not many about the
hypercycle as a discrete-time model.

With continuous-time models we have the number of events per time unit, it means that
the generations overlap and the events of birth and death can occur at any time. However,
in discrete-time models there are specific moments in which the events of our system can
occur and it is not necessary that in these moments only a single event occurs. Discrete-
time models are very important in biological models, mostly in population models or in
ecological models. Particularly, this type of structure is very useful in ecological models
in which species cooperate via mutualistic symbiosis [25] (see Figure (3.1)).



Chapter 4

Cooperation on the Hypercycle

In this section, we will show the cooperation in our model of the hypercycle. In terms
of biology, cooperation means that none species of the system dies. From the opposite
point of view, the absence of cooperation is called exclusion, i.e., at least one specie of the
system will die.

First, we need to give these two important formal definitions:

Definition 4.1. A dynamical system F defined on the n-simplex Sy, is cooperative if the
boundary of Sy (3Sy) is a repellor, i.c., if 36 > 0 such that Vx € S, \ 9S,, liminfy_,. ||F¥(x)|| >
0.

Definition 4.2. The contrary behaviour to cooperation is exclusion, this happens when
some orbits go to the boundary and at least one species dies out.

We recall our hypercycle model:

_ C+ kixi_l )

n
E(x) = le, i= ]., s, n, with (P(x) = ;kz‘xixl'_] and C > 0. (41)

1

We write FN) (x) as the result of iterating (4.1) N times the initial value F(®) (x) = x. We
will prove the following theorem:

Theorem 4.3. If we have C > 0 and k; > 0 fori = 1,---,n, then our system is
cooperative.

Proof. 4.3. We have to prove that, under the theorem conditions, our system is coopera-
tive, i.e., just like we say in the definition (4.1):

36 > 0 such that liminf )

2 (x) =9, Vi=1,---,n and x € intS,.
— 0

We begin by discussing the behaviour of our system on the boundary of S:

Lemma 4.4. Vx € 3S,, it is satisfied that ¢(FN)(x)) — 0 for N — oo.

19
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Proof. Let x € 9S,. First, we have to determine which is the form of x. As x is in
the boundary, some of their components will be 0, but not all. Actually, 3i such that
xi =0,xi41>0,...,%x.% > 0,x1411 = 0. Let k be the number of consecutive components
different of zero, with 1 < k < n, i.e., k is at most n — 1. To make the problem easy,
we can set i = 0, because of the cyclic symmetry, and k; = 1,Vi, the proof also works
for arbitrary constants k;. Therefore, with this simplification of notation, we have: xy =
O,X]' > O,xk+1 =0,with1 < ] < k.

M)
Proposition 4.5. Fj(N)(x) — 0, and F](Ni)x converges monotonically (asymptotically) to

4 € [0,00) U {oo}. "

Proof. First, we will prove the second part of the statement by induction on j:

The statement is true for j = 1:

0=0=R"m=0l_ K® _, K&
FOl) > 0= FNV(x) >0 N (x) FN(x)

_ A G

Now, we assume that is true for j, i.e., gy —
Fip (%)

it is also true for j+1. To prove it we distinguish several cases. Before it, we have the

— £;, monotonically. We have to prove that

following recursive relations:

EQ®) _ Fa(Fa() _ C+E(E) Fab)

F2(x)  Fa(Fa(x)  C+Fua(x) Fua(x)’

=
~—

FO@)  Fa(ER(®)  C+E2 () Ry

Jr
() Fa(FED()  C+ED(x) F2(x)

N+1 N N N
ENY @ BaEN ) FY@c+EY ()
N N - N
ENV) BoENE)  EN@c+ENY (@)
Case 1. {; > 1
FN(x) C+F N (x)
](N) —l>1= ](N) — 4> 1.
Fii (x) C+F.y (x)
C+FN (x)
Then, Ny such that VN > No: —/5— > 1. So,
C+E (%)
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(N)

Therefore, ;&1)(" is an increasing function and it converges to some limit £;11 > 0.
j+2 X
N
Case 2. Ejzlandﬁ\l
j+1
(N) (N)
F 7 (x) C+F "V (x)
J ]
Nli=1 N li=1
N ] N ]
Fj(+1)( ) c +Fj(+1)(x)
N
Then, “ %) 5 1. o,
i1 (%)
N+1 N
Fj(+1 )(x) Fj(+1)(x)
N+1 N ’
V) FR ()
Y ()
Therefore, F]<+N1) ) is an increasing function and it converges to some limit £; 1 > 0.
j2 X
Case 3. (; <1
FN (x) C+FM(x)
F. i (x) C+Fy(x)
c+rN
Then, INo such that YN > No: — - <1 8o,
C+Fy (x)
N+1 N
Fj(+1 '(x) Pj(+1)(x)
N+1 N
FS V) FY )
E (x)
Therefore, F’&li)() is a decreasing function and it converges to some limit £;,1 > 0.
2 X
N
Case 4. Ejzlandﬁ/‘l
j+1
EN (x) C+FM(x)
Fiiy (x) C+F (x)
388
Then, ]<N)(x) < 1. So,
Fj+1 (x)
(N+1) (N)
Fj+1 (x) < Fj+1 (x)
N+1 N ’
GO Y E)
Y ()
Therefore, F]&l) ) is a decreasing function and it converges to some limit £;,1 > 0.
2 \X

We have proved the second part of the statement. Now we are going to prove the first
part. We also distinguish two cases:

Case 1. Ej > 0:
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(N)

F!

(x) — 0, and F](T() converges monotonically (asymptotically) to
i1 X

¢; > 0. Then, Pj(fl)(x) has to converge to 0 too.

We know that F]-(N)

Case 2. Ej =0:
(N)

In this case, we assume that Fji\ll (x) - 0 and we will realize that there is a contradiction.
So, we have:

F.(N)(x) -+ 0 = 3 a subsequence Fj(fl’”)(x) C Fj(fl)(x) such that F].(fr\jl’")(x) >n>0.

We also know that Fj(N)(x) — 0, this implies that every subsequence of F].(N)
0.
So, we have:

(x) tends to

(N)
C+E ™ (x) C

< .
C+EN(x)  CHr

For this, we know that:

EN@  CHE" V0 C+E @) () Cty ya
FD@)  C+EN V) C+ENP(x)  CHEal) Ctxxi

k
_ ¥ CHEY ()

Xj+2 320 C+ F].(_f)l(x)'

this quotient tends to 0 when N — oo.
(N)

F!
Now, Fi»(x)™) < 1, because it is in the simplex S,. Therefore Fj(fl)(x) < ;(*N:) Ei; — 0=
]+
(N)
i
So, this concludes the proof of Proposition 4.5. [

(x) = 0. So, there is a contradiction between this result and the initial supposition.

Now, we have that Vx € 9S,, FN)(x) converges to a subface of the boundary where if
xj > 0 then xj;1 = 0. On such a face we have ¢(x) = 0. Note that the set {x | ¢(x) = 0}
is the set of the fixed points in the boundary. So, we have the following claim:

Claim 4.6. T = {x | ¢(x) = 0} is the set of the fized points of F in the boundary.

Proof. 4.6. We have to prove two implications.
<: On the one hand, we have to prove: x € dS, such that F(x) = x = ¢(x) = 0.

C+kixi_
x € dS, such that F(x):x@xi:xiﬁ;)(zx)l’
We know that

Yxi=1

¥ €35, } = I such that x; = 0 and x;,1 # 0.
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Now,
X = 0,
F(x)=x= or
Ctkixi 1 _ 1
Ctp(x) — 7

From the condition 3! such that x; = 0 and x;,1 # 0, we have:

Ct+kpxyy  C

M=0= T 0 T Tt

=1= ¢(x)=0.

= On the other hand, we have to prove: ¢(x) =0 = F(x) = x.

. C+kixi_
(p(x) =0= Zkixixi,1 =0= xx;_1=0,Vi= Fi(x) = Xi%
_ kixixi_l o . o
=x; + C =x;,Vi= F(x) =x.
With this, we have proved that I is the set of fixed points of F on the boundary. O
This finishes the proof of Lemma 4.4. O

Now, we consider the following function: P(x) = x1x7 - - - x,,. Notice that
P(x) =0« x € 9S,.
Thus, P(x) is a measure of the distance from x to the boundary of the simplex S,,. Let
us consider the set:
I(p) :={x €8S, | P(x) < p} with p > 0.

Keeping in mind our definition of cooperation, we know that it is equivalent to the
existence of a layer I(p) which is left for ever after some time by each orbit starting in
Su. We have to note that,

P(F(x)) _ R(x)E(x)--E(x) _ g(c”z‘xi—l)gxf ) g(c+kixi—1)
o) S " CF ot

(C+ ()" []xi

i=1
n
cr+4crt Z kixi_q
i=1

=T (Cro)

This quotient is positive on S, and greater than 1 on the set of fixed points I'. So,

% > 1onI. Now, S, is a compact set, because we are in R” and a set that is closed

and bounded is a compact set. So, we have the following statements:

P(E(x))
P(x)

> M > 1 in some neighbourhood A of the set T (4.3)

dm > 0 such that

P(E(x))
P(x)

>m>0,Vx €S, (4.2)

We choose 7 € (0,1) such that K := M"'m'~" > 1.
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Definition 4.7. For each x € 9S,, we define N(x) as the smallest number N > 1 such
that:

card{0 <k < N | F¥(x) € A} > 7
N() o

Less formally, this means that the probability that F®) € A for k < N(x) is at least r.
Observation 4.8. Obviously, N(x) =1 < x € A.

Observation 4.9. We also know from Lemma 4.4 that Vx € 9S,,, F(k)(x) € A, fork large
enough. This guarantees the existence of N(x), for each x € 9S,,.

Lemma 4.10. The function x — N(x) can be extended to some neighbourhood I(p) of
the boundary.

Proof.
F(X)Z Sn — Sn
x:(xlf"'/xﬂ) = F(x):(Fl(x)/"'/Fn(x))

is a continuous function, and thus YN, FN )(x),Vn is also a continuous function, because
it is a composition of continuous functions. Now, we know that Vx € 9S,, 3k < N(x)
such that F (k)(x) € A, because the last observation. Then, by continuity, AU, an open
neighbourhood of x such that Yy € Ui, F®(y) € A. So, if we have y € U(x) = N U,
where Uy are the neighbourhoods of all x for k < N(x), we have that F®(y) € A,
whenever F%)(x) € A, and therefore N(y) = N(x). On the other hand, if y belongs to a
smaller intersection, i.e., of some Uy (considering the sets of a sequence), we would have
that F¥)(y) € A, but the number N(y) would be smaller than N(x). Thus, we have that
N(y) < N(x).

Now, if Vx € 9S,, we have a set U(x), then the family of sets U(x) is an open covering of
dS,, and since S, is a compact set, dS,, is also compact. So, 3 a finite subcover of these
U(x) that covers 9S,.

The union of these subcovers contain a layer I(p) for some p > 0. Furthermore, N(x) is
bounded on I(p) for a certain number N, where N = max N(x) since for each U(x) we
have a finite number N(x).

This proves Lemma 4.10. O

The last step is to prove Theorem 4.3. We need to do it into two parts. Hence, we have
decided to divide it into the following two claims:

Claim 4.11. If x € I(p), then 3N with FN)(x) ¢ 1(p), i.e., any orbit starting in I1(p)
leaves this layer after some time.

Proof. We will prove this claim by contradiction. So, suppose that VN, F (N )(x) € I(p),
ie., d = sup;- P(F¥(x)) < p. Now, we choose Nj such that y = FN1)(x) satisfies

d
P(y) > T
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Using the definition of N(y) and the statements 4.2 and 4.3 we have:

P(ENW(y)) _ P(F! )(y)) P(ENWV(y))  P(F)(y)) P(E(y))

Ply)  PENWII(y)) P(ENW=(y))  P(E(y)) P(y)
P PEEI@)) vyt —
g PFAG) > MNW (=N — gNW) > K (4.4)

This implies:

P(FNW) (y)) > KP(y) > K;E =dvVK > d.

This contradicts the definition of d. So, we have already proved the claim. O

Claim 4.12. There exists ¢ < p such that the layer 1(q) is never reached for large times,
i.e., if x & I(p), then AN > 0 such that FN)(x) € I(q).

Proof. Let N = max{N(x) s.t. x € I(p)} and we choose g = pm1-"N+1,
Suppose that x ¢ I(p) and we also choose N, to be the first iteration such that z =
FMN2)(x) € I(p). So, it is true that:

P( (x)) N1
Nz—_1>mand P(F( 2 )(x))>p
Then, it is fulfilled that P(z) > mp.
By the definition of N(z), we have:
card{0 <k < N|F®(z) ¢ A} <(1—r)N(z) < (1—7r)N.

So, using the same argument as in claim 4.11, we have:

P(FY(z)) _ P(FM(z)) P(F*D(z)) = P(FO)(

P(z)  P(FE(z)P(EE2(z)  P(F(z) P(z)

k—1 i+1 _
P (+ )(Z)) > -V

i=0 Z)) N

Therefore, we have that:

P(F(k) (Z)) > m(l—r)ﬁp(z) > m(l—r)ﬁmp _ m(l—r)ﬁ—i—lp =g

is true Vk < N(2), i.e., F®(z) ¢ I(q) for k < N(z). Now, we want to prove it also for
k = N(z). Using the bound (4.4), we have that:
P(FNG)(2)) > KP(2).

This means that after N(z) iterations, P(z) has increased by the factor K > 1. We also
know that orbits F*)(z) never enter the layer I(g). So, if we repeat the argument, the
orbit will leave the layer I(p) again, and it will never enter the layer I(g). And the
argument will begin again: we would choose a new x € I(p) and we would apply the same
argument. ]
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With this, we conclude the proof of Theorem 4.3. We have already proved that for
C > 0 our system is cooperative. O

Observation 4.13. For C = 0 there is exclusion in our system, i.e., some species will go
to extinction.



Chapter 5
Dynamics

In this chapter we are going to study the dynamics of our discrete model for the

hypercycle. As we have already said, the continuous-time model has been widely studied.
The dependence of the dynamics on the size of the hypercycle (dimension) has been studied
in previous works. It is known that two-member hypercycles (n = 2) have a stable
node coexistence attractor [7, 25]. Numerical results showed that with three-member
hypercycles (n = 3) there exists coexistence via strongly damped oscillations. For the
case of four-member hypercycles (n = 4) there exists coexistence via weakly damped
oscillations. Finally, hypercycles with five or more members are governed by attracting,
invariant periodic orbits.
In discrete-time model, we are going to show that there exists a fixed point in the interior
of the domain. We will show that this point is asymptotically global stable for the case of
three members (n = 3). Also, we will prove that for the case C = 0 and n = 3 the system
has period six. Finally, we will show and explain our study about the invariant curves of
the system for n = 4.

5.1 The fixed point

Our model for the discrete hypercycle, equation (3.2), has only one fixed point in the
interior of S;. We want to compute this point. Given that it is a discrete system, one
step in time has to coincide with the value of the concentration of the i-th species in the

previous step, therefore, this is equivalent to:

C+kixi_
Fi(x) =x; , Vi = Mxi =
C+¢(x)
— C+kixi1=C +(P(X) ,Vi—= kix;_1 = (P(x) , Vi.
So, the fixed point of the system in the interior of S;;, Q, is determined by:

kox1 = kaxp = -+ - = knxp—1 = k1xy = ¢(x),

or what is the same as:

n
kixi 1= ¢(x) = 'Zkixixifl , Vi.

i=1

27



28 Dynamics

The fixed point also can be explicitly expressed, let us calculate it:

k1 k1 k1 k1
X1 = 7" Xn, X2 = 7 Xn,e o, Xn-1~= 7 Xn, Xn = 7 Xn.
ko k3 ky k1

Knowing that the sum of x;, Vi must be equal to 1, we have:

1 1 1 1 1 "1
in:1<:>k1xn<++---++>:1<:>k1xn<z >:1

= ky ks kn =k ki
—=—
Sy EY
So, every component of the fixed point can be expressed as follows:
X = ¥,Vi.
kinn X

To calculate the differential matrix of F, i.e., the Jacobian matrix, at the fixed point Q,
is a difficult task. To do so, we will proved as follows. First, we compare our map with a
simpler one and then we pass to barycentric coordinates. Let us write our system in the
form:
Fi(x) — xi = ki}g_l — ('b(x)xi-

+¢(x)
As we have already seen in the previous chapter, the right-hand side of this equation differs
on the vector field of the differential equation of the hypercycle, (3.1), only by the factor
(C+¢(x))~!. Then, the Jacobian matrices of both systems and their eigenvalues will be
proportional differing by the factor (C + ¢(x)) L. So, we will work with the differentiable
system of equation (3.1).
To calculate the Jacobian matrix we introduce a barycentric change of coordinates in our

system:
ki1

e
Y1 kjax;

This change of coordinates maintains the properties of our system:

yi = (5.1)

iy, B i kivixi  Yilikipxi 1
i = 7 ' - = o ' =4
i—1 b DI EEYSTEE SN W YRR

xi>0,ki>0:>yi>0.

This transformation sends S, into itself, transforming Q into the "center point" Q of the

simplex Sy:

Also, it is differentiable in a neighbourhood of S, and has a differentiable inverse. Let us

calculate it: ;
ki+1xl~ o Yi Zj:l kj+1xj

1

yi = (5.2)

C Yk
It has to be fulfilled that Y} ; x; = 1. So, we add a summation on the two sides of the
second equation. Then, we have:

kit

" " Yi U ki " i Yot ki " "y
Xi = - = — =1 kii1x; =1 <«—
; i ; ki+1 ; ki+1 ]; jH1A] ; ki+1
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1
<~ ij-i-lx]' .

j=1 Zz T

Therefore, replacing this in (5.2), we have the inverse of our change of coordinates:

i+1

_ M _(y Vit
X, = kit where M = (]Z; kj+1)

kipixi  _ kipaxg _\n ) ) .
Tk =M where M = 2;‘:1 kjy1xj, we have:

If we differentiate y; =

ki tiM — kM ki XM = ki Y1 kjX;
i M2 - M2 '

Now, we replace with x%; = x;(k;x;_1 — ¢(x)):

kivaxi(kixi—1 — (%)) M — kipax; Yy kjpaxj(kjxj—1 — ¢(x))

Yi= M2
We also know that x; = %1 and using this we have: 47( ) = Y kixixiog = M? i1 %
So:
M 1Y M i—1Yi
_ kH—lk (k h= T - M? y 1y )M — kl+1k 121 1k]+1k+1 (kfy] ki - M i1 %)
yi= M2
CYiM(yiaM = M2 YL M =y MY ygyia M+ My MO
= 2
yZMZ M — M2 yl 1y1 - M M2 yl 1yl
(yz 1 Z ZW} 1 Z%Z )
— Z+1 ] 1 i=1 1+1
1 1
= yiM(yi1 - E ’ zjl ,ZWJ 1+ M Z L — M (i E%% 1

Therefore, we already have transformed differential equation.

Claim 5.1. The Jacobian matriz of our system evaluated at the fixed point is a circulant
matrix.

Proof. First, we have to compute the fixed point of our system:

yi = 0 <= yiM(yi1 — Zy]y] 1) = 0=y 1-2%% 1=0.
j= j=
Note that M > 0 and y; > 0, Vi.
So, the fixed point is the point such that y;_1 = 2?21 Yjyj—1. We denote the vector field
of the system for y; = Yi(y1, ..., Yn).
Now, we will compute the components of the Jacobian matrix of our system:

. /- + M a . . /-
_1_];:%%—1) Yi a:W(yz—l_;y]y]_l)-

9 a(yiM)( _
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Now, we evaluate it in the fixed point. We know that it fulfills y;_; = 2}1:1 YiYi-1 and it
can expressed by Q = (%, . %)

JY;

d
NS O [ M N P

= i,mll (51'—1,]' - %) = Z;z_llklj(éi_l'j B %)

1k

Where, d;_1,; is the Kronecker delta.

Therefore,
il _ i
9y; Q 9Yj+1 0]
So, the Jacobian matrix of the system at the fixed point Q is a circulant matrix. O

Observation 5.2. The first row of the Jacobian matriz is given by:

() ()02,

where N = 2}7:1 kl
]

Proposition 5.3. The eigenvalues of the Jacobian matriz are:
27mij .
Ap = —N /\—Nexp< ), j=1---,n—1

So, the eigenvalues of our discrete system are:

w = wj=1+ N (27‘(1']') =1 n—1
T CHEN CrNTP\Ty ) JT e
Proof. Using Theorem (2.31), we have our result to compute the values of A;,j =
0,---,n—1. And using that our discrete equation differs from the differential equa-
tion only by the factor (C + ¢(x))~! we have the result for the values of w;,j =
0,---,n—1 O

Now, we are going to discuss the character of the fixed point in terms of its eigenvalues,
when C > 0, i.e., when there is cooperation. Observe that CfN < 1. We will divide the

study in three cases:

1. Case n = 2: in this case, we have only two eigenvalues wy, w1. Let us calculate their
norm:

|w0|:}CJ€N)<1’

N
C+N

N
= 1 ] — 1— .
lwr| = |1+ C+Nexp(m)| | | <1

Then, the fixed point is an attractor.
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2. Case n = 3: in this case, we have three eigenvalues wy, w1, ws. Let us calculate their

norm:

C
C+N

|w !2_‘1+ N ex 27 ‘2—‘1—I—L cos n +isin n ‘2
=T erN®P\ 3 )l TP crnN 3 3
=1+ N Ccos 2—7( 2+ L 2sin2 2—7-[ =1+ 2N Cos 2—7-[
N C+N 3 C+N 3 ) C+N 3

2 2
N N N
+<> =1— +< ) <l=|w| <1,

@d:\ )<L

C+N

|wo|* = ’1+ N ex ar ’2 = ’1~|—L cos i + isin an ‘2
=T eIN®P\ 3 T eEN 3 3
=(1+ N CcoS 4—7T i + L 2sin2 4—n =1+ 2N CcoSs 4—7[
- C+N 3 C+N 3 ) C+N 3

(N Y oo N (N Y <
C+N) =~ C+N " \C+N W=

Then, the fixed point is an attractor.

3. Case n = 4:

N |2 2
N 27ti N
2
=114+ =——= — =1 —_— 1
|cwr | ‘ +C+Nexp<4)' +(C+N> >
Then, the fixed point is unstable.

4. n > 4.

N 27ti
> = I — -
|w1| > |Re(wy)] 1—|—C+NRe<exp< . )) > 1

Then, the fixed point is unstable.

5.2 Dimension n = 3. An asymptotically stable fixed point

For n = 3 we have a fixed point p = (x1,x2,x3) in the interior of Sz, determined by:

3
k1X3 = kle = k3X2 = 4>(x) = Zkixixi_l.
i=1

In the last section we have seen that the fixed point is an attractor, and in this section we
want to prove that this point is a global attractor. For this, we are going to use the results
that we have developed in section (2.1). More exactly, we are going to use the theorem of
global stability.

In this subsection we denote by D the interior of Ss.
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Theorem 5.4. Assume C > 0. The function:

V: D — R
x = (x1,x2,x3) — V(x)=V(x1,x2,x3)

defined by,

V(x) = <i klﬂxl) (kax) Z k]i;

i=1 ij=1
is a global strict Lyapunov function for our model of the hypercycle F(x) for n = 3, i.e.,
V(x) fulfills:
1. V(p) =9,
2. V(x)>9,Vx €D and x # p,
3. VoF(x) < V(x),Vx € D and x # p,

and also, the set {x € S3 | V(x) < a} is compact, Yo > 9.
Then, the fized point p is globally asymptotically stable.

Proof. First, we introduce a change of variable: y; = kj;1x;. The new fixed point is
y = (y1,Y2,y3) then we have a new expression of V(x) and a new expression of F(y):
3
Yi C+kixiq C+yi
V(x) = () and Fi(y) = kiy1Fi(x) = kipqx; =y .
ijzl Yi W R et YT e

Now, we know that the fixed point p fulfills kjx; 1 = kj11x; , Vi € {1,2,3}. Therefore
Y1 = Y2 = y3. So, we have V(p) = 9.

Next, we want to see the second statement of our theorem:

V(x):i,]é(%) 3+z§]<> 3+§<5; yi>'

If we prove that, if y # p Z (;l + ?) > 6, we will have our statement. Therefore, is
i<j \JJ i

sufficient to demonstrate the following claim:

Claim 5.5. Ify;,y; > 0 and y; # y;j then z—; —I—% >2,Vije{1,23}.

Proof. We will prove this claim by contradiction.
Suppose that %%—% <2,Vi,je{1,23}.
j i

. . 2y — 2 492
Ui Yigg Vg Vi W BTH Ve, N

Yi Vi Yj Yi Yj Vi Yj Yi

<2y —

— y; +y7 — 25y < 0= (yi +y;)* <0.

We have a contradiction, so we have the result desired.
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Now, we want to see the third and last statement of the theorem, i.e., V(F(y)) <
V(y) ,Vy € D\ {p}. So, it is sufficient to see that V(y) — V(F(y)) >0, Vy € D\ {p}.

First, we have:

C+yiq

2. F(y) Yi Crolx ) 3y CHyig
V(F() = Y 5W) - _y 4iCHy

Therefore,

3 3
Yi yiC+yiq yi YyiC+yig
V) - e (T
1]211/] z-,];yjcwfl 1]21 yi yiCtyia

_ y1< C+yi1> ¥ %‘(?/jl —yi1> S Yiyj
1]21 Yj CHyja ijz:l yi\ CH+yja ijzl yi(C+yj1)

3 y 3 3 3
_l.,;l yj(cy:l-yﬁ_yi_l) = (L) Ey] C+y (EWZ )y 1

i=1 7 j=1 S Yi(CHyj1)

Now, we multiply by the common denominator Hyj(C + y]-_l). Then, our expression is
j=1
now:

3 3
(Z )Zy] 15-1(C+yj41)y41(C+yj) — (Zyzyz 1) Ly 1(C+yja)ya(C+ ;)

= j=1

3 3
= (Lw) Zy] 1541 (C+yj)(C + Yje1) — ( Zyzyz 1) Ly (CH+ ) (C+ ).

i=1 j= j=1

We introduce the following abbreviations:

3 3 3
S=Yvi,R=) yyi1,P=]]y:
i i=1 i=1

We develop our last expression because we want to have an expression in function of the
parameter C:

3
S [Z(yflymC +yi1Yiyi) (C+yiga) | —
i=1

3
R | Y (yiyis1C + viyin)(C+ yi—l)]

i=1

3
=S [Z(y?lymcz + Y7 Y71 C+ Vi 1YismyiC + yi YY)

i=1

—R

3
Y (ivir1C* + yiyis1yi1C + viyi1C + Y vir1yia )]

i=1

3 3
CZ(Z% win) + C( L havia +viaviy) ) + Zy?ly?+1yi]

i=1 i=1 i=1

—R

3 3 3
C2<Zyi%‘+1> (Z Yilir1io1 + Y2y )+Zy$yi+1yi_1] .

i=1 i=1 i=1
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If we order the terms according powers of C, we would obtain the following expression:

Io(y) + L(y)C + L(y)C.
First, we have:

3
Io(y) =S [Z Vi Yy

i=1 i=1

3 3 3
-R Zy?yi+1yi—1] =Y Vi Y ViaYiayi
i=1 i=1

3 3
—Y vi-1Yin Y YiViqyio1 = 0.
i=1 i=1

Now, we want to see that the other two terms are positive:

Z%%H Vi1 + Vi)

3 3
hy) =S !Z}/z Wi (Vi1 + ¥i) =5 !nylymyi + Y Viavin
i=1 i=1

i=1

—R

3 3 3 3
Y yiyisyion + Zy?ym] =S(PS+ Y yivi1) — RBP+ Y _yiyii1) = P(S* = 3R)
i=1 i=1 i=1 i=1

3 3 3 3 3
+8 Yyt~ RY vy = P( L v7 - R) +8) yivin —RY yiYin
Z Z Z Z

i=1

3
ylz R) + Zyl Vit + Zyl YiYia + 2 Zyz Vi xy%y$+lyi—1

'Mw

:p(

i=1

+ Zy?yi+1yi—1 = p( ny ~R) + Zy?y;ll +P Zyz Zyl Vi1~
i=1 i=1 i=1 i=1

Doing some calculations, the last expression is equal to:

3
Y (i — yis1)*vi 1y

i=1
And this expression is positive for all y € D\ {p}.
Finally, let see if the last term is positive:

L(y) = 5( i;y%—wm) - R( iyiym) = S(iyiy%+l> — R?
~ (L) (L) - (Lwwin)’

We want to see if this expression is positive. So we can prove if the following expression

(éyiym)z < (g}/i) (gyiyl'erl)-

is true:

We choose:

z= (VY1 VY2, /Y3),
w = (Y12, \/Y2Y3,\/Y3Y1)-

If we use the Cauchy-Schwarz inequality:

3

Y- (ywin) = Iz 0) | < 1zl = (; )(Eylym)

i=1
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Observation 5.6. We have already proved that I(y) > 0 and we wanted this term to be
positive and not equal to 0. I(y) =0 < y1 = y2 = y3, i.e. the fized point.
Finally, since lim V(x) = oo, we clearly have that {x € S3 | V(x) < a} is a compact

xX—09S3
set Vao > 9.
We have already proved that our fixed point p is a globally asymptotically stable fixed
point. L]

Observation 5.7. When C = 0, F is defined in D and V is a first integral because
V(F(x)) = x, Vx € D.

Proposition 5.8. For n = 3 and C = 0, all orbits of the system are periodic of period
SUT.

Proof. For C = 0, the transformed system is:

_ kixixia
¢(x)

which is not defined on the part of the boundary of Sz where ¢(x) = 0.
If we multiply this equation by k;y1 in both sides and using y; = x;k;11, we have:

4

Fi(x)

kixixi_1 () — YilYi-1
e W) =)

where ¢(y) is something depending on y. Now, let us calculate some quotients to prove

kiz1Fi(x) = ki1

that the system has period six:

Ry vy Ry _wn By _y
By) v’ Bl) v Hky) w

Ely) _Bly) _y» By _kEy _n Bl _BYy _w
Ey) k) wn By Bl v By (Y

If we calculate until the iterate six, we have:

Hence, we have:

Fly) By _Ey)
n Y2 Y3

= a = (KW, B, EY) =a(yy2s).

Now, the iterates have to be in the domain:

3
1=Y Fy)=a) yi=a=1
i=1 '

We have proved that all orbits have period six. O
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5.3 Invariant curves and study of bifurcations

During the extensive reading of papers about the subject of our project, we have read
a lot about the possible existence of invariant curves in our system for values of n > 4.
But, in none of them it is proved this existence, nor analytically neither numerically. So,
we have decided to do a numerical study of invariant curves and their stability. We have
written the codes in C language (see Appendices for the implementation in C).
First, we are going to describe how we have found invariant curves for our system with
values k; = 1,Vi =1,...,n, in terms of the parameter C > 0.
This is not an easy task, but remember that in section (3.3) we have proved that our
system is close to the continuous system for large values of C. Moreover, for large values
of C, the points and their images are close. Hence, we have decided to construct a map
equivalent to the Poincaré map for continuous systems.
As we have seen in section (5.1), the fixed point, for this values of k;, is p = (%, ., %)
So, we have decided to choose a Poincaré section at the hyperplane x; = % Once this

section is fixed, we choose one point in it, x, keeping in mind that the last component of
n—1

this point has to be x, = 1 — Z x; and the first component x; = % Hence, it is only
i=1

necessary to introduce the remaining # — 2 components.

Next, this point is iterated with the map of our system until it crosses twice the section.
Before the point crosses the section, we keep the last three iterates, and once this point
crosses the section, we keep the next three iterates. With these six points, we do an
interpolation to find the set of interpolation polynomials. This set has n polynomials:
pi(t),...,pn(t). The aim of this interpolation is to find the intersection point between
the polynomial and the Poincaré section. By definition, this point is the image of a map,
that we val g, which is the analogous of a Poincaré map that we also call Poincaré map.
To find g(x), we have the n polynomials and we know that the first polynomial has to
take the value % With this information we apply Newton’s method for one variable to
find the solution of p1(t) — 2 = 0. We choose t = 0 as an initial condition of the method,
because we adjust the values of the table of interpolation to make this possible.

Now, once we have the value t, we substitute this value in the next n — 2 polynomials

and we have the first n — 1 components of the intersection point. To compute the last
n—1

component, as before, we have the relation x, =1 — Z x;. By doing in this way, we get

our desired point g(x). -

Then, to find an invariant curve of the system, we have to find a fixed point of g(x) = x.

To do so, we use Newton’s method for n — 2 variables. We want to find a solution of

the equation g(x) — x = 0, where ¢(x),x € R""2. That is only using n — 2 components,

not counting the first and the last ones, because the first component of g(x) — x is auto-

matically 0, since the image point ¢(x) has the first component equal to %, since it is in

the Poincaré section. The last component is calculated with the property that all of the

components have to sum 1.

Therefore, Newton’s method returns us the fixed point of the function g(x). And we

expect that this point is the intersection between the Poincaré section and an invariant

curve.
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We have taken the idea of using a polynomial interpolation to get the intersection of the
invariant curve with the Poincaré section from Ref. [10].

Now, with the purpose of making easier for the reader the understanding of the code
we have implemented, we are going to explain the main functions:

1. Poincaré map - void ginters():

Let x be a point from the Poincaré section, this function iterates this point until the
iterated point cross twice the Poincaré section. It keeps the last three points before
the iterate crosses the section and the first three points after the iterate crosses
the section and it makes an interpolation (with interpolation function) to obtain
an intersection between the polynomials approximation and the section. To find
the intersection point, it finds zeros of the first polynomial minus %, i.e., it solves
Pi(t) — 1 = 0. We have a function to do this (newtonlvar).

2. Newton’s method for more than one variable - void newton():
This function calculates the point x such that g(x) —x = 0. We also have a function
whose point is the solution of g(x) — x. We denote this function by called h(x). So,
this method calculates the iterate x**1 such that x*t1 — x* < tol = 10712 with a
maximum of 15 iterations of the method. In order to calculate the next iterate of a
point, we solve the following equation:

Dh(x) (x**! = 2) = ~h(p).

3. The model - void fx():
This function calculates the iterate of a point with our model.

4. Differential function - void differential():
This function calculates an approximation of the differential Dh(x). It computes
the partial derivatives according to the following formula:

ahi N hi(x + h€]) — hi(x — he])

i) ~ : — 103
8xj(x) 7 , with h =10

Now, we are going to comment on the results. We have decided to choose n = 4,
because is the minimum dimension for which we expect to have invariant curves. As we
said before, we take k; = 1,Vi. Once, for different values of the parameter C, we have the
fixed point of the Poincaré map, we iterate this point and we obtain the invariant curve.
With the objective of representing this curve, we project the curve on the plane generated
by two variables, for example the first and the second x1, x2 (see Figures (5.1) and (5.2)).

We thought that it could be interesting to study the stability of the invariant curves.
To do so, we modified a little bit our program. We made the function newton to calculate
the eigenvalues of the differential matrix at the fixed point of the Poincaré map. We have
calculated them for values of C from 0.1 to 300 (see Figures (5.3) and (5.4)).

We can observe that the value of the first eigenvalue, A1, is always positive for all
values of 0.1 < C < 300. Also, A1 < 1, but from approximately C = 100, the eigenvalue is
close to 1. We can also observe that the value of the eigenvalue A, is also always positive
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Figure 5.1: Invariant curve obtained with (a) C = 50, initial point: x
(0.25,0.15,0.15,0.45) and the fixed point: p = (0.25,0.19694,0.24527,0.30779), (b)
C = 45, initial point: x = (0.25,0.19694,0.24527,0.30779) and the fixed point: p =
(0.25,0.19425,0.24477,0.31098).
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Figure 5.2: Invariant curve obtained with (a) C = 40, initial point: x =
(0.25,0.19425,0.24477,0.31098) and the fixed point: p = (0.25,0.19110, 0.24414,0.31476),
(b) C = 35, initial point: x = (0.25,0.19110,0.24414,0.31476) and the fixed point:
p = (0.25,0.18733,0.24334,0.31933).

and close to 0 for all values of 0.1 < C < 300. Hence, for these values of C, we can expect
that the invariant curves are asymptotically stable, using (2.29).

Finally, we want to discuss about an interesting thing. We have read in [15] that
when C — oo appears a Hopf Bifurcation in our model. This means that for C tend-
ing to infinity, the invariant curves collapse into a fixed point. For check this, we do
again a little modification in our program and now, we find the fixed point of de Poincaré
map for different values of C, but this time, we consider values of C very big and we
see that the fixed point of our Poincaré map is very close to the fixed point of our sys-
tem: p = (%, i, %, %) See Figure (5.5) to observe the different graphics with the value of
C and the value of each component, except the first component that it is always equal to %.
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Figure 5.3: The first eigenvalue in terms of the parameter C.
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Figure 5.4: The second eigenvalue in terms of the parameter C.

Indeed, we can see in Figure (5.5b) that third component is very close to the value }I’
and the other components (see Figure (5.5a) and (5.5¢)) are close too, but not so much.

That is due to computational problems.

Lastly, we have studied what happens when C — 0, and we have seen that we can
continue the invariant curve and there is no bifurcation in this case (see Figure (5.6)).
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Chapter 6

Conclusions

One of the aims of this project was to study the dynamics of a specific discrete-time
model for the hypercycle, understanding the biological and mathematical concept. The
system that we have studied is the result of a continuous-time system with a discreteness
parameter C~!, following the paper of Hofbauer [13].

In the first part of this project, we have introduced different concepts about mathematics,
such as Lyapunov stability and Poincaré map, needed to develop our project. We have
also introduced the biological interpretation of the hypercycle and we have studied the
cooperation between the species in the catalytic architecture.

In the second part, we have studied its dynamics in terms of the dimension of the hy-
percycle. We have proved that the two-member hypercycle has an asymptotically stable
fixed point ensuring the all-species coexistence, and the three-member one has a globally
asymptotically stable fixed point. We have also studied, with a numerical implementation,
the invariant curves of the four-member hypercycle. This topic had not been studied until
now. We have realized that there are asymptotically stable invariant curves for each value
of C. Moreover when C — oo it seems that the invariant curves tend to collapse into the

fixed point.

When we were studying the main paper [13] we have detected some small mistakes that
we have been able to correct.

This project has been an opportunity to learn about the extraordinary world of biology
and of mathematical modeling for biological processes. The connection between the hy-
percycle and the origin and evolution of life has surprised me a lot.

Finally, for future projects, it would be interesting to study the invariant curves for larger
dimensions of the hypercycle and even to study different discrete-time models with para-
sites and short circuits.
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A numerical implementation to find
invariant curves

First, we have the code of the program that find the fixed point of the Poincaré map.

#include <stdio.h>
#include <stdlzb.h>
#include <math.h>

void fx(double *x0, double *k, double c, int n, double *x);

void ginters(double #*x0, double *k, double c, int n, double *g);

void diferential(double *p, double *k, double c, int n, double **diferencial);
void hx(double *p, double *k, double c, int n, double *h);

void gauss(int n, double **A, double *b, double tol);

void newton(double *q0, double *k, double c, int n, double *q);

double polinsubst(double *coef, double *punt, double subst, int n);

void interp(int n, double *x, double *p,double *c);

double newtonlvar(double x0, double *x, double *coef, int n);

double der(double *coef, double *x, double subst, int n);

int main(void) {

double *k, c, *condinicial, *puntimatge;

int n, i;

printf("Dona'm n\n");
scanf ("%d", &n);

k = (double*)malloc(n*sizeof (double));
condinicial = (double*)malloc(n*sizeof (double));
puntimatge = (double*)malloc(n*sizeof (double));

if(k == NULL || condinicial == NULL || puntimatge == NULL){

printf("No hi ha prou memoria \n");
exit(1);
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48 A numerical implementation to find invariant curves

printf("Dona'm els coeficients k_i\n");
for(i = 0; i < mn; i++) {
scanf ("%le", &k[il);

printf("Dona'm el valor del coeficient C\n");
scanf ("%le", &c);

condinicial[0] = 1./n;

printf("Dona'm les n-2 components del punt iniciall\n");
for(i = 1; i < (n-1); i++) {

scanf ("%le", &condiniciall[il);

condinicial[n-1] = 1;
for(i = 0; i < n-1; i++) {

condinicial[n-1] -= condinicialli];

newton(condinicial, k , ¢, n, puntimatge);

for(i=0;i<n;i++) printf(")le ",puntimatgel[i]);
printf("\n");

free(k);
free(condinicial);
free(puntimatge) ;

return O;

}

void fx(double *x0, double *k, double c, int n, double *x) {
double phi = 0;
int i;

phi = k[0]*x0[0]*x0[n-1];
for(i = 1; i < n; i++) {
phi += k[i]*x0[i]*x0[i-1];
}
x[0] = x0[0]*((c + k[0]*x0[n-1])/(ct+phi));
for(i = 1; i < n; i++) {
x[1] = x0[i1*((c + k[i]*x0[i-1]1)/(c+phi));

return;
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void ginters(double #*x0, double *k, double c, int n, double *g) {
double recta, *x, *x1, *x2, *pl, *p2, *p3, *p4, *pb, *p6, *aux,
*aux2, *aux3d, *aux4, *auxb, **punts, **matriucoef, *coef, *valors,
primervalor;
int i, 1, j, cont;

punts = (double**)malloc(n*sizeof (doublex));
for(i = 0; i < n; i++) {
punts[i] = (doublex)malloc(6*sizeof (double));

matriucoef = (doublex*)malloc(n*sizeof (doublex*));
for(i = 0; i < n; i++) {

matriucoef[i] = (double*)malloc(6*sizeof (double));

x = (double*)malloc(n*sizeof (double));

x1 = (double*)malloc(n*sizeof (double));

x2 = (double*)malloc(n*sizeof (double));

pl = (double*)malloc(n*sizeof (double));

p2 = (double*)malloc(n*sizeof (double));

p3 = (double*)malloc(n*sizeof (double));

p4 = (double*)malloc(n*sizeof (double));

p5 = (double*)malloc(n*sizeof (double));

p6 = (double*)malloc(n*sizeof (double));

aux = (double*)malloc(n*sizeof (double));

aux?2 = (double*)malloc(6*sizeof (double));

aux3 = (double*)malloc(6*sizeof (double));

aux4 = (double*)malloc(6*sizeof (double));

auxb = (double*)malloc(6*sizeof (double));

coef = (doublex*)malloc(6*sizeof (double));

valors = (doublex)malloc(6*sizeof (double));

if(x == NULL || x1 == NULL || x2 == NULL || pl == NULL || p2 == NULL
|| p3 == NULL || p4 == NULL || p5 == NULL || p6 == NULL || aux == NULL
|| aux2 == NULL || aux3 == NULL || aux4 == NULL || aux5 == NULL ||

coef == NULL || valors == NULL){
printf("No hi ha prou memoria \n");
exit(1);

}

recta = x0[0];
fx(x0, k, ¢, n , x);
if (x[0] > recta) {
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do {

fx(x, k, ¢, n, x1);

for(i = 0; i < n; i++) x[il=x1[i];
} while(x1[0] > recta);

for(i = 0; i < nj; i++) {
x2[1] = x[il;
}
cont = 0;
do {
if (cont == 0) {
for(i = 0; i < mn; i++) p1l[il = x2[i];
}
if (cont == 1){
for(i = 0; i < m; i++) p2[il = x2[i];

}
if (cont == 2) {
for(i = 0; i < n; i++) p3[i] = x2[i];

}
if(cont > 2) {

for(i = 0; i < m; i++) pil[il = p2[il;
< n; i++) p2[i] = p3[il;
; i++) p3[i] = x2[il;

for(i

Il
o
[

I
o
-
[=]

for(i
}
fx(x2, k, ¢, n, aux);
for(i = 0; i < n; i++) x2[i] = aux[i];
cont++;
} while(x2[0] < recta);
for(i = 0; i < n; i++) {
palil = x2[il;
}
fx(x2, k, ¢, n, p5);
fx(p5, k, ¢, n, pb);
} else {
do {
fx(x, k, ¢, n, x1);
for(i = 0; 1 < n; i++) x[i] = x1[i];
} while(x1[0] < recta);
for(i = 0; i < n; i++) {
x2[1] = x[i];
}
cont = 0;
do {
if (cont == 0) {
for(i = 0; i < m; i++) pilil = x2[i];
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for(i

for(i

for(d

}
if(cont == 1){

for( i = 0; 1 < mn; i++) p2[i] = x2[i];

}
if(cont == 2) {

for(i = 0; i < n; i++)

}
if (cont > 2) {

for(i = 0; i < n; i++)
soit+)

for(i = 0; i < n; i++)

for(i

I
o
-
A
[=]

¥

fx(x2, k, ¢, n, aux);

for(i = 0; i < n; i++) x2[i] =

cont++;
} while(x2[0] > recta);
for(i = 0; i < n; i++) {
palil = x2[il;
}
fx(x2, k, ¢, n, p5);
fx(p5, k ,c, n, p6);

0; i < n; i++) {

punts[i] [0] = p1[i];
punts[i] [1] = p2[i];
punts[i] [2] = p3[i];
punts[i] [3] = p4l[il;
punts[i] [4] = p5[il;
punts[i] [6] = p6[il;

0; i < 6; i++) {
valors[i] = -2+1i;

0; 1 < n; i++) {
for(l = 0; 1 < 6; 1++) {
aux2[1] = punts([i][1];
}
interp(5, valors, aux2, coef);
for(j = 0; j < 6; j++) {
matriucoef [1] [j] = coef[j];

p3[i] = x2[i];

pili]l = p2[il;
p2[i]l = p3[il;
p3[i]l = x2[i];

aux[i];
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primervalor = 0.;
for(i = 0; 1 < 6; i++) {
aux3[i] = matriucoef[0][i];
}
aux3[0] -= 1./n;
for(i = 0; i < nj; i++) {
aux4[i] = punts[i] [0];
}

primervalor = newtonlvar(primervalor, valors, aux3, 5);

for(i = 0; i < n-1; i++) {
for(j = 0; j < 6; j++) {
aux5[j] = matriucoef[i] [j];
}
gli] = polinsubst(aux5, valors, primervalor, 5);
+
ghn-1]1 = 1.;
for(i = 0; 1 < n-1; i++) gln-11 -= glil;
free(p4);
free(p5);
free(p6);
free(pl);
free(p2);
free(p3);
free(x2);
free(aux) ;
free(aux2);
free(aux3);
free(aux4);
free(aux5);

return;

double newtonlvar(double x0, double *x, double *coef, int n){

double tol = 1.e-12, xn, distancia, resultat, resultatder;
int cont = 0;

do {
resultat = polinsubst(coef, x, x0, n);
resultatder = der(coef, x, x0, n);
xn = x0 - (resultat/resultatder);
distancia = fabs(xn - x0);
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x0 = xn;
cont++;
} while(distancia > tol && cont < 15);

return x0;

double der(double *coef, double *x, double subst, int n){

double h = 1.e-3, resultat, resull, resul2;

I

resull = polinsubst(coef, x, subst+h, n);
resul2 = polinsubst(coef, x, subst-h, n);

resultat = (resull - resul2)/(2xh);

return resultat;

double polinsubst(double *coef, double *punt, double subst, int n) {

int 1i;

double resul;

resul = coef[n];

(n-1); i >= 0; i--) resul = (resul*(subst - punt[i])) + coef[i];

for(i

return resul;

void interp(int n, double *x, double *p, double *c) {
int i, j;
for(i = 0; i <= n; i++) cl[i] = plil;
for(i = 0; i < n; i++){

for(j =n; j > i; j--){
c[jl = (double) (cl[jl-cl[j-11)/(x[j1-x[j-i-11);

return;

void diferential(double *p, double *k, double c, int n, double **diferencial) {

double h = 1.e-3,*pa, *ps, *hil, *hi2;
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int i, j, 1;

hil = (doublex*)malloc(n*sizeof (double));
hi2 = (doublex*)malloc(n*sizeof (double));
pa = (doublex*)malloc(n*sizeof (double));
ps = (double*)malloc(n*sizeof (double));

if (hil == NULL || hi2 == NULL || pa == NULL || ps == NULL){
printf("No hi ha prou memoria \n");
exit(1);

}

for(i = 1; i < (n-1); i++) {
for(j = 0; j < mn; j++) {

paljl = pljl;
psljl = pljl;
}
for(j = 1; j < (n-1); j++) {
paljl -= h;
paln-1] = 1.;
for(l = 0; 1 < (n-1); 1++) paln-1] -= pall];
pslj]l += h;
psln-1] = 1.;
for(1 = 0; 1 < (n-1); 1++) ps[n-1] -= ps[l];
hx(pa, k, ¢, n, hil);
hx(ps, k, ¢, n, hi2);
diferencialli-1][j-1] = (hi2[i] - hi1[il)/(2xh);
for(l = 0; 1 < n; 1++) {
palll = pl1];
ps[1] = p[1];
}
}
}
free(ps);
free(pa);

free(hil);
free(hi2);

return;

void hx(double *p, double *k, double c, int n, double *h) {

double *g;
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int i;

g = (double*)malloc(n*sizeof (double));

if(g == NULL){
printf("No hi ha prou memoria \n");
exit(1);

ginters(p, k, ¢, n, g);
for(i = 0; i < m; i++) h[i] = gl[i]l - plil;

free(g);

return;

void gauss(int n, double **A, double *b, double tol) {

int i, j, k;
double mult;

for(i = 0; 1 < n-1; i++) {
if (fabs(A[i]1[i]) < tol) {
printf("No es pot resoldre el sistema.\n");
}
for(j = (i+1); j < mn; j++) {
mult = A[jI[i] / A[il[il;
for(k = (i+1); k < n; k++) {
A[j1[x] = A[j1[k] - (mult+A[i][k]);
}
b[j] = b[j] - (mult*b[i]);
ATj1[i] = mult;

if (fabs(A[n-1] [n-1]1) < tol) {

printf("No es pot resoldre el sistema.\n");
}
for(i = (n-1); 1 >=0; i--) {

for(j = (n-1); j > i; j--) {

bli] -= A[i][j]1*b[j];
}
bli] /= A[i][i];
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return;

void newton(double *qO, double ¥k, double c, int n, double *q) {

double tol = 1.e-12, *delta, *h, **matrixdif, *hl, *h_mod;
int i, cont = O;
double distance = 10;

delta = (doublex*)malloc(n*sizeof (double));

h = (doublex*)malloc(n*sizeof (double));

hl = (double*)malloc(n*sizeof (double));

h_mod = (double*)malloc((n-2)x*sizeof (double));

if(delta == NULL || h == NULL || hl == NULL || h_mod == NULL){
printf("No hi ha prou memoria \n");
exit(1);

matrixdif = (double**)malloc((n-2)*sizeof (doublex));
for(i = 0; i < (m-2); i+H){
matrixdif[i] = (doublex*)malloc((n-2)*sizeof (double));

do {
distance=0;
hx(q0, k, ¢, n, h);
for(i = 0; 1 < (n-2); i++) h_mod[il=h[i+1];
for(i = 0; 1 < (n-2); i++) {
h_mod[i] = -h_mod[i];

diferential(qO, k, ¢, n, matrixdif);
gauss ((n-2), matrixdif, h_mod, tol);
ql0] = q0[0];
for(i = 0; i < (n-2); i++) {
qli+1] = q0[i+1] + h_mod[i];
}
qln-1] = 1.;
for(i = 0; i < (n-1); i++) qln-1]1 -= qlil;
for(i = 0; i < n; i++) {
qO0[i] = qlil;

for(i = 0; 1 < (n-2); i++) {
distance += h_mod[i]*h_mod[i];
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}
distance = sqrt(distance);
cont++;

} while(distance > tol && cont < 15);

free(delta);

free(h);

free(hl);

for (i = 0; i < (n-2); ++i) {
free(matrixdif[i]);

}

free(matrixdif);

return;

The following code is to calculate the iterates of a point. We use it to find invariant
curves.

#include <stdio.h>
#include <stdlzb.h>

int main(void){

int n, i, t;
double *x0, *x, *k, c, phi;
FILE *fileWrite;

fileWrite = fopen("results.dat", "w");
if(fileWrite == NULL) {
printf("\nNo es pot obrir el fitxer!\n");
exit (0);

printf("Dona'm la dimensio, n:\n");
scanf ("%d", &n);

x0 = (double*)malloc(n*sizeof (double));

if (x0 == NULL) {
printf("\nNo hi ha prou memoria\n");
exit(1);

x = (double*)malloc(n*sizeof (double));
if(x == NULL) {
printf ("\nNo hi ha prou memoria\n");
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exit(1);

printf("Dona'm el punt.\n");
for(i = 0; i < n; i++) scanf("%le", &xO0[i]);

k = (double*)malloc(n*sizeof (double));
if (k == NULL) {
printf("No hi ha prou memoria\n");
exit(1);

printf("Dona'm els valors de k.\n");

for(i = 0; i < n; i++) scanf("%le", &k[i]);
printf("Dona'm el valor de C.\n");

scanf ("%le", &c);

phi = 0;

phi = k[0]*x0[0]*x0[n-1];

for(i = 1; i < n; i++) {
phi += k[i]*x0[i]*x0[i-1];

I

fprintf(fileWrite, "iteration ");
for(i = 0; 1 < n; i++) {
fprintf(fileWrite, "x_%d \t", i+1);
}
fprintf(fileWrite, "\n");

fprintf(fileWrite, "O\t");
for(i = 0; i < n; i++) {
fprintf(fileWrite, "%.51f ", x0[i]);
}
fprintf(fileWrite, "\n");

t=1;
while(t <= 100000){

x[0] = x0[0]*((c + k[0]*x0[n-1])/(c+phi));
for(i = 1; i < mn; i++) {
x[i] = ((c + k[i]*x0[i-1])/(c+phi))*x0[i];
}
fprintf (fileWrite, "%d \t", t);
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for(i = 0; i < nj; i++) {
fprintf(fileWrite, "%.51f ", x[i]);
}
fprintf(fileWrite, "\n");
for(i = 0; 1 < n; i++) x0[i]=x[i];
phi = 0;
phi = k[0]*x0[0]*x0[n-1];
for(i = 1; 1 < n; i++) {
phi += k[i]*x0[i]*x0[i-1];

t++;

free(x);

free(x0);
fclose(fileWrite);
free(k);

return 0;

Next, we modify the newton function and the main function in the first program
to calculate the stability of the invariant curves. Also, we add a function that, using the
Newton function, calculates the different fixed points for different values of C ("punt fix").

void newton(double *qO, double ¥k, double c, int n, double *q, double *vaps) {

double tol = 1.e-12, *delta, *h, **matrixdif, *hl, *h_mod, **a;
int i, cont = 0;
double distance = 10;

delta = (doublex)malloc(n*sizeof (double));

h = (double*)malloc(n*sizeof (double)) ;

hl = (double*)malloc(n*sizeof (double));

h_mod = (double*)malloc((n-2)x*sizeof (double));

if(delta == NULL || h == NULL || h1 == NULL || h_mod == NULL){
printf("No hi ha prou memoria \n");
exit(1);

}

matrixdif = (double**)malloc((n-2)*sizeof (doublex));

for(i = 0; i < (n-2); i+H){
matrixdif[i] = (doublex*)malloc((n-2)*sizeof (double));
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a = (doublex**)malloc((n-2)*sizeof (doublex*));
for(i = 0; 1 < (n-2); i++H){
ali] = (double*)malloc((n-2)*sizeof (double));

do{
distance=0;
hx(q0, k, ¢, n, h);
for(i = 0; i < (n-2); i++) h_mod[il=h[i+1];
for(i = 0; i < (n-2); i++) {
h_mod[i] = -h_mod[i];

diferential(qO, k, ¢, n, matrixdif);
gauss((n-2), matrixdif, h_mod, tol);
q[0]1=q0[0];
for(i = 0; 1 < (n-2); i++) {

qli+1] = q0[i+1] + h_mod[i];
}
qln-1]=1.;
for(i=0; i<(n-1); i++) qln-1] -= qlil;
for(i = 0; i < n; i++) {

qO0[i] = qlil;

for(i = 0; 1 < (n-2); i++) {
distance+=h_mod[i]*h_mod[i];
}
distance=sqrt(distance);
cont++;
}while(distance > tol && cont < 15);

diferential(q, k, c, n, a);
for(i = 0; i < (n-2); i++) alil[i] += 1.;

vaps[0] = ((a[0] [0]+al[1][1]) + sqrt(((al0][0]+a[1][1])*(al0][0]+al1][1]))
-4x((al0] [0]*al1] [1]1)-(al0] [1]1*al1]1[01))))/2;

vaps[1] = ((a[0] [0]+al[1][1]) - sqrt(((al0] [0]+a[1][1])*(al0][0]+al1][1]))
-4x((al0] [0]*al[1] [1])-(al0] [1]1*al1]1[01))))/2;

free(delta);

free(h);

free(hl);

for (i = 0; i < (n-2); ++i) {

free(matrixdif[i]);
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}

free(matrixdif);

for(i = 0; 1 < (n-2); i++) {
free(alil);

}

free(a);

return;

void puntfix(double c, double x1, double x2, int n, double *resul, double *vaps){

double *k, *condinicial;

int i;

k = (doublex*)malloc(n*sizeof (double));
condinicial = (doublex*)malloc(n*sizeof (double));

for(i = 0; i < n; i++) {

k[i]=1.;
}
condinicial[0] = 1./n;
condiniciall[1] = x1;
condinicial[2] = x2;

condinicial[n-1] = 1;
for(i = 0; i < n-1; i++) {
condinicial[n-1] -= condiniciall[i];

newton(condinicial, k , ¢, n, resul, vaps);

free(k);
free(condinicial);

return;

int main(void) {

int n = 4, i;
double x1, x2, c, *ptfix, *vaps;
FILE *fileWrite;
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fileWrite = fopen('"resultsestabilitat.dat", "w");
if(fileWrite == NULL) {
printf("\nNo es pot obrir el fitxer!\n");
exit (0);

ptfix = (double*)malloc(n*sizeof (double));
if (ptfix == NULL) {
printf("\nNo hi ha prou memoria\n");
exit(1);

vaps = (double*)malloc((n-2)*sizeof (double));
if (vaps == NULL) {
printf("\nNo hi ha prou memoria\n");
exit(1);

fprintf (fileWrite, "C ");
for(i = 0; i < n; i++) {
fprintf(fileWrite, "x_%d \t", i+1);
}
fprintf(fileWrite, "lambda_1 \t lambda_2 \t");
fprintf(fileWrite, "\n");

x1 = 0.00280;
x2 = 0.04219;
c=0.1;

while(c < 300) {
puntfix(c, x1, x2, n, ptfix, vaps);
fprintf(fileWrite, "%le \t", c);
for(i = 0; i < n; i++) {
fprintf(fileWrite, "%.51f ", ptfix[i]);
}
for(i = 0; 1 < (n-2); i++) {
fprintf(fileWrite, "%.51f ", vaps[il);
}
fprintf(fileWrite, "\n");
c=ct+0.1;
x1 = ptfix[1];
x2 = ptfix[2];

}
free(ptfix);
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fclose(fileWrite);

free(vaps);

return 0;

Finally, we modify our main function, with the "puntfix" function, to calculates the
fixed point for iterates of C.

int main(void) {

int n = 4, 1i;
double x1, x2, c, *ptfix;
FILE *xfileWrite;

fileWrite = fopen("resultsbif.dat", "w");
if(fileWrite == NULL) {
printf("\nNo es pot obrir el fitxer!\n");
exit (0);

ptfix = (double*)malloc(n*sizeof (double));
if (ptfix == NULL) {
printf ("\nNo hi ha prou memoria\n");
exit(1);

fprintf(fileWrite, "C ");
for(i = 0; i < nj; i++) {
fprintf(fileWrite, "x_%d \t", i+1);
}
fprintf (fileWrite, "\n");

x1 = 0.15;
x2 = 0.15;
c=50;

while(c > 0) {
puntfix(c, x1, x2, n, ptfix);
fprintf(fileWrite, "%le \t", c);
for(i = 0; i < n; i++) {
fprintf(fileWrite, "%.51f ", ptfix[il);
}
fprintf(fileWrite, "\n");
c=c-0.1;
x1 = ptfix[1];
x2 = ptfix[2];
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free(ptfix);
fclose(fileWrite);

return O;



