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Zusammenfassung

In der vorliegenden Arbeit werden verschiedene Anwendungen von Reaktions-
Diffusions-Modellen untersucht. Im ersten Teil dieser Arbeit untersuchen wir den
Einflufl von Robustheit auf die Fitness von Populationen. Robustheit ist hier im
Sinne von Toleranz einer gewissen Menge schadlicher Mutationen ohne Verlust
der Fitness aufzufassen. Dabei konzentrieren wir uns auf einfache Organismen
bzw. effektive Systeme, die durch die deterministischen Quasispeziesmodelle
beschrieben werden kénnen. Wir leiten analytische Ausdriicke fiir die Fitness
solcher Populationen im Grenzwert langer Informationssequenzen (z.B. DNA)
der Individuen her. Insbesondere erlaubt der von uns gewihlte Zugang die Her-
leitung von Korrekturtermen fiir kurze Sequenzléngen, die die Ubereinstimmung
zwischen numerischen und analytischen Ergebnissen stark verbessern. Dies ist
fiir Anwendungen von besonderer Bedeutung. Weiterhin beantworten wir die
Frage, unter welchen Bedingungen eine héhere Toleranz gegeniiber schadlichen
Mutationen zu einer hoheren Fitness der gesamten Population fithrt als eine
hohere Fitness weniger Sequenztypen. Alle analytischen Ergebnisse werden
durch numerische Losungen verifiziert.

Den zweiten Teil dieser Doktorarbeit bildet die systematische Untersuchung
des Einflusses von Unordnung auf die Reaktionsraten von diffundierenden
Teilchen auf zweidimensionalen Oberflichen. Unordnung bezieht sich hier auf
die Verteilung von Bindungsenergien, mit denen die Reaktionspartner auf der
Oberflache gebunden werden. Als Beispiel dient die elementare Reaktion der
Bildung molekularen Wasserstoffs aus atomarem Wasserstoff H + H — Hy auf
interstellaren Oberflaichen. Wir kénnen in dieser Arbeit die zuvor aufgestellte
Vermutung, dass Unordnung in den Bindungsenergien auf der Oberflache die
Reaktionsrate stark erhoht, bestétigen und quantitative analytische Ergebnisse
fiir verschiedenste Verteilungen der Bindungsenergien prasentieren. Es stellt sich
heraus, daf} der Fall bindrer Unordung (zwei verschiedene Bindungsenergien)
fundamental ist. Alle anderen untersuchten Systeme mit beliebigen (normier-
baren) diskreten und kontinuierlichen Bindungsenergieverteilungen lassen sich
auf den bindren Fall abbilden. Wir kénnen diese Abbildungsvorschriften explizit
angeben. Alle analytischen Ergebnisse werden durch numerische Lsungen und
kinetische Monte-Carlo-Simulationen bestétigt.






Abstract

In this thesis we study several problems from biophysics and astrophysics, which
can be all be described by reaction-diffusion systems.

The first part of this thesis is concerned with biophysical quasispecies models.
These are deterministic models, describing the interaction of mutations and
selection (i.e. fitness advantage by adaption). We investigate the influence of
robustness against deleterious mutations on the stationary states of these models.
Here, robustness means that a certain number of mutations in the individual’s
information string is tolerated before the fitness of the individual is diminished.
The equations of state for the quasispecies models can be represented by a
reaction-diffusion equation for a special type of reaction term. We give analytic
results for the robustness effect on the mean fitness of a population. These
results become exact in the limit of infinite information-sequence length. By
exploiting a mapping to a Schrédinger-type equation, we find correction terms
for finite sequence length, essential for applications. The provided solutions
allow to answer the question under what circumstances robustness is preferable
to fitness, a question often referred to as survival of the flattest. Additionally,
we investigate the occurence of the error threshold (a phase transition of the
population’s state) in a general class of epistatic fitness landscapes. We show
that diminishing epistasis is necessary but not sufficient for the emergence of an
error threshold. All analytic work is supported and verified by numerical studies.

In the second part we investigate diffusion-mediated reactions on two-dimen-
sional surfaces drawing on the example of hydrogen formation on interstellar
dust grains. The surfaces of these dust grains play an important role in molecule
production in the interstellar medium, by acting as catalysts. We are interested in
the influence of (quenched) surface disorder on the production rate of molecules.
As model system, we study the not yet completely understood reaction H +
H — Hs of hydrogen formation. We confirm the earlier proposed significant
enhancement in the production rate of this process by disorder in the binding
energies of the surface and moreover give analytic results for different distributions
of binding energies. We identify the main mechanism leading to an enhanced
production rate, enabling us to give temperature dependent mappings from
systems with discrete and continuous binding energy distributions to effective
systems with only a binary energy distribution. The analytical results on all
models are confirmed by numerical solutions of the full rate equations as well as
by kinetic Monte Carlo simulations.
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General Introduction

The following work is set in the context of statistical physics and its applications,
namely reaction-diffusion systems. Diffusion as such is the most prominent
and fundamental transport mechanism in many physical systems, starting from
Brownian motion itself [31], over mixing of heterogeneous gases or liquids to
osmosis and many other examples. Even for systems, where the particles do
not diffuse in the microscopic sense, it is possible that the overall system’s
behavior can be described by a diffusion equation. A prominent example is heat
conduction in solids. We speak of reaction-diffusion systems, if the particles do
not only diffusive through the system, but are also interacting. This involves
active reactions of the particles to events like e.g. meeting another particle
or encountering a special surface site. Typical interactions considered are of
contact type, like pair annihilation, particle creation, nucleus formation, etc.
The nonlinear time evolution equation for some quantity u(r,t), e.g. particle
concentration, depending on space and time is

Owu(r,t) = DV2u(r,t) + R(u(r,t)), (1)

as introduced by Kolmogorov, Petrovskii, Piskunov [54] and Fisher [34]. This is
the simplest general description of a one-component reaction-diffusion system. D
is the diffusion coeflicient (which can also be space-dependent) and the function
R(u(r,t)) encapsulates the reaction(s).

The exact structure of the reaction term determines whether a (closed)
analytical solution exists. Often slight changes in the reaction term structure lead
to a completely altered system behavior. We will come across these characteristics
especially in the second part of this thesis.

Typical reaction terms investigated are of linear, non-linear and catalytic
type. Linear reaction terms can describe processes like a particle becoming
immobile, particle creation and spontaneous annihilation. Whenever a reaction
involves more than one particle, the reaction term is non-linear. Prominent
examples are pair annihilation, recombination, or nucleus formation. In catalytic
reactions the product is only formed in the presence of a catalyst which is not
chemically changed during the reaction. We investigate systems with linear
reactions terms in the first part and with non-linear (and implicitly catalytic)
reaction terms in the second part of this work.

As turned out over the years, reaction-diffusion systems are useful models to
describe very different phenomena known from physics, chemistry and biology [8,

|. In this thesis, we investigate two applications, the first exhibits its reaction-
diffusion character on the level of the effective model description, the second
is truely reactive and diffusive on the (microscopic) particle level. Though the
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investigation of the dynamical properties of the systems to be introduced would
be highly interesting, we focus on the stationary state properties throughout, as
even there fundamental questions have not been solved, yet.

ROBUSTNESS IN QUASISPECIES MODELS: Quasispecies models are famous in
biophysics and can be used to describe large populations of simple organisms
like viruses or bacteria. The issue of robustness against deleterious mutations
has been risen recently [26, 55]. Amongst other things it is concerned with
understanding under which conditions a high tolerance of mutations is preferable
to a higher offspring production rate of a few very well adapted individuals
regarding the survival of the population. This is often referred to as “survival of
the flattest”. In this work, we derive analytical expressions for the populations
mean fitness in landscapes with one plateau or with two competing plateaus.
These results enable us to appraise recent results [39, 86] and to extend the
existing mean field model solutions by finite size correction terms, crucial for
applying the model to real systems. Our results have been published in [38].

FORMATION OF Hs ON INTERSTELLAR SURFACES: Drawing on the example of
hydrogen formation on interstellar dust grains, we investigate the influence of
disorder on diffusion-mediated reactions on two-dimensional surfaces . As the
most abundant element in space, H and Hy are involved in an immense number of
reactions and reaction networks that lead to the formation of complex molecules.
Nevertheless, the fundamental formation of Hy via H+ H — Hy has not been
fully understood so far. Due to the low temperatures and pressures in space,
this reaction is not efficient for two atoms meeting in three-dimensional space.
It has been agreed on that the surfaces of dust grains in the interstellar medium
act as catalysts and Hy is formed on these surfaces. Inspired by former work, we
investigate in this thesis the influence of disorder in the surface’s binding energies
on the reaction rate of molecule formation. We identify a uniform mechanism
facilitating a high reaction rate even in temperature regions where a system
without disorder performs poorly. This part is based on the publications [39, 90]
and contains further efforts on general discrete binding energy distributions and
multiple-species systems.

More details on the connection between the applications and the framework of
reaction-diffusion systems will be given after the detailed introduction to each of
the systems at the beginning of the corresponding part of this thesis.

For our investigations the following methods are employed:

ANALYTICAL TREATMENT: The stationary reaction-diffusion equations for both
applications are analyzed with emphasis on simplified effective equations that
capture the essence of the system’s behavior,

NUMERICAL TREATMENT: Additional to the (effective) analytic solutions we also
employ direct numerical solutions of the full (stationary) system in both parts
of this work,

KINETIC MONTE CARLO SIMULATIONS: In the second part of this work we
also use simulations that capture the microscopic processes in detail. These
simulations serve as a reference for both the analytical models and the direct
numerical solutions.



Part 1

Robustness in deterministic
mutation-selection models






Chapter 1

Introduction

The branch of population genetics, which tries to describe biological evolution in
terms of natural selection, nowadays referred to as Neo-Darwinism or 'modern
synthesis’, was founded in the 1920’s by Fisher, Haldane and Wright (see
[33, 42, 91] and references therein).

Studies revealed the high complexity of molecular processes like reproduction
or gene expression. The question is still not answered, which of the conceivable
interplays between the elementary processes on the molecular level like for
example genetic drift, mutations, selection or recombination, are the most
important ones for the evolution of a whole species.

Theoretical models for evolution can - due to the complexity of the processes
- typically capture only a few aspects found in the experiments. An important
class of models are the ones assuming mutation and selection mechanisms to
be the most essential ones. Even if these mechanisms are not as essential as
assumed, they play an important role and thus worth studying them in detail.
The elementary processes found in these models can probably be used as case
studies for models concerned with other aspects of evolutionary processes. For
reviews about this topic see [3] or [27].

Here, we will restrict ourselves to mutation-selection models for the artificial
case of infinite population sizes, the quasispecies models. That means influences
like drift (due to fluctuations caused by finite population size) are neglected,
which in turn provides us with some powerful possibilities of solving the emerging
equations for the population’s state. The two famous models concerned with the
influence of mutation and selection on large populations are the Crow-Kimura
model established 1965, [53, 50], and the Eigen model, invented 1971, [30].

MobDELS: The Crow-Kimura (CK) and the Eigen model present the principal
ideas of how mutations and reproduction can interfere in asexual, haploid
organisms and in the regime of very large (“infinite”) populations. One possibility
is that mutations occur steadily due to permanent influence of the environment,
captured by the Crow-Kimura model, the other is that mutations occur only
during reproduction as copying errors, as decribed by the Eigen model. For that
reason the Crow-Kimura model is also known as parallel model and the Eigen
model as coupled model. The two models are deterministic models in the sense
of neglecting fluctuations due to finite population size. Therefore, the obtained
results are only asymptotically correct for real populations. Furthermore, the



Introduction

CK-model, being a continuous time model, can be derived from the discrete time
Eigen model via straightforward continuum limit in time (to first order). Though
invented for another purpose, it turned out, that the Eigen model is adequate to
describe bacteria under strongly controlled environmental conditions. We will
present this model together with the Crow-Kimura model in chapter 2. The
Crow-Kimura model can be used to describe the evolution of virus populations,
which is used in the development of drugs against viral diseases. For more details
about the context of the Crow-Kimura model see e.g. [53, 50].

FITNESS LANDSCAPES: The crucial additional ingredient needed in both
models is the fitness landscape. It assigns to each information sequence (e.g.
DNA or RNA sequence) the expected number of offspring an individual with
this sequence produces. Thus it provides information on the selection. In
principle, this fitness landscape has to be measured for real populations in
fixed environments, but this is a highly complicated issue. Hence, different
simple and more complex shapes of fitness landscapes have been proposed
and investigated theoretically, starting with Eigens sharp-peak landscape [30],
where only one sequence has a better fitness than all others. A theoretical
analysis is, for example, concerned with the qualitative and quantitative shape
of the equilibrium population distribution, occurring phase transitions between
qualitative different distributions, scaling behavior for infinitely long sequences,
etc. Some cases can be solved analytically, but for most of them, one has to rely
on numerical methods. Examples of important landscapes are the mentioned
sharp-peak landscape, the Fujiyama landscape, the plateau landscape, rugged
fitness landscapes or epistatic landscapes. For a review about all mentioned
landscapes see [51]. A discussion about how and to what extent these kinds of
landscapes can be be inferred from experiments can be found in [85]. For several
of these landscapes, experimental evidence exists [17, 10, 87, 15].

In this thesis, we are concerned with the class of epistatic fitness landscapes,
especially with the most extreme variant, the plateau-shaped landscape. In
the latter, a high fitness value is assigned to all sequences that differ from the
best-adapted one only by a defined maximal number of sites. All other sequences
have a very low fitness. A central question we adress is under which conditions
and to what extend a broader plateau is preferable to a higher fitness value,
regarding the mean fitness of the whole population. To answer this question it is
first necessary to understand the fitness effect of one plateau on a quasispecies
population.

CONNECTION TO THE FRAMEWORK OF REACTION-DIFFUSION MODELS: To
apply the general reaction-diffusion equation (1) to a specific problem, the
reaction term has to be specified. Like Fisher and Kolmogorov applied the
specific form of R(u) = u(1—u) in (1) to describe gene spreading in a population,
in [29] Ebeling et al. consider the class of reaction terms R(u) = w(x, u)u(z,t)
with arbitrary real function w. Their main application is a generalization of
Fisher’s classical population genetics model [33]. They show in detail that the
generalized Fisher model can be regained from the reaction-diffusion equation (1)
by their choice of the reaction term. Now, the Eigen model, whose continuous
time version — the Crow-Kimura model — we study in this thesis, is the
space-discretized version of Fisher’s model. In this sense, the evolution models
investigated here, belong to the great class of phenomena that can be described
by reaction-diffusion models. In particular, Ebeling et al. derive a Schrodinger
type equation for the time behavior of their system’s solution (eq. (3.5) in [29]),



which is of exactly the same shape as equations (3.7) and (3.11) we provide in
chapter 3 for the mean fitness of the population.

Outline

In the first section of chapter 2 we start with the explanation of the basic biological
concepts and continue in section 2.2 with the definition of the Eigen and the
Crow-Kimura model. Having understood the basic principles, we introduce and
exemplify the notion of fitness landscapes in section 2.3 and specify the term of
the error threshold in section 2.4. Equipped with this knowledge, we review a
popular method of solving the dynamical equations of the Eigen model and the
Crow-Kimura model for the equilibrium state, in the limit of infinite sequences,
called maximum principle, in section 2.5. The knowledge presented in the whole
chapter 2 is well known in the field and provides the background for our analysis
starting in chapter 3 with the calculation of the equilibrium state of a population
in a plateau-shaped fitness landscape (also called mesa landscape) for finite
sequence length. We calculate finite sequence length corrections to the maximum
principle, thereby improving the accordance of analytical and numerical results
significantly. For the calculations we exploit an analogy to quantum mechanics
and map the systems equation of state to a Schrodinger equation. All results
are confirmed by numerics in section 3.5. After this comprehensive analysis
of fitness landscapes with one mesa, we turn in chapter 4 to the competition
between selection and robustness, also called survival of the flattest. The so far
derived results are used to answer the question in which cases more robustness is
preferable to higher selection values. We find that for finite sequence lengths, a
broader but smaller fitness plateau can maintain a population at large mutation
rates, where a higher but narrower plateau already fails. In the limit of infinite
sequence length and fixed plateau widths, the higher plateau always provides
the highest fitness for the population. We provide a formula for the critical
sequence length, beyond which only the higher plateau can maintain a localized
population. Additionally, the notion of the ancestral population is introduced
and discussed for mesa-shaped fitness landscapes with two plateaus. Before
drawing a final conclusion in chapter 6 we discuss the occurrence of the error
threshold in a general epistatic landscape in chapter 5, thereby improving a
previous result [30].






Chapter 2
Basic principles

In this chapter we introduce the basic concepts and notions of population genetics
and dynamics needed. We focus on so-called deterministic mutation-selection-
models for haploid asexual species, the quasispecies models. Haploid means
that each individual of the species contains only one string of information (e.g.
the DNA or RNA string). Asexual means that each individual can produce
offspring autonomously, e.g. via cell division, and deterministic refers to an
infinite population size. So we are in a context that allows for description of
large populations of bacteria and viruses, but not higher developed organisms.
Due to their simplicity, these quasispecies models can serve as toy models to
find e.g. the characteristics of a certain fitness landscape.

2.1 Terms and definitions

As indicated in the introduction (chapter 1), we can characterize the individuals
of the considered species by the string they carry. This string o = (s1, .., 81.),
of length L contains letters s; € A which are taken from an alphabet A of size
|A| > 2. In classical population genetics this string is just the DNA or RNA
of an individual, so the alphabet A is of size four and there are 4 possible
sequences which form the sequence space . In the simplest case the two letters
A and G and the letters C' and T (U) are pooled respectively as A and G are
purins and C and T (U) are pyrimidines. These are to some extent exchangeable.
Then we get an alphabet consisting of 2 letters A = {+1,—1} and 2% possible
sequences. If we connect all sequences of the set of all possible sequences in such
a way, that a connection is made between all sequences that differ only by one
site, we get the sequence space with the topology of a hypercube, an illustration
of which can be seen in figure 2.1.

As is known from evolutionary biology, individuals well-adapted to their
environment have the best chance to produce a large number of offspring,
thereby passing on their information sequence. The fraction of not well-adapted
individuals is diminished over time, dies out or survives only by mutation effects,
as the individuals produce less offspring. If we assume that an information

1Depending on the posed question also other information strings can be taken to characterize
the individuals. For example it can be the information of the gene configuration of the individual
(which allele of a certain gene this individual has).
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Figure 2.1: Illustration of the sequence space for binary sequences of length four with
an alphabet consisting of 1. The letter —1 is abbreviated 1 in the picture. The
sequence space has a hypercubic topology.

string ¢ = (s1,..,51) characterizes the individuals, a quantifying degree of
adaptation should be connected with each of the possible sequences. This degree
of adaptation is usually called the fitness and its value is connected to the
effective number of offspring an individual produces per unit time. In the context
of population genetics the fitness is usually assigned to the genotype instead
of the phenotype because the connection between the two is complicated and
mostly unknown?.

We assume the generations of the considered population to be non-overlapp-
ing and the generation time to be normalized to one. Then we can describe
the evolution of this species by a discrete time model where the time takes
discrete values 1,2..., according to the actual generation. For a discrete time
model the fitness F,, then is the expected number of offspring an individual with
sequence ¢ produces. It is also called the Wrightian fitness. We can now perform
a continuum limit in time, corresponding to the limit of small generation time
At — 0, such that the total amount of offspring produced in a finite time span
is constant. Then the number of offspring is reduced, when the individuals’ lives
are shorter, and we also have to perform a continuum time limit in the fitness
function F,. We write

F, = ewott (2.1)

and call w, the Malthusian fitness. Sending the generation time At to zero, we
find to first order in time

F,=e"? 14+ w,At, for At—0. (2.2)

2All individuals with a certain sequence o* belong to the same genotype. The phenotype
comprises all genotypes that produce the same characteristic traits of individuals. The
mapping from geno- to phenotype is thus typically from many to one. A simple example is the
formation of amino acids by triplets of the nucleotides. There are 20 amino acids but 43 = 64
possible combinations of three nucleotides (of which there are four different ones). So several
combinations of nucleotides lead to the production of the same protein.
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The Malthusian fitness is the important quantity for a continuous time model,
like the Wrightian fitness is for the discrete time models. Equation (2.2) reflects
the idea of reduced offspring for smaller generation times. As next step, we also
want to include the effect of mutations either due to the environment or due
to copying errors during reproduction. On the level of genes and nucleotides a
mutation changes a sequence into another one, for example by changing single
sites. This basic type of mutation is called point mutation. We concentrate in
this work on point mutations only. If we assume that the mutation probability
1 is uniform throughout the whole sequence and is the same for all letters in the
alphabet, we can write down the mutation probability for an abitrary sequence
o to mutate into another arbitrary sequence o’ as

" k(o,0")
p=(—— 1— p)bkeeh) 2.3
U= (1) 0w (2.3
The first factor accounts for the probability that the differing sites are mutated
into each other, while the second factor represents the probability that the other,
already matching sites do not mutate. Here

k(o,0') = %(L - Z sish) (2.4)

is the Hamming distance of the two sequences o and ¢’, which is just the number
of different sites. The mutation probability ), is the same for all sequences ¢’
which have Hamming distance k to sequence o. The number N of sequences
with the same Hamming distance to sequence o is

M= () -2t (25

Qoo is a real probability as }  Q,o» = 1. This normalization condition
simply states that the sequence ¢’ mutates to some other sequence — or stays
the same. When performing the continuous time limit we need to change from
mutation probabilities to mutation rates 7,,/. This is done by

Qoo =~ 60701 + Moo’ - At, for At—0. (26)
If we denote the mutation rate per letter by i and set p = At then

0 , k(o,0')>1
Noor =4 fi , k(o,0') =1 (2.7)
—nL , k(o,0') =0

The normalization condition reads Zg Neor = 0. A review about the topic of
mutation and selection can e.g. be found in [3].

A special class of fitness landscapes are the so-called permutation-invariant
fitness landscapes, in which only the number of mutations away from the wild
type sequence o, and not their position is important for a sequence’s fitness. In
mathematical terms, this means w, = wy(s,0,). Though being a simplification,
permutation-invariant fitness landscapes are applicable to relevant systems, like
to the binding energies of proteins to binding sites in the regulatory region of a
gene [39].
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2.2 Models

2.2.1 Eigen model

To describe the evolution of the population, we need to specify the interplay
between the different ingredients. Here we take into account only mutations
occurring as copying errors during reproduction and deterministic evolution?.
For finite generation time this situation is described by the Eigen model [30].
In consequence, the fraction of individuals P, (t) carrying sequence o at time ¢
evolves to the next generation according to

_ Zg/ Qaa/Fa’Pa’ (t)

P,(t+1)= . 2.8
(t+1) S For Por (1) (2.8)
Y runs over all possible sequences and for binary sequences Q.. is given by

Quor = pH7 (1 = )b (29)

Again k(o,0’) is the Hamming distance between the sequences o and o’. We
notice the fact, that the model is invariant under multiplication of the fitness by
a constant factor F, — C - F,,. The equations can be linearized by changing to
an unnormalized population distribution Z,(t) via [51]

t—1

Zo(t) = Po(t) [[ D For Por (7), (2.10)

7=0 o’

at the cost of non-locality in time. We then arrive at the linear equations

Z(ot+1) = Qoo Fo Zo(t) . (2.11)

o!

This linearized version is easier to solve, when calculating stationary states.
By renormalization of the result Z*(o), we regain the normalized population
distribution P*(o). But for convenience we will in the following work with a
continuous time model, the Crow-Kimura model, which can be inferred from
(2.8) by the limit generation time At — 0 as shown below.

2.2.2 Crow-Kimura model

To derive the proper continuous time evolution from the discrete time model
(2.8), we use (2.2) and (2.6) to paraphrase the dynamics for short generation
time At. Writing P, (t + At) = P,(t) + [d:P,(t)]At, we find

i Ps(t) = (o — @) Po(t) + Y Toqr Por (t). (2.12)

Therein @ is defined through @w = X, w, P,/ (t). Now we assume the (Malthusian)
fitness to be a function wy only of the Hamming distance k£ to the optimal
sequence at k = 0. Then, surpressing the time dependence, renaming the point
mutation rate i — p and using (2.7), we can rewrite (2.12) to the final and here
needed formulation of the Crow-Kimura model

di Py = (wp — 0) Py + p(k + 1) Py + p(L =k +1)Po—y — pLP,  (2.13)

3achieved by assuming infinite population size
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with 1 < k < L—-1. For £k = 0 and & = L the equations obviously have
to be modified. Still, the deterministic character of this equation is justified
by an infinitely large population. The nonlinearity introduced by the mean
(malthusian) fitness w(t) = >, wi P can be eliminated by passing again to
unnormalized population variables via the transformation [51, 80]

Zo(t) = Po(t) exp [ > / drP, (1) |. (2.14)
a0

The resulting linearized CK-model for the case of fitness landscapes only de-
pending on the Hamming distance then reads

A Z(t) = (wy — pL) Z(t) + plk 4+ D) Zigr (8) + p(L — k+ D Zia (1) (2.15)

From the solution of this linearized set of equations, the normalized solution can
be reconstructed via

Pi(t) = Zf’}% (2.16)

In the following we will be concerned with the equilibrium states of (2.13), or
rather (2.15). The stationary states can be found by the separation ansatz

Pi(t) =M Py, (2.17)

implying the largest of all possible eigenvalues A = max A to dominate the
behavior of the system in the long-time limit. In the corresponding eigenvalue
equation

AP} = (wy — pL) Py + p(k + 1Py + p(L — b+ 1) P,
= Mk,k’P]:/ vk = O, ...,L (218)
& AP = MP”

the L x L fitness-mutation-matrix M only consists of real non-negative entries.
So the Perron-Frobenius theorem is applicable here, ensuring the existence of an
unique, positive, and real largest eigenvalue A, and a corresponding principal
eigenvector P* that only has non-negative entries. This eigenvalue A is equal to
the long-time limit of the mean population fitness w, as can be seen by inserting
the stationarity condition Py (t) = P} into (2.13) using (2.18), and it is the main
quantity of interest in this work. The CK-model is invariant under additive
shifts of the fitness, wy — wy + ¢, as counterpart to the Eigen model.

In figure 2.2 the equilibrium population P} of the CK-model is shown as
function of the mutation rate per letter ;1 for a single peak landscape wy = d5 0
and a sequence length of L = 100. With growing mutation rate, the population
becomes uniformly distributed in sequence space, a phenomenon called error
threshold, which will be discussed in the next section.

We will work with the Crow-Kimura model for the rest of this first part, as
the continuous time formulation is more convenient to handle and the derived
results are qualitatively also valid for the Eigen model.
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Figure 2.2: Part of the equilibrium population distribution of the quasispecies popu-
lation in a sharp-peak landscape w(k) = 0,0 with sequence length L = 100. Shown
are the normalized population fractions Py for different Hamming distances k. Some
very important ones are labeled in the picture. The data is obtained numerically, as
described in section 3.5.

2.3 Fitness landscapes and robustness

The still missing ingredient of our population model is the fitness landscape.
These landscapes typically serve as toy functions, in the hope, that the model
captures some important aspects of reality. In the last section, we already
introduced one important class of fitness functions, the permutation invariant
landscapes. To this class — to which we will stick in this work — belong several
famous landscapes, like the sharp-peak landscape, introduced by Eigen [30]

wy, = Wok 0, wgy > 0, (2.19)

where only the master sequence has a high fitness. This reflects an extreme kind
of epistasis (see below). It is applicable, if e.g. the environment sets very strong
conditions on the population. In the Fujiyama (or multiplicative) landscape

wr =wo —b-k ,wo,b>0 (2.20)

every mutation away from the master sequence reduces the fitness by the same
amount, while in epistatic landscapes like [36]

wg =wg — b- k< ,wo, b, >0 (2.21)

the reduction depends on the number of already occured mutations. Depending
on the epistatic factor a every additional mutation away from the master sequence
is punished more (o > 1) or less (o < 1) than the previous one. We will discuss
the case of epistatic landscapes in detail in chapter 5. In these two latter types
of landscapes, mutations are non-lethal (in the way which will be discussed
in sec. 2.4 below) but lead to a reduction of offspring. In the corresponding
populations we typically find mutational variety and the width of the population
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Figure 2.3: Equilibrium population distribution for the localized Py 1oc and delocalized
P 4e10c Population distribution, as function of the Hamming distance % in a plateau-
shaped fitness landscape with a plateau width k. The left y-axis belongs to the fitness
(dashed line), the right y-axis to the population distributions P;. We see the localized
population to reside mainly at the edge of the plateau as due to the mapping from
sequence to Hamming space, the number of sequences there is larger than at k = 0.
The delocalized population is normally distributed around the Hamming distance L/2.

distribution (in Hamming space) depends on the mutation rate, as well as on
the parameters of the landscape.

Coming back to our concerns, we want to discuss the effects of robustness on
a population. This is a concept of central importance in current evolutionary
theory [26, 55]. Here we address specifically mutational robustness, which we take
to imply the stability of some biological function with respect to mutations away
from the optimal genotype. To be precise, suppose the genotype is encoded by a
sequence of length L, and the number of mismatches with respect to the optimal
genotype is denoted by k. Robustness is then quantified by the maximum number
of mismatches kg, that can be tolerated before the fitness of the individual drops
significantly below that of the optimal genotype at & = 0. This situation arises
e.g. in the evolution of regularity motifs, where the fitness is a function of
the binding affinity to the regulatory protein [39, 9]. This mesa-shaped fitness
function is the simplification of a Fermi function at low temperatures, which in
turn appears e.g. in simple thermodynamic models for the binding probability
of a transcription factor to a regulatory region. Assuming that the fitness is
independent of k& both for & < k¢ and for k& > kg, the fitness landscape is
parametrized by the width ko and height wq of the mesa [68]. In figure 2.3, a
(permutation invariant) mesa-shaped fitness landscape and the corresponding
localized and delocalized population distribution in Hamming space are depicted.
In the following we will especially analyze this type of mesa landscapes and come
later on to the more general case of epistatic landscapes. We use the terms mesa
and plateau landscape interchangeably.

2.4 Error threshold

Depending on the shape of the fitness function and the mutation rate per letter
1, in quasispecies models a localization-delocalization phase transition, also
called error threshold can occur. At this threshold the population undergoes a
transition from a localized state around the fittest sequence(s) to a population
homogeneously spread in sequence space (which corresponds to a binomial distri-
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bution in Hamming space). For a population this transition can be interpreted
as insensitivity towards changes in fitness or as the extinction of the (real) finite
population to which the model is applied to.

To analyze any transition in which the mean Hamming distance of a popula-
tion changes?, the population averaged “magnetization” M, defined by

M=1-20)€[-1,1] with () = ii kPE, (2.22)
k=0

is a convenient though not fundamental quantity — the principal eigenvalue A
of (2.18) is the fundamental quantity determining P;*. If the whole population
only consists of master sequences (k = 0 by definition), the magnetization
is M = 1. If only the inverse master sequence is present, the magnetization
becomes M = —1. For a uniform distribution in sequence space (delocalized
population) the magnetization is M = 0. Thus we can in most cases distinguish
the qualitatively different states a population assumes under different mutation
rates (except the mentioned pathologic cases), by considering the population
averaged magnetization M as a function of u. There are some special cases, where
only the observation of the magnetization becoming zero is not sufficient, like
in the case of the Fujiyama (or multiplicative) landscape, where the population
remains localized but its average Hamming distance is — with growing mutation
rate — continuously shifted towards k = L/2 . Then we have to retreat to the
analysis of the quality of change of either the population mean fitness A(u) or
the magnetization.

To obtain meaningful results in the limit L. — oo, the mutation probability
has to be scaled to zero accordingly, u — 0, °. Another possible scaling — we
do not adopt here — is to scale the fitness oc L. For most fitness landscapes a
scaling with pL = const. is appropriate, but the right scaling can often only be
obtained from the calculation of the critical mutation rate (error threshold) gy,
itself. An example for a landscape where the scaling p. = const is inappropriate
is the epistatic landscape which will be discussed in chapter 5.

The order of the phase transition is somewhat delicate to estimate. The
intricacy lies in the sequence of performing limits. As we here will frequently use
numerics to confirm our analyical results, we always work with finite sequence
lengths. So, the limit of infinite sequence length is the last one to be performed.
For finite sequences we see the error threshold to resemble a second order phase
transition. For this reason, we will here consider the error threshold to be of
second order. When estimating the order of the transition after performing the
infinite sequence length limit, the error threshold will be of first order, as the
order parameter performs a discontinuous jump from M =1at u=0to M =0
at u # 0. Though we have to point out here, that the error threshold, in the
sense of a proper physical phase transition only exists in the limit L — oo. This
discussion is also taken up in the paper by Tarazona [79] in the context of a
treatment of the models as Ising chains. Nevertheless, other opinions on the
order of the error threshold and which order parameter should be taken exist.
For a different view on the topic see e.g. [44].

4pathologic cases like a (changing) population distribution symmetric to = 1/2 are not
covered!
5otherwise the mutation probability per sequence would diverge
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2.5 The maximum principle

So far, we have presented the basic ingredients and how they enter into the models.

Now we turn to finding the equilibrium state and the growth rate of a population
in a given environment (represented by the fitness function). Therefore we have
to solve the set of equations (2.18). To its solution, a considerable body of work
has already been devoted for large L. If, in addition to the scaling constraints
on u, the fitness landscape wy, is assumed to depend only on the relative number
of mismatches, such that

wg — f(x), x=k/L, (2.23)

then for L — oo, the principal eigenvalue in (2.18) is given by the solution of a
one-dimensional variational problem as [14, 2, 74, 67, 73, 4]

A= max (£(x) =11 - 2¢/a(1 - 2))). (2.24)

where v = pL. Moreover, if f(z) is differentiable the leading order correction to
(2.24) takes the form [67, 73]

M= s L2 @=L (2)

where z. is the value at which the maximum in (2.24) is attained. Therefore,
we need other methods when analyzing the main features of robustness using a
mesa-shaped fitness landscape of the form

wk:{w0>0 D 0<k <k (226)

0 : k> ko, ’

as wy, is not differentiable any more. Here wy denotes the selective advantage
of the functional phenotype and kg is the number of tolerable mismatches. For
scaling landscapes (2.23), here realized by

f(z) = weO(z — xy), (2.27)

where ©(x) is the Heaviside function and xg = ko/L, at least the maximum
principle can be applied (zg < 1/2) to yield

A{ 600—7(1—2 xo(1 — o)) 7ZO>w(C) (2.28)
y Wo < W

with w§ = v(1 — 24/xo(1 — x0)). The value w§ of the selective advantage marks
the location of the error threshold at which the population delocalizes from the
fitness plateau and the location z. of the maximum in (2.24) jumps from z. = xg
to z. =1/2.

To calculate the leading order correction AA to the maximum principle for
finite sequence length in the next chapter, we will clarify and use an analogy to
quantum mechanics, thereby rederiving the maximum principle (2.24), and we
will show that AA is of order L=2/% or L~1/2 rather than L~ in the case of the
pure maximum principle for scaling landscapes.
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Chapter 3

Continuum limit 1n
Hamming space

We want to solve the problem of finding the influences and limits of robustness
in deterministic mutation-selection models. Robustness is implemented as a
plateau-shaped fitness function into the Crow-Kimura model as introduced
above. Based on the existing approaches, we clarify the connections between
these different accesses and use a formal analogy to quantum mechanics to finally
solve the issue of mutational robustness. Therefore, we first derive a description
of the CK-model in a continuous Hamming space. Then we are able to find a
finite size correction in harmonic approximation and beyond, using an analogy
to quantum mechanics. Here we can connect to the work of Gerland and Hwa
[39]. As reference method, we study the system by means of direct numerical
calculations and find the analytical results verified.

3.1 Analytical derivation in harmonic approxi-
mation

A natural ansatz to analyzing (2.18) for large sequence lengths L is a continuum
limit in Hamming space, that is in the index k. Therefore, we introduce the
small parameter ¢ = 1/L and replace the population variable Py by a function

o(x) = lim P,y (3.1

L—oo
Furthermore we assume the fitness to be of the general form (2.23). By expanding
the finite differences in (2.18) up to second order in €, we get a differential equation
of second order,

16— v (1~ 2m)g] + G0 = o, (32)

which is a stationary drift-diffusion equation. By changing back to the unscaled
variable kK = Lx, we can see, that the equation is identical to the one obtained
by Gerland and Hwa [39]. Nevertheless, we will see that « is the proper variable
to perform the continuum limit, not the least because it fulfills the mathematical
constraint of a compact support.
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In order to solve equation (3.2) it is advantageous to eliminate the first-order
drift term, which can be done by the transformation

d(x) = V/do(2)¥(2), (3.3)
with
bo(z) o< exp[—(1 — 22)2/(2¢)]. (3.4)

It is easy to see, why this transformation symmetrizes the linear operator in
(3.2). In the absense of selection, f = 0, the principal eigenvalue in (3.2) is A = 0,
and the corresponding (right) eigenvalue is a Gaussian centered at z = 1/2 and
thus just given by (3.4). This Gaussian is the central limit approximation of the

binomial distribution
L
P =271 (k> (3.5)

which solves (2.13) for w, = 0 (Vk) and A = 0. It is well known that the central
limit approximation of (3.5) is valid in a region of size /L around k = L/2, but
becomes imprecise for deviations of order L.
The theory of large deviations provides an improved approximation by the
ansatz
Py o< exp(—Lu(x)) (3.6)

with u(z) being the large deviations function. This ansatz, which has been
recently suggested for this problem by Saakian [74], will be explained in more
detail in Appendix A.1.

And though we have just shown that the drift-diffusion approximation is only
accurate near = 1/2, the center of the Hamming space, we will stick to this
approach, as it allows a fundamental understanding of the problem. First, we can
make contact with the work of Gerland and Hwa and second can we reformulate
the eigenvalue problem in the language of standard quantum mechanics. The well
developed formalism of quantum mechanics then allows to extend the solution
of the eigenvalue problem beyond the second order approximation made in
equation (3.2).

But coming back to solving the drift-diffusion equation (3.2), inserting (3.3)
leads to the equation

-V = (A - ey, (37)
with
Viz) = %(1 —22)% — f(x). (3.8)

A sketch of V(z) for different values of v and a mesa-shaped fitness landscape
(2.27) can be found in Fig 3.1.

Using standard quantum mechanics, we can interpret (3.7) as the stationary
Schrodinger equation for a particle of mass 1/~ exposed to the effective potential
(3.8) and energy eigenvalue — (A — €v) in one dimension and space representation.

The potential is the superposition of a harmonic oscillator centered at = 1/2
and the negative fitness landscape. The qualitatively different cases are depicted
in figure 3.1. As pointed out in [68], the inverse sequence length € plays the role
of Planck’s constant £, which implies that the case of interest is the semiclassical
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Figure 3.1: Sketch of the effective potential V(z) (3.8) for different values of the
mutation rate y. For small mutation rates (figure on the left), the population is
localized on the plateau. At the critical mutation rate . (figure in the middle) the
ground state is degenerate and thus allows for a transition of the population from a
localized (minimum at z = x0) to a delocalized (minimum at x = 0) state and vice
versa. And for large mutation rates (figure on the right) the population is delocalized.

limit of the quantum mechanical problem. In particular, for € — 0 the ground
state energy —A becomes equal to the minimum of the effective potential. We
thus arrive at the variational principle

_ v 2
A= xrg[gﬁ][f(x) - 51 —=22)7, (3.9)

which is precisely the harmonic approzimation of the (exact) relation (2.24).

In the perspective of quantum mechanics, the error threshold corresponds to a
shift between different local minima of V' (z), which become degenerate at the
transition point. The transition is generally of first order, in the sense that the
location z. of the global minimum jumps discontinuously. Within the harmonic
approximation the transition occurs at

2 2 L
for g = ko/L < 1, following the argumentation of section 2.5.

, 4k
ug=J0 -2~ ] (1-42) (3.10)

3.2 Extension of the harmonic approximation

The so-far used harmonic approximation around x = 1/2 breaks down near the
boundaries x = 0 and z = 1. However, to access the regime 1 < kg < L, an
accurate treatment of the region of small x < 1 is clearly necessary, especially,
since we want to connect to the work of Gerland and Hwa [39] who obtain a
seemingly contradictory result for the critical plateau needed for a localized
population. The quantum mechanical treatment can be extended such that it
becomes quantitatively valid over the whole interval 0 < x < 1. Based on the
considerations of [73], we then arrive at the modified Schrodinger equation (see
appendix A.1 for a derivation)

d2
— EyVall—a) v+ [1(1 - 2Va( =) - f@)| v =—Av,  (311)
which differs from (3.7) in two respects. First, the potential (3.8) is replaced by
Vian(e) = 7(1 — 2/a(1 = 2)) — f(2). (3.12)
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In the asymptotic limit e — 0 the principal eigenvalue is given by minimizing
Vianl, which exactly recovers the maximum principle (2.24). Second, the mass of
the quantum particle described by (3.11) becomes position dependent,

m(x) 2 (2o - 5) . (3.13)

which replaces the simple identification m =1/v in the harmonic case.

3.3 Finite sequence length corrections

From the considerations of sections 3.1 and 3.2, we can infer correction terms
to (2.24) for finite sequence lengths. Within the harmonic approximation, for
finite but large sequence lengths ¢ = 1/L <« 1 we have to include quantum
corrections to the classical limit solution (3.9). Assuming a smooth fitness
function f(x), the ground state wave function is localized near the minimum
x. of the effective potential, and the shift in the ground state energy can be
computed by a harmonic approximation of V(x),

1

V(z) ~ V(z) + %V”(mc)(a: —z)? = V() +

[4y — f”(l‘c)](l‘ - xC)Q- (3.14)
Identifying 1/ with the mass m of the quantum particle and comparing the
correction term to the potential of a harmonic oscillator Vi, = mw?z? /2, we
find the frequency of the oscillator to be

w=2v/1— f"(x.)/47. (3.15)

By further exploiting this analogy, we find the ground state energy contribution
of the correction term to be

hw
Re-inserting the results into (3.7), we get an expression for the leading order

correction to A:

2 d2
—%@erV(xc)zb = —(A—ew%ew)w (3.17)
= —(A+AA)Y. (3.18)

The correction term
AN = L1 = T= () /4] (3.19)

coincides with (2.25) evaluated for x. ~ 1/2. Analogously, the width £ of the
wave function can be estimated via & = \/h/(2mw) to be'

. A
R S Le) .

INote that, because of the factor /¢g in (3.3), this is not equal to the width of the stationary
population distribution.
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Figure 3.2: Sketch of the effective potential V (z) near z. = zo. The slope left of the
step is to first order given by —a = V'(x). The height of the step is wo, which can
— for small ¢ — be considered as effectively infinite, since the kinetic energy of the
particle is linear in e.

In the case of the mesa landscape (2.27), the potential near x, = x¢ consists of
a linear ramp of slope

—a=V'(x9) =2v(220 — 1) <0 (3.21)

followed by a jump of height wg, see figure 3.2 . For small €, the jump can be
considered as effectively infinite (as the kinetic energy of the particle is then
very small since being linear in €) and we retrieve the well-known 1d-quantum
mechanical ground state problem of a particle in a negatively sloped potential
terminated by an infinitely high wall. The solution, provided by the Airy
function, is standard textbook material, e.g. [71] and we obtain for our problem
the prediction

AN = 2 (B2 2m) ' 3a?/? = 232y (1 — 220)2PL723 + O(L7Y),  (3.22)
where z; &~ —2.33811... is the first zero of the Airy function. The scaling
AA ~ L7%/3 was already noted in [65]. Again, the width of the wave function
can be estimated and is of the order

€ ~ (B2 /ma)t/? ~ /3 (3.23)
in this case. These considerations can also be applied to the extended solution
of equation (3.11) in section 3.2. Inserting (3.12) and (3.13) into the expression
(3.22) for the finite size correction yields

AN = 27321672351 — 220) 2o (1 — 20)] " Y/C. (3.24)

For fixed x( this still scales as €2/3 = L=2/3, but when taking L — oo at fixed
ko, such that zg — 0, we find instead that

AN — 2_1/321’72761/662/3 = 2_1/3217k0_1/6L_1/2. (3.25)
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3.4 Connection to former results

3.4.1 Review

A recent study on mesa-shaped fitness landscapes with finite sequence length was
done by Gerland and Hwa (GH) [39]. They approach the problem by assuming
from the outset 1 < kg < L. So the maximal number of non-lethal mismatches is
small compared to the sequence length. Then they perform the limit of infinitely
long sequences L — oo and focus on the region k < L at the same time, while
keeping the Hamming distance k as the variable in which the limit is performed.
As an intermediate result they recover eq. (3.2) (in terms of k), but then neglect
the contribution 2k/L (corresponding to 2x) in the drift term. As a result the
drift term becomes constant for all k.

In the localized regime, the stationary population distribution is of the form

¢(k) = (k) (3.26)

in terms of the Hamming distance k. But the potential of the corresponding
Schrédinger equation to (3.7) is given by —v/2 - f(x). Due to the ’zoomed in’
view on the system, the error threshold manifests itself in the non-normalizability
of the solution or in other words, when v(z) decays as e~*/¢ = e~*. This is
also the point, where the assumption of sufficient slow variation of (k) on the
scale of k (needed for the continuum limit) is violated. Then for a broad fitness
plateau kg > 1, GH find a critical plateau height of

2

c_ 7 m
wh =3 (1 + kg) . (3.27)

This result clearly shows a dependence on the absolute number of allowed
mismatches kg, but is independent of the sequence length L, apparently in
contrast to (3.10).

3.4.2 Comparison

To understand the role and applicability of our results and the one of GH,we have
to take a closer look on the validity of both approaches. For didactical reasons
we start on the level of the harmonic approximation (sec. 3.1) and then extend
the comparison to the improved solution (sec. 3.2). The harmonic approximation
solution (3.10) is valid for large ko and breaks down, when the width of the wave
function & becomes comparable to the potential well provided by the effective
potential V(x). In the case of the mesa landscape, this is tantamount to

f ~ ZQ, (328)

which leads to
ko ~ e V3 =13 (3.29)

using (3.23) and z¢ = eko. If we consider short plateaus with kg < L'/3, the
ground state energy of the corresponding wave function can be estimated to

h2 2
By €1 0

m " w2 k2

(3.30)
Lo
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where d is the width of the confinement potential (in our case xg). This contri-
bution exceeds the harmonic contribution ~ kqo/L in (3.10) usually by far. So in
the case x¢p — 0, the most important correction to the ’classical ground state
energy’ (3.9)

A:’wo—%

(3.31)

is a negative contribution ~ 7/kZ. This in turn leads to an increase of wg, as
qualitatively seen in (3.27). But the range of application of (3.27) is very small.
In the case of smooth fitness landscapes, the harmonic approximation already
breaks down at kg ~ L2, due to the central limit approximation. Nevertheless,
the energy contribution of the wave function ~ v/k2 dominates the vkg/L-term
in (3.10) only, if kg < L'/3. Hence, the GH regime is in this case not visible.
But since the harmonic approximation is not valid in the interesting region
of broad but relative small plateaus, ko, L > 1, o < 1, we will now improve
our solution and refine the just made conclusions made about the GH regime.

Within the improved solution of section 3.2, mass and slope now diverge as
m,a ~ xalm for zg — 0. So, the width of the wave function scales as

€ ~ (2 ma)'/® ~ (2ao) /= eky?, (3.32)

instead of £ ~ z( in the harmonic approximation. Consequently, the breakdown
condition & > ekg of the semiclassical approximation is never satiesfied and the
“quantum confinement regime” discussed just before does in fact not exist. For
the finite size corrections we expect equation (3.24) to be valid for all k, L, as
long as ko, L > 1.

3.5 Numerics

To test the analytical predictions derived in the preceding sections, we have
carried out a detailed numerical study of the dependence of A and w§ on kg, L
and ~. In the first part of this section we discuss the method used to obtain the
numerical data presented in the second part.

3.5.1 Numerical method

For the calculation of numerical values for the mean fitness A or the critical
plateau height w§ it is necessary to calculate the equilibrium state of the popu-
lation described by (2.13) or in other words, the largest eigenvalue of the matrix
defined by (2.18) and the corresponding principal eigenvector P*. An iteration
of (2.13) does in most cases not lead to the equilibrium state in acceptable time,
as the convergence is very slow.

For the calculations we used Matlab and the included subroutines, especially
the LAPACK package, since it is best suited for large and sparse matrices. To
achieve short calculation times, we symmetrized the original set of stationary
equations (2.18) via the transformation
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P, — T - P, (3.33)

Myt — H1;+11,k+1Mk+1,ka,kv (3.34)

gk = (i), (3.35)

which is exactly the discrete transformation analogous to the symmetrization
operation (3.3) of the analytic ansatz (see also Appendix A). In doing so, we
arrive at the following eigenvalue equation

AP = (wy, — 1) Pp™™ + /(L = k) (k + 1) (PEY™ + Pry™)
= S MY P Wk e {0,..., L} (3.36)
PZN AP*,Sym — MsymP*,sym'

First we test the accuracy of the method by calculating the sensitivity of the
fitness-mutation matrix to pertubations, by determining the condition number
of the fitness-mutation matrix M*™. The condition number of a matrix is
defined as the product of the largest singular values of the matrix itself and its
inverse. The values are obtained from singular decomposition of the matrix. The
smaller the condition number is, the more stable the matrix behaves towards
small pertubations of the matrix elements. We find that the system is stable for
small mutation rates but becomes unstable for u — % For small mutation rates
between zero and the error threshold s, we find numbers of the order of 10!
to 103, For p = % the condition number diverges. For more information on the
condition number and singular-value decomposition we refer to Appendix B.

To find the dependence of A or w§ on kg, L or «, we carried out the calcu-
lation of A or wq for each set of parameters independently. The price for this
independent data is the not arbitrarily high density of data points in the plots.
Thus in many plots the numerical curve is a bit stepped.

To obtain the critical values of the plateau height w§, or the mutation rate
i, the order parameter M (see equation (2.22)) is calculated for each set of
parameters. The average of the two values of wy or p next to the qualitative
change of M then give the desired critical value.

3.5.2 Results

We extensively tested the analytical predictions versus the numerical results.
Here we only show some representative examples of these. In figure 3.3 two
examples for the dependence of A on the plateau width ky are depicted. The
prediction of the asymptotic maximum principle (2.24) reproduces the qualitative
behavior of the numerical data but significantly overestimates the value of A.
The L2/ finite size correction (3.22) derived in the harmonic approximation
improves the comparison, but quantitative agreement is achieved only using the
refined expression (3.24), which is proportional to L=1/2,

Figure 3.4 shows a similar comparison for the critical plateau height w§. Here
the prediction (3.27) of GH is also included and seen to match the numerical
outcome only poorly, whereas the maximum principle result with the finite size
correction (3.24) produces excellent agreement.
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Figure 3.3: Growth rate A as a function of the plateau width k¢ for two values of
the plateau height wo = 0.5,0.95. The sequence length is L = 100 and the mutation
rate per sequence is v = 1. The solution of the maximum principle together with
the L~/?-correction term (including the position-dependent mass) provides the best
agreement with the numerics. The numerical values of the growth rate have been
obtained by (numerical) calculation of the largest eigenvalue of the matrix defined by
equation (2.18), c.f. subsection 3.5.1.
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Figure 3.4: Critical plateau height w§ as a function of the plateau width kg. The
sequence length is L = 500 the mutation rate per sequence v = 1. The solution of the
maximum principle together with the L™'/2-correction term provides the best overall
agreement with the numerics. With increasing the plateau width ko, the L=2/% and
L~/2_corrections approach each other. The prediction by GH matches the numerics
very poorly and does not reflect the qualitative behavior of w(ko) in contrast to the
other solutions. The analytical solution for the maximum principle (and correction

term) has been obtained by equating the two solutions of (2.28) and solving for wyg.

The numerical values have been obtained via calculation of the average magnetization
M of the population and determining the plateau height, where M jumps from finite
value to zero. See page 14 for a detailed discussion of M and subsection 3.5.1 for a
discussion of the numerical method.
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Continuum limit in Hamming space

A AA
n (573g7 625077 " (21/3mka”6>
T ‘ ‘ T ‘ ‘
—»— Numerics —21 —»— Numerics ||
3| —y=-2.z| —y=—1-z
T —25| Fo=2 |
4 i =3[ 8
-3.5 5
! ! ! (L) ! ! ! (L)
4 5 6 7 4 5 6 7

Figure 3.5: Illustration of the power of the sequence length in the correction term for
fixed relative and absolute plateau width. AA has to be understood as the numerical
value for the growth rate Apum less the value obtained by the maximal principle, eq.
(2.24). For fixed relative plateau width, as well as for fixed absolute width, the numerics
show the same exponent of the sequence length as the corresponding analytical result.

Finally, in the left picture of figure 3.5 we verify that the finite size correction
AN indeed varies as L~2/3 when L is increased at fixed relative plateau width z.
The right figure shows the corresponding L~'/2 dependence for fixed absolute
plateau width k. Altogether, we find the analytical propositions affirmed.

Hereby, we stop the discussion of fitness landscape with one plateau and
continue with the question, to what extend a robust species is superior to a
species with higher fitness but less tolerance for mutations, using the analytical
results obtained in this chapter.



27

Chapter 4

Fitness landscapes with
competing plateaus

4.1 The selection transition

We now apply the analytical theory to the phenomenon of the survival of the
flattest as explained in the introduction (chapter 1). We want to find out to what
extent robustness (in the sense of plateau width) outcompetes selection (fitness
of a Hamming class) — for finite sequence lengths and in the limit L — oco.

In the literature this question has already been discussed to some extent
by Schuster and Swetina [75]. The question can be answered by investigating
a fitness landscape consisting of two fitness plateaus at the opposing ends of
the Hamming space (see figure 4.1). As was shown in [75], for small p the
interference between the two plateaus is negligible when they are separated by a
few mutational distances. The stationary state of the system is therefore to a
very good approximation determined by the comparison between the population
growth rates associated with each of the two plateaus in isolation. In [17]
experimental evidence for the existence of similar fitness landscapes and the
interplay of fitness and mutation rate in virus populations is given.

Wi
N

WO +=——

w1

T I-% L F

Figure 4.1: Illustration of a fitness landscape with two plateaus. This type of landscape
is used to investigate the influence of height and (relative) broadness of the plateaus
on the population fitness A.
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For the CK model (and the Eigen model as well), observing the mean
Hamming distance of the population' as function of the mutation rate and
for fixed sequence length, we find two types of transitions. The first one is a
jump of the population from the higher to the broader plateau, which we will
refer to as the selection transition [79] taking place at a mutation rate ps. The
second transition is the well-known error threshold taking place at p,., where
the population becomes uniformly spread in sequence space.

The selection transition is a sharp transition, even for finite sequence lengths,
while the error threshold is a continuous transition for finite sequence lengths
and becomes sharp only in the limit L — co. Both transitions are illustrated
in the left figure of 4.2. With growing sequence length, both critical rates ps
and py,. become smaller and approach each other, until, at a critical sequence
length L*, they reach the same value and the selection transition vanishes. For
all larger sequence lengths, the population directly delocalizes from the high,
narrow plateau, as can be seen in the right figure of 4.2.

Using the maximum principle this behavior can be understood quite easily.
By evaluation and comparison of (2.24) on both plateaus we find the selection
threshold as the mutation rate, at which the population mean fitnesses for both
plateaus are equal:

fo oL -z (4)

S (VB =1 — VRl =) ~ 2(Vkr - Vko)

We assumed kg, k1 < L in the last step. Quite analogously, for each plateau the
error threshold p,., i = 0,1 is obtained by the vanishing of the corresponding
eigenvalue A; (a delocalized population has an eigenvalue of zero), yielding

(i) _ wi w

i -1
Hiy = ~ L . (42)
L(1-2vkI-F) 1-2Vk/L

The error threshold observed in the population is then the smaller of both
values. Since the error threshold decreases faster with growing sequence length,
than the selection threshold, the error threshold of the high plateau will be
encountered before the selection threshold for sufficiently long sequences, implying
the selection threshold to be no longer observable. The critical sequence length
L* at which the selection threshold disappears, can be calculated by equating
the expressions (4.1) and (4.2)

L~ Hwovhi - “’“/@2, (4.3)
(wo — w1)?

where we used the approximated expressions.

For comparison with the former work of Swetina & Schuster and Tarazona
[75, 79], we used a fitness landscape with short plateaus ko = 1 and k; = 2, and
relative fitness values wy /wo = 0.9, for which (4.3) gives a critical sequence length
of L} ~ 106. Our numerical calculations shown in the left figure of 4.3 reveal
a significant underestimation of L} ~ 285, which is not notably improved by
using the full finite sequence corrections for the principal eigenvalues derived in
section 3.2. But this is not surprising, as in the continuum approach of chapter 3

Lor the eigenvector corresponding to the equilibrium state of the population
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Figure 4.2: Order parameter M as function of the mutation rate p per site for a fitness
landscape with a high plateau at £ = 0 and a broad plateau at k = L. For short sequence
lengths one can observe a hopping of the population from the higher to the broader
plateau and then a delocalization (left picture). For long sequences, one only observes
the delocalization transition from the higher fitness plateau (right picture). The hopping
between the plateaus we call the selection transition. It takes place at mutation rate
1s. The delocalization transition, also called error threshold, takes place at a mutation
rate . The underlying fitness landscape is wi, = 10-©(0 — k) +9- ©(k — (L — 1)).
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Figure 4.3: Critical mutation rate us of the selection transition and u¢, of the error
threshold for the fitness landscape wy = 10-©(0—k)+9-©(k — (L+ 1 —2)) (left figure)
and wy =10-0(10 -1 —k)+9-O(k — (L +1 — 20)) (right figure) as functions of the
sequence length. The two lines cross at a critical sequence length L*. The selection
transition is observed only for sequence lengths smaller than L*. The numerical
data are compared to analytic predictions based on the maximum principle including
the L™/2-correction term. As before, the numerical values have been obtained by
calculating the magnetization of the population and determining for each sequence

length the mutation rate where the magnetization jumps from a finite value to zero.

The difference between the numerical and analytical values, especially of us, are much
smaller for longer sequences and broader plateaus, as well as the relative error between
L} and L}.



30

Fitness landscapes with competing plateaus

k; > 1 was assumed and we cannot expect quantitative accuracy for plateau
widths of order unity. We also carried out calculations for other relative and
absolute heights as well as different plateau widths, especially broader plateaus.
Representatively shown in the right figure of 4.3 are the results for a landscape
with ten times broader plateaus, namely ky = 10 and k; = 20, and the same
absolute fitness values. Here we see, a much better agreement between numerical
and analytically predicted values for ps and p,, leading to a smaller relative
error on the prediction of L*.

To complete this discussion, we mention that for scaling fitness landscapes
(in the sense xg = ko/L = const. and z; = ky/L = const. for L — o0), the
selection transition as well as the error threshold are maintained at fixed values
Vs = ps L and vy = g L for L — oo [ ]

Simulations performed with digital organisms [37], show the outcompetition
of a high but narrow fitness peak by a smaller but broader fitness area also for
more rounded fitness peaks.

4.2 The ancestral distribution

In addition to the equilibrium population distribution P (¢ — o0), we can
also consider the ancestral distribution, the equilibrium distribution of the
backward time process, first introduced by Hermisson, Baake and others [44, 4]
in the context of branching models. The ancestral distribution a contains
the information on the origin of the observed equilibrium population and is
obtained as the product of left and right eigenvectors, P** and P* respectively,
of the mutation-selection matrix defined through (2.18). The probability, that a
randomly picked individual at time ¢ stems from an ancestor of type k (Vk =
1,..,L) at time ¢t — 7 is in the limits ¢ — oo and 7 — oo (performed in that
order) given by a, = P} - P} and is the distribution of ancestors weighted by
the offspring they produce. Figure 4.4 depicts the idea.

Application to the fitness landscape with two competing peaks, shows that
the ancestral population is either located on one or the other of the plateaus or
delocalized (uniformly distributed in sequence space). Though, in contrast to the
equilibrium population, the transitions between these states are all sharp even
for finite sequence length, as illustrated in figure 4.5. The continuous transition
of the equilibrium population at the error threshold is caused by the mutational
pressure driving the population from the plateau to larger Hamming distances.
And the stronger the pressure, the more does the population “leak out” from
the plateau, a fact also found in experiments [17]. Yet, the population is mainly
supported by the individuals on the plateau, since they produce the most offspring
and maintain the population localized. Only, when eventually the mutational
pressure becomes too strong and the equilibrium population delocalizes, the
ancestral distribution is formed by the Hamming classes comprising the most
sequences, so the ones around k = L/2.

To complete this discussion, we want to mention the connection of our work
to the language of Ising chains and two-dimensional Ising models. As becomes
clear in [79], the ancestral distribution is the same as the bulk distribution and
the equilibrium distribution becomes the distribution of the surface layer. The
“leakage effect” in the equilibrium population at the error threshold is also known
as surface wetting in terms of two-dimensional Ising models [79].
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Figure 4.4: Sketch of the time evolution of an asexual population. Each line corresponds
to one individual. Different genotypes are indicated by different line styles. At branching
points offspring is produced and ending lines symbolize the death of an individual.
Time is measured horizontally from left to right. The right eigenvector P* of the
mutation-selection matrix M (2.18) for ¢ — oo gives the equilibrium population
distribution, while the left eigenvector P** of M for ¢, 7 — oo gives the distribution of
ancestors weighted by their offspring. The ancestral distribution is the product of both
(normalized) eigenvectors in the sense ay ~ Py - Pi*, Vk=1,..., L.
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Figure 4.5: The dominant entries of the equilibrium and ancestral population distribu-
tion of the Crow-Kimura model as function of the mutation rate per site, calculated
numerically. The underlying fitness landscape is the same two-plateau landscape used
in Figs.4.2 and 4.3. As sequence length we chose L = 50. Occupation fractions are
plotted only for the most populated Hamming classes. The two distributions undergo
phase transitions at the same mutation rates, but at the error threshold the ancestral
distribution undergoes a discontinuous transition, while for the equilibrium distribution
the transition is continuous.
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Chapter 5

Error threshold in epistatic
fitness landscapes

So far, we have discussed robustness of phenotypes using plateau-shaped fitness

landscapes, which are a special case of the class of epistatic fitness functions.

We now discuss the latter in a more general framework. The original meaning
of epistasis concerns the interaction between genes, namely the action of one
gene blocking the action of another gene [7]. This definition was broadened by
Fisher [35] to describe any form of gene interaction. Here, we mean by epistasis
the non-linear dependence of the fitness function on the number of mismatches
k [70]. Every additional mismatch is penalized harder (synergistic epistasis of

deleterious mutations) or less hard (diminishing epistasis) than the previous one.

The focus lies on the effect of epistasis on the existence of an error threshold.

Following Wiehe [86] we consider the following class of permutation invariant
(Malthusian) epistatic fitness functions
wy, = wo — bk, (5.1)

where k is again the Hamming distance to the master sequence and b > 0
can be regarded as a selection coeflicient. The epistatic factor « tunes the
landscape. a > 1 and o < 1 produces landscapes with synergistic and diminishing
epistasis, respectively. For a — 0 (5.1) reduces to the sharp-peak landscape
W = Wy — b(l - 5k,0)~

It is well known that an error threshold exists for & — 0, but not for a =1
[51]. For o =1 we recover the multiplicative or Fujiyama landscape, that can
be solved analytically and though the magnetization of the population can reach
zero, it does not undergo neither a discontinuous nor a delocalization transition,
as well as the growth rate A itself. Neglecting backward mutations, Wiehe argued
in [86] that an error threshold emerges whenever a < 1.

In the following we show that, based on the maximum principle (2.24), the
critical value of the epistasis exponent below which an error threshold develops
is in fact o = 1/2. For larger values of o we do not observe an error threshold.

As before, we work in the scaling limit L — oo and g — 0 with the mutation
rate per sequence v = uL = const. Next we change variables from k to x, so we
can apply the maximum principle

wy = f(z) = wo — ba?, (5.2)
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with b = bL® and the usual z = k/L. The limit L — oo should be combined
with b — 0, such that b = const. We are thus considering a situation where
both the mutation rate per site and the selection forces are small. Applying the
maximum principle (2.24) to this landscape, the mean fitness A of the population
in the equilibrium state is given by

A = max {wy — bz® — [l — 2y/z(1 — )]}
z€[0,1] (5 3)
=: max \(z),
z€[0,1]

where A(z) is the function that has to be maximized.
By setting d\/dx = 0, we find the conditions under which the maximum of
A(z) is attained inside the interval z € [0, 1], which leads to

ax® V21— = 7(1 —2z). (5.4)

|

The right hand side is a simple linear function of x, dropping from ~/ batz =0
to —y/b at = 1. On the left hand side we find for a > 1/2 a function, that
vanishes at the endpoints x = 0, 1 and is positive-valued in-between, with slope
zero at x = 0, infinite slope at x = 1 and a left-right turning point that only
vanishes for o = 3/2. The intersection . of the left and right hand side functions
varies smoothly with /b from z. = 0 for y/b = 0 to z. = 1/2 for v/b — oc.
Since the left hand side is always positive-valued, we do not find an intersection
with 2. > 1/2. Due to the smooth variation of the solution z, with x, no error
threshold (jumping) occurs for any value of ~/b.

For @ < 1/2, the exponent o — 1/2 becomes negative and thus the left handed
side diverges (to 400) additionally at = = 0. So, for (sufficiently) small /b
there is no solution of (5.4) and the maximum of A(z) has to be located on
the boundary. The function A(z) itself is — for small v/b — monotonically
decreasing, so its maximum is found at z = 0 over a range of small v/b. With
increasing /b, A(x) develops a local maximum inside (0, 1) which finally exceeds
the value at A(z = 0) = wo — . This is, where the population jumps from z =0
to z. € (0,1) discontinuously and we discover an error threshold. At which value
of /b the error threshold occurs clearly depends on the epistatic factor «, so we
write

Y~ g(a) (5.5)

where g is some (not further specified) function of the epistatic factor. From this
relation we can recover the same scaling of the error threshold with sequence

length as [30]

iy = % — g(a)bL™" = g(a)bL* . (5.6)

We can say a bit more about the characteristics of g(a). For the sharp-peak
landscape o — 0, we know the error threshold to occur at /b =1, so g(a =
0) = 1. To find g(a = 1/2), we evaluate A\(x) at a = 1/2 and for = ~ 0:

M) = wo — v + Va1 -z —b) mwo — 7+ Va(2y —b) —72*%. (5.7)

Reconciling dA\/dx = 0 for z =~ 0, we find fy/~l~) ~ 1/2, leading to g(a = 1/2) = 1/2.
In the vicinity of g(ow = 1/2) =1/2, for /b £ 1/2 and 0 < < 1, we can solve
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d\/dz = 0 and find 2, = 2/3(2 — b/~y), which moves smoothly away from z, = 0
at y/b=1/2.

_Summing up, the population is localized at x = 0 for & < 1/2 and small
~/b until & = 1/2 and /b < 1/2. For a < 1/2 and large enough v/b, A(z)
develops a local maximum at x, > 0 and eventually the population undergoes a
discontinuous transition (error threshold) from x. =0 to z. > 0. At « = 1/2
this behaviour changes in the sense that here at «y/ b=1 /2 the population is
located at x, = 0 and moves away continuously from there with growing ~/ b,
while for /b < 1/2 the population is located at z, = 0 since d\/dx = 0 has
no solution in (0,1). For a > 1/2 the population is always located at some z.,
that changes continuously with the parameters. So we find an error threshold
for v < 1/2 and /b = g(c). This behavior terminates at a = 1/2 = /b, where
the transition becomes smooth. This point can be interpreted as the critical
endpoint terminating the discontinuous phase transitions occurring for o < 1/2.

The specialty of the value « = 1/2 is due to the fact, that here the leading
order behavior of the fitness function (5.3) for small x is the same as of the
entropic term /z(1 — z) in the maximum principle (2.24), namely /.

The analytically derived behavior is fully confirmed by our numerical cal-
culations. In figure 5.1 the existence of an error threshold for aw < 1/2 and its
absence for a > 1/2 is illustrated by displaying the magnetization M of the
population as function of the mutation rate per sequence v. For o < 1/2 the
magnetization shows a discontinuous jump, while for o > 1/2 the magnetization
is a smooth function of 7. The full phase diagram is depicted in figure 5.2. Here
the error threshold in the sense of v/ b is shown as function g(«) and varies nicely
between g(0) = 1 and ¢(1/2) = 1/2. The deviations from theory in figure 5.2 are
due to the finite sequence length calculations and become smaller with growing
sequence length.

Since a similar term appears also for general alphabet sizes (see A.3), the
considerations of this section hold in that case as well. Here we finish the
discussion on robustness in mutation-selection models and conclude our findings
in the next chapter.
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Figure 5.1: Magnetization as a function of mutation rate for the fitness landscape
(5.1) with epistasis exponent @ = 0.4 and o = 0.52, respectively. For a = 0.4 the
magnetization undergoes a discontinuous jump, whereas for a = 0.52, it changes
smoothly. The shown values of o have been chosen in order to show the qualitative
difference of M () for a < 1/2 and « > 1/2. The numerical estimation of critical value
of a.. where the error threshold vanishes is estimated to c. = 1/2 within the bounds of
the numerical stepsize. Calculations have been done for a sequence length of L = 500.
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Figure 5.2: Numerically determined phase diagram for the epistatic fitness landscape
(5.1). At the thick line the population undergoes a first order phase transition from a
state localized at . = 0 (below the line) to a delocalized state z. > 0 (above the line).
This line terminates in a second order phase transition at « = 1/2. The deviation
from the prediction /b = g(1/2) = 1/2 at a = 1/2 is due to finite sequence length
corrections. For all larger values of the epistasis exponent, o > 1/2, the population
changes smoothly. Calculations have been performed for a sequence lengths of L = 750.
The stair-like character of the line is only due to the numerical step size.
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Chapter 6

Summary

We investigated a special aspect of population genetics, namely the concept of
robustness against deleterious mutations in the context of quasispecies models.
The concept itself has been studied previously within the framework of regulatory
motifs [39, 9]. The model we used is the continuous time Crow-Kimura model, a
deterministic model for large haploid and asexual populations. We analyzed the
stationary state properties of such populations in epistatic fitness landscapes for
sequences consisting of two letters. These fitness landscapes, especially the mesa
landscape (an extreme kind of epistasis), are used to model robustness of phe-
notypes against deleterious mutations. In these landscapes the mastersequence
and a certain amount of its neighboring sequences (in terms of the Hamming
distance) have a high fitness value compared to all other sequences. Previous
approaches provide a solution in the limit of infinitely long sequences as well as
a first order correction term for smooth fitness landscapes [73, 74, 67, 79, 59].

Using an analogy to quantum mechanics, we were able to derive a correction
term to the maximum principle for finite sequence lengths as well as for non-
smooth landscapes, significantly improving the agreement between numerical
calculations and the analytical predictions.

During the derivation of the correction terms, we reviewed two existing
approaches [39, 44, 71] with different predictions for the plateau problem and
clarified the reason for their discrepancy by expanding the approach [39] beyond
the harmonic approximation. In particular, we could show, that the regime
predicted by Gerland and Hwa [39] is not applicable to any finite size system.

The central result of our analysis is, that the relative number of mismatches
2o = ko/L that could be tolerated by the population is the relevant parameter
for the fitness effect of mutational robustness. We provide accurate expressions
for its quantitative evaluation.

Having solved the problem for one fitness plateau, we tackled the problem
of the optimal plateau shape providing the best mean fitness to a population
under the influence of a given mutation rate. Therefore, we introduced a fitness
landscape with two differently shaped plateaus, following the spirit of [75],
and found an analogy to the error threshold, the so-called selection threshold,
describing the jump of the population from the higher to the broader mesa with
growing mutation rate. Due to the scaling with sequence length L, we showed,
that this transition vanishes in the limit L — oo, if the plateau widths are not
scaled with L.



38

Summary

In the last chapter 5 we discussed a more general family of epistatic landscapes
with respect to the existence of the error threshold. Based on the results of
[44, 1] we were able to improve on the results of [$6] and showed that diminishing
epistasis (o < 1 in the fitness function (5.1)) is not a sufficient condition for an
error threshold to occur, but rather o = 1/2 marks the threshold.

With the fitness landscapes investigated here, we were able to clarify the
essential characteristics of the “fitness landscape ingredients” epistasis, fitness
plateau and different shapes of plateaus concerning the error threshold and
highest mean fitness of a population described by quasispecies models.

Experimental evidence for all these ingredients to appear in real populations
[17, 10, 15] and digital organisms [37] has been given.
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Molecule formation on

interstellar dust grain

surfaces with quenched
disorder
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Chapter 7

Introduction

In space, simple and complex molecules are mainly produced in the molecular
clouds of the interstellar medium. By interstellar medium (ISM) the matter in
between the star systems is meant, which includes atoms, molecules and ions as
gas and as well as dust. The denser parts of the ISM are called molecular clouds.
In their younger age, they form stable clouds of matter usually far from thermal
equilibrium, but when the cloud is massive enough and the gas pressure cannot
sustain the gas, the clouds (or parts of a cloud) will undergo a gravitational
collapse, finally leading to the formation of new stars.

Depending on the local temperature of the cloud and the presence of radiation
(starlight), gas phase or surface processes are dominant for molecule formation.
In the outskirts of the clouds, the temperature and the gas density are low, so
here in general particles do not recombine by collisions in the gas phase. Instead
the main process for molecule formation involves the surfaces of dust grains, as
will be specified in the next paragraph. Particles impinging on these surfaces
can overcome the activation energy needed for molecule formation with the help
of the surface acting as a catalyst. A review on the early state-of-the-art can be
found in [25].

The most abundant element is hydrogen in atomic as well as molecular form.

About 90% of the ISM is made up by hydrogen. As such it is involved in
many reactions and reaction networks leading to the formation of more complex
molecules. Still the simplest reaction H+H — Hs, occurring in the gas phase and
on the surfaces, has not been completely understood yet. It has been known that
the formation of molecular hydrogen from atomic hydrogen is far too inefficient
in the gas phase [40] to explain the observed abundances at the measured cloud
temperatures. Instead it is the most important surface reaction [48] with an
underlying scenario of atoms impinging onto the grain surface, diffusing on this
surface and — if meeting another atom before desorption — reacting with it to
form a molecule [46, 47, 48]. Clearly, the (physical) binding strength offered to
an atom by the surface has an impact on the production of molecules. Most
relevant for our considerations of surface processes is the physisorption of atoms
on the surface (van der Waals interaction). For chemically bound particles, also
called chemisorbed, processes are believed to take place ’in’ the matrix of the
surface rather than ’on’ the surface.

EXPERIMENTS: The quantitative predictions of models clearly depend on
many parameters of gas and surface, like their temperature, gas composition,
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grain geometry, porosity of the surface, size distribution of the grains, etc. Apart
from observational data, we have no further information of the exact structure
of interstellar dust grains.

Some questions regarding the influence of structure, porosity and other factors
may be answered by laboratory experiments. While investigations of such surface
features are notoriously difficult, thermodynamic and kinetic parameters of the
whole surface can be determined by experiments. The most popular type of such
experiments is temperature-programmed desorption (TPD), which will now be
described briefly. In these experiments one puts a surface of a desired material
composition and surface structure into a ultra-high vacuum (UHV) chamber
that is cooled to very low temperature (using a Helium cryostat). Then at a
fixed temperature, typically < 30 K, the surface is exposed to atom beams of
the elements of interest (very often this involves H and D atoms). Afterwards,
the actual desorption phase starts. The surface sample is heated up linearly,
which causes the deposited atoms (or formed molecules) to desorb from the
surface. The emerging gas is aspirated and the constituents are determined by
mass spectroscopy. By this kind of experiment the activation energy barriers for
diffusion and desorption of the atoms and molecules can be estimated.

Materials found to be of astrophysical relevance are olivines (silicates) and
amorphous carbon [52], as well as different sorts of ices, especially water and
CO ice [23, 19]. These ices appear in the cloud regions where water or methanol
is formed on the surfaces but cannot evaporate due to the low temperatures and
missing other mechanisms (e.g. photodesorption) [23,

DISORDER - EXPERIMENTS AND OBSERVATIONS: Hollenbach and Salpeter [17]
argued already in the early seventies that disorder (in the binding and hopping
energies) on the grain surfaces is needed to explain the observed quantities of
molecular hydrogen. This is by now accepted in the astrochemical community
[43]. The reasoning is, that even a few enhanced adsorption sites will increase
the coverage of the grain by binding particles for a longer time and thus the
highly mobile particles on the more shallow sites can find them and react.

Though from TPD experiments, complete binding energy distributions cannot
be estimated reliably, several evidences for distributions of binding and hopping
energies have been given. In their work on Hs formation on surfaces covered
with non-porous ice, Buch [16] and Hixson [45] give evidence for distributions
of potential minima (binding energies in our terminology) and for a diffusion
energy barrier distribution that can be approximated by a gaussian distribution.
Cazeaux and Thielens [19] consider a surface with a combination of physisorption
and chemisorption sites, which can be comprised to a system with effectively two
different binding energies. We will study such a system as the simplest system
with disorder in chapter 9.

As will be shown in this work, the distribution of binding energies of the un-
derlying surface (“energy landscape”) has indeed crucial impact on the molecule
formation. We systematically investigate the influence of different (effective) bind-
ing (and diffusion) energy distributions on the efficiency in molecule formation
of this surface.

The surfaces resulting from assigning different energies in one or another
manner to its sites can be thought of as to display all sorts of geometrical or
energetical features a surface could be equipped with. Examples are different
materials on certain sites, surface steps, holes, other arrangements of sites,
blocked sites e.g. by other molecules, etc.
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CONNECTION TO THE GENERAL FRAMEWORK OF REACTION-DIFFUSION
SYSTEMS: In this part diffusion has to be understood in its original meaning
of particle movement (here in two dimensions). The time scale of diffusion
mediates or limits the encounter probability of particles. Upon meeting of two
particles on the surface a reaction occurs immediately, namely the formation
of a dimer (and its leaving of the system). Thus, the description through a
reaction-diffusion system arises naturally. The appropriate reaction terms will
be specified in chapters 9, 10, 11, and 12 for each of the examined systems,
separately. The special ingredient to these systems is the spatial confinement, as
the number of sites on the surface is finite and periodic boundary conditions are
employed. We expect the presented results to be relevant for general systems
with diffusion-mediated reactions.

Outline

After an introduction to the relevant notions in chapter 8, we will review the re-
sults on homogeneous systems. Then in chapter 9, we examine systematically the
influence of disorder in the binding energies, starting from a system with binary
disorder. We use a rate equation approach for a fundamental understanding of
the problem and KMC simulations to verify our results. The main result is, that
the interplay between the sites with different binding energies maintains a high
efficiency of the system even at temperatures where the corresponding homoge-
neous systems perform poorly. Afterwards, we give a generalization to systems
with discrete distributions of binding energies by means of simulations and a
rate equation analysis in chapter 10. We can define a temperature-dependent
mapping from discrete distributions to an effective binary system using rate
equations. This is highly convenient to compute the system’s efficiency regarding
applications. A rate-equation-independent treatment of these systems will be
provided after the discussion of systems with continuous distributions of binding
energies in chapter 11. Here we can define a mapping from the system with
the continuous distribution to an effective binary system, improving the under-
standing remarkably. This mapping only depends on the temperature and the
continuous distribution itself. Since every (finite) realization of a system with an
underlying continuous binding energy distribution comprises only a finite number
of different binding energies, the application of the found mapping to the case of
discrete distributions is straightforward. Before concluding on our work, we take
a brief look on systems with two reactant species in chapter 12. The formation of
molecules more complex than e.g. molecular hydrogen involves reactions between
different particle species. In principle, these systems are accessible (and solvable)
by a rate equations approach. Nevertheless, even for a simple generic system,
we cannot provide a closed analytical solution for all temperatures. Only the
energetically degenerated case can be fully understood by analytical means.
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Chapter 8

The model

8.1 Basic principles

We study the simplest possible reaction of a single particle species forming dimers
occurring in the ISM, the reaction H+ H — Hs. In this thesis we investigate the
influence of rate disorder (on the surface) on this reaction. Hence, our system
consists of one single-particle species and a surface. We think of this surface
as a lattice of binding sites on which the particles forming the gas phase above
can impinge onto. Throughout this work, we will assume the lattice to be a
two-dimensional square lattice with S sites and periodic boundary conditions.!
An illustration of the system and its implementation can be found in figures 8.1
and 8.2.

Each of the lattice sites ¢ is characterized by a binding energy Eyy, specific for

the type of particles. Particles from the gas can only stick to empty lattice sites.

If a site is already occupied, the particle is rejected — this is known in surface
chemistry as Langmuir- Hinshelwood rejection (LH-rejection) [57]. Furthermore,
we assume the incoming particle flux per lattice site f to be constant and uniform
for all lattice sites.

Once landed on the surface, the particles can explore the lattice by hopping
between neighboring sites. The hopping rates a5 are undirected and only depend
on the current particle position. In addition, particles can desorb from a site
with rate Wy. In this model, both rates a; and W depend on the binding energy
at the particle position. We assume the rates a and W to be thermally activated

_Ew,
Ws=ve *sT,

(8.1)

ag =ve kBT

)

with the attempt frequency v, which is simply the vibrational frequency of the
particle. In the following we set kg = 1 and measure all energies in units of
temperature. When two particles meet on the surface (by one particle hopping
onto an already occupied site), they react and form a dimer which leaves the

n [63, 65], the influence of the surface topology, shape and dimension on the efficiency of
a homogeneous system has been analyzed in detail. As turns out, the impact of the disorder
introduced in the following is much bigger than of the other factors mentioned before. Hence
we concentrate on the disorder effects and keep the rest of the system as simple as possible.
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Figure 8.1: Schematic view of the dimer formation model. Atoms impinge with a
homogeneous flux f per site, of which there are S on the whole surface, leading to
a total flux of F' = f - S from the surrounding gas onto the surface. The atoms can
explore the surface by hopping with a (in general) site-dependent rate as and either
leave the surface as single particle with (site-dependent) desorption rate W or — upon
meeting another atom — react with it and leave the surface as part of a dimer with
recombination rate R (global quantity). The estimation of R is the main task of this
part of our work.

f o o
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Figure 8.2: Implementation of the general model described by figure 8.1 and in chapter 8.
Throughout this work, we assume the binding sites to have a coordination number
of four. The influence of different coordination numbers on the efficiency has been
investigated in [63] and will be of minor importance for our analysis. The red line
indicates an exemplary cut, that will be used to sketch the particular binding energy
landscape considered in the following chapters, see figures 9.1, 10.1, 11.1.
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surface immediately. Since we are interested in stationary state properties of the

system, the immediate leaving of the dimer needs not to be understood literally.

If in a real system dimers stay on the surface for a typical time span, these
sites are blocked for other particles. But the number of blocked sites is roughly
constant and we can interpret S as the effective number of sites available to the
particles. The quantity characterizing the system’s state, is the efficiency 7 of
the system, that is the ratio of particles that react on the surface and the total
number of impinging particles. For its analytical and numerical evaluation, we
make use of rate equations and kinetic Monte Carlo simulations, which will both
be introduced in the next section 8.2.

To get a physically meaningful description, the system should be able to

relax to its equilibrium state when the incoming particle flux is switched off.

So we impose detailed balance to hold, which is equivalent to a vanishing net
flux between any two nearest-neighbor sites. Let ps be the probability to find a
particle at site s. Then the stationary gain-loss equation for p, is given by

g
(as + Ws)ps = f + Z 7]75’7 (82)

s’ nn of s

where z is the coordination number of the lattice. The left-handed site accounts
for the particle loss at site s by hopping to neighboring sites or desorption, the
right-handed site describes the particle gain at site s by incoming particle flux
and hopping from the nearest-neighbor sites. The demand for detailed balance

is then expressed by
Qg Qg

Ps— = DPs
z z

(8.3)

for the nearest neighbors s and s’. Inserting this condition into the stationary
gain-loss equation (8.2) yields ps = f/W, and by re-insertion into the detailed
balance condition (8.3) we arrive at

W,  Wg

as Qg

(8.4)

For a regular and fully connected lattice like the one considered here, this clearly
implies W /as = const for all sites s.

In the following we will use rate equations to estimate a system’s efficiency
analytically. Rate equations are gain-loss equations for the change in the number
of particles on the lattice, and cover incoming particles due to the flux f, losing
particles by desorption and losing particles through reactions. They do not
cover topological or spatial effects and thus they only provide an appropriate

analytical treatment if the system and the incoming particle flux are large enough.
Deviations occur especially for small system sizes and very low incoming flux [11].

Such systems can for example be investigated by employing master equations.

For the model system of Hy formation, we can compute the flux of H-atoms
from the gas onto a grains surface. Assuming a temperature of the surrounding
gas of Tgas = 100K and a density pm gas = 10/cm?® of H atoms in the gas phase,
this defines the average velocity vp gas Of the particles:

8T gas
v =4/ —. 8.5
b = | (35)
In order to obtain meaningful results for possible applications, we will employ

amorphous carbon as the standard surface, which is believed to be relevant in
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Figure 8.3: Coverage 6 (blue) and efficiency i (red) as functions of temperature T, in
the homogeneous model described by a rate equation. Parameters are chosen for an
amorphous carbon surface.

the astrophysical context. The binding and hopping energies are then given by
Ew =658 K and E, = 511 K [52]. From the density of sites on the surface
Psites = 2 - 10 /ecm? we can then (approximately) compute the total flux (per
grain) F' and the flux onto each site of the grain f

2
F= PH,gasVH,gas * TR ’

f _ E _ PH,gas * VH,gas (86)
S 4psites

where mR? is the cross section of the (spherical) grain and perfect sticking
of the H-atoms on the grain is assumed. For the standard parameters of an
amorphous carbon grain, the flux per site amounts to f = 7.3 x 1079 /s. For the
attempt frequency we adopt v = 102 /s, which has become the standard value
for the attempt frequency in surface science.” Combining the above this defines
a reaction-diffusion system in a spatially confined region.

8.2 Review: the homogeneous system

Systems with a homogeneous surface have been studied by means of rate equa-
tions [11, 52, 14], the master equation [41, 14], and moment equations [60, 6]. All
these approaches have their advantages, disadvantages and limits. The general
problem of homogenous systems is that astrophysical observations suggest a
much broader temperature window of high efficiency than can be provided by any
homogeneous system employing the parameters from laboratory experiments [16].
It has become apparant that disorder can enhance the efficiency dramatically
[46]. Before tackling the problem of disorder, we give a short review on the
analysis of homogeneous systems, with an emphasis on the tools and methods
we will employ afterwards.

2 The typical vibrational frequencies of adatoms or molecules range from roughly 1012 Hz
to approximately 1014 Hz.
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8.2.1 Analytical Results

As we want to concentrate on the effects of disorder, we analyze large systems
with sufficiently high fluxes, thereby avoiding strong fluctuations produced by
small grains, distorted lattices or small fluxes. While for the small grains a
master equation or moment equations approach is necessary, the rate equation
approach suffices for our purposes.

In the homogeneous system only one binding (and thus one hopping energy)
is offered to the particles. The hopping and desorption rates are the same for all
lattice sites and of the form (8.1)

Ws=W =ve 7,
(8.7)

as=a=ve T .

The dependence of the efficiency on the temperature n(7T) is known for this
kind of system [11, 14] and illustrated together with the surface coverage in
figure 8.3. The surface coverage — as the name suggests — is defined by the
ratio @ = (N)/S, where (N) is the mean particle number in the system. The
rate equation for the mean particle number (V) in this system reads

di(N) = f(S — (N)) = W(N) — 24(N)* (8.8)

where A = a/S is the (approximated) sweeping rate® [76]. The terms on the right
hand side correspond to gaining particles due to the constant influx on empty

sites, losing particles by desorption and losing particles by reactions, respectively.

The last term of the right-hand side shows the fundamental assumption of the
rate equation approach: the reaction rate is proportional to the square of the
mean number of the reactants and the discreteness as well as fluctuations of the
particle number are neglected. Therefore,

R = A(N)?, (8.9)

called reaction or production rate of the system, is not given by A(N(N — 1)),
which would be the correct average number of pairs in the system. Both
expressions agree if and only if (N?) — (N)? = (N), or in other words, if N is
distributed according to the Poisson distribution. On small grains this equality
of variance and mean is violated because the confinement of particles on the
surface enhances the probability of two atoms to meet. In this work, we want to
treat rate disorder and thus consider only large systems to exclude these other
effects from the system. Therefore, we will abbreviate the notation by setting

N = (N), (8.10)

so N now denotes the average particle number on the grain.
The efficiency of the system in the stationary state can then be computed
via its definition

_2R . (W) 8fa
1= = i <1+(W+f)2 1), (8.11)

3see 9.4.1 for a more detailed discussion on the choice of the sweeping rate in the presence
of disorder
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where the factor 2 in the definition accounts for the fact that two particles are
needed to form one dimer. Qualitatively, at low temperatures, the particles
are almost immobile (due to the temperature activated rates) and thus they do
not meet other particles on the lattice. The coverage of the lattice is very high.
With growing temperature, the hopping process becomes activated and particles
can diffuse on the surface. This leads to more encounters and a rising efficiency.
Increasing the temperature even more, the particles tend to desorb before they
meet each other and so, the efficiency decreases, as well as the lattice coverage.
The characteristic temperatures for the three regimes can be estimated within

the rate equation approach [11]. Specifically,
E

Thovw = ¢ __ 8.12

n(v/) (512

is the temperature derived from f = a, below which the particles arrive faster
than they hop. A lot of particles are rejected by the LH mechanism and the
efficiency of the system is low. At high temperatures
2Ew — E,
T = W e (8.13)
In(v/f)
determined by f/W = W/a, marks the characteristic value above which particles
typically desorb before encountering another particle. So for T > T"P the
efficiency and the coverage are low. The temperature of maximum efficiency,
determined by f = W, is given by the average of these two bounds and reads
Ew
T = ——— (8.14)
In(v/f)
If the binding energy Eyy is increased, the efficiency maximum is shifted towards
higher temperatures, and the shift is directly proportional to the change in
binding energy. The width of the efficiency peak T"P — T'°% stays the same, as
it only depends on the (material-specific) difference Eyw — E,: For two equal
lattices that are equipped either with binding energy Fy, or Ew, (differing by
AE = Ew, — Ew, ), the temperatures of maximal efficiency are related via

o = Tymex. <1 + EAE) . (8.15)
Wy
In the next chapter we will begin to systematically introduce disorder into
the system. We expect to obtain a much broader efficiency window, enabling a
better alignment of model predictions and astrophysical observations.
For simplicity, we will always consider only one grain surface at a time
and use the following expressions interchangeably throughout: particle/atom,
dimer /molecule, surface/grain/lattice.

8.2.2 Kinetic Monte Carlo simulations

In [63], a code for Kinetic Monte Carlo (KMC) simulations was developed and
presented. This code provides the basis for all simulations presented in this
thesis. Therefore, we briefly review how it works.

As the Kinetic Monte Carlo (KMC) simulations serve as a reference for our
analytical and numerical analysis, we need a thoroughly tested algorithm. We
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use the standard algorithm as reviewed e.g. in [84], implemented by Lohmar
[63]. In his thesis, he shows in detail how and that the code works as intended.
Here, we concentrate on a review of the basic algorithm and the newly added
features needed in the next chapters.

The standard KMC algorithm proceeds as follows: the particles are treated
as continuous time random walkers with standard exponential waiting time
distributions. In each step of the simulation, the possible elementary processes
and their associated rates are evaluated from the current system configuration.
Then a random number is drawn and compared to the normalized partial sums
of the actual process rates. Thereby the process to be executed is determined.
Then the simulation time is advanced by the inverse of the total sum of all rates
and the system configuration is updated according to the process chosen by the
random number.

The code is written in Fortran95 and parallel computing of the simplest
type is used. That is, for each set of parameters a separate job is started on
one processor of the institute’s high performance cluster, leading to the parallel
simulation of up to 200 parameter sets.

The KMC simulations are tailored to handle disorder, as they keep track
of every single particle and enable detailed modeling of the binding energy
distribution. Especially for the simulations with quenched disorder, averaging
out the realization dependence is an important issue. We handle this by averaging
over enough realizations; typically 20 are sufficient. In addition to the nearest-
neighbor hopping described above, another type of dynamics called 'longhop’
dynamics is implemented. It is suited for comparison with the rate equation
results: particles can not only hop to their neighboring sites, but to all sites
of the lattice with equal probability (not distance dependent). This kind of
dynamics switches off all spatial correlations between the sites and thus is best
suited for a comparison with the rate equation results.

Furthermore, the energy landscapes are now generated separately from the
simulations and are fed into the program. Thus, detailed modeling of the energy
landscape and investigation of the spatial correlations is possible and will be
made use of especially in chapters 9 and 11.
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Chapter 9

Binary disorder in binding
energies

As first step in our treatment of disordered surfaces, we start with the simplest
form of rate disorder, realized by a binary binding energy distribution. Each
lattice site corresponds to either a standard (shallow) site, or to a strong-binding
(deep) site, with an enhanced binding energy. The homogeneous systems of
either shallow or deep sites, show temperature windows of high efficiency that
will typically be separated by a gap, as implied by the considerations of section
8.2.1. The natural question arising is, whether a system obtained by mixing these
two types of sites still exhibits two separated efficiency peaks, or whether the
efficiency is also high for intermediate system temperatures in-between the two
peaks. If so, the next question would be, under which conditions this behavior
occurs.

In this chapter, we first clarify the setting (section 9.1). In the following
section 9.2 we provide a qualitative picture in which we identify three temperature
regimes and describe the relevant processes for each of them. Then we give a
systematic description and analysis of the extensive KMC simulations, which

includes a study of spatial correlations in the (quenched) disorder in section 9.3.

Afterwards, in section 9.4 we present a simple but accurate rate equation model
and derive an expression for the efficiency in the interesting regime of intermediate
temperatures.

9.1 Setting

Like described in chapter 8 the grain’s surface is modeled by a quadratic grid
with side lengths L; = L, = L = /S and periodic boundary conditions. For the
standard sites (or type-1 sites) we adopt the energy values of amorphous carbon
[52]. We will vary the binding energy (and the hopping energy accordingly) of
the second type of sites, the deep or type-2 sites, and to be consistent, the rates
are still thermally activated like for the standard sites. Also here we want to
ensure detailed balance on the surface such that the system can equilibrate for
vanishing incoming particle flux. The simplest way to achieve this is by choosing
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LEW,L — E,, = const

Figure 9.1: One-dimensional cut through the energy landscape of our model, as
introduced in figure 8.2.

the rates according to (8.3)
Wl/al = Wg/ag (91)
which is equivalent to

Ew, — E,, = Ew, — E,, = const. (9.2)

1
Then, the number of sites a particle visits before desorption becomes independent
of the disorder. We imply Ew, > Eyw, throughout. A sketch of a one-dimensional
cut (as introduced in figure 8.2) through such an energy landscape is depicted in
figure 9.1.

Note that although we implemented detailed balance (the necessary property
of systems in equilibrium) into the system on the level of binding and hopping
rates, the whole system is not in equilibrium. Single particles enter the system
by impinging on the lattice sites and leave the system either as single particles
or — more importantly — as part of a molecule. Thus we have a net particle
flow through the system. In the stationary state which we consider in this thesis,
the particle influx and outflux are of same absolute value, so particles do not
accumulate on the grain. In mathematical terms, this is called a system in
non-equilibrium stationary state (NESS).

9.2 Qualitative Discussion

We consider the binary square lattice introduced in the last section 9.1 with the
two binding energies Eyy, and Eyy,. The binding energies are assigned to the
sites in a random way. For a particle on a shallow site, there is a typical length
(number of hops) to reach a strong-binding site. This lengths obviously depends
on the number of deep sites in the system and shortens when more of these sites
are in the system. At low temperatures, around 77***, particles can only diffuse
on (and desorb from) shallow sites. A particle impinging on or hopping onto
a deep site will not leave this site by hopping or desorption, since the binding
energy is so high. Thus, recombinations can only take place on shallow sites, or
on occupied deep sites, that have a neighboring shallow site from which particles
can hop onto the deep site. At very high temperatures around 75"**, particles
diffuse, desorb and recombine only on the deep sites, while particles on shallow

sites desorb so quick, that no other process will take place. But at intermediate
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temperatures 77" < T < T57** this picture changes. Particles on deep sites are
nearly immobile and do not desorb either, while particles on shallow sites tend
to desorb too quickly to recombine on shallow sites. But if they find a deep site
within their short range of exploration before desorbing, they are stuck on the
surface and can recombine, if another particle hops onto this same site. So at
intermediate temperatures, we expect the strong-binding sites to act as traps
for the particles diffusing on the shallow sites. The random walk with traps
has been studied extensively [66, 32]. To leading order, the number of steps a
random walker has to perform before encountering a trap is given by
11

(n) =~ - S2Sln S, (9.3)
where S9 is the total number of traps on a lattice with coordination number four
and a total number of sites S. So the typical trapping length is

gtrap = <n> (94)

For a random walker on shallow sites, we find on the other hand a random walk
length of [65]

ay
Wy
before desorption. These two processes of trapping and desorption from shallow
sites now compete with each other. While the former is a function of the number

Uy = (9.5)

of traps (or deep sites), the latter is a function of the lattice temperature 7'

On average, for £y > lirap, @ particles is trapped before it can desorb. So we
expect the trapping mechanism to be successful and to lead to a high efficiency
of the system, up to the temperature, where both lengths are equal, given a
fixed number of deep sites Ss.

Putting everything together, we find three temperature regimes. The low
temperatures, where only particles on shallow sites are active, the intermediate
temperatures, where particles behave like random walker on a lattice with traps,
and the high temperatures, where particles become mobile on the deep sites. In
the next step, we will check this picture by KMC simulations.

9.3 Kinetic Monte Carlo Simulations

In order to test our predictions, we carried out extensive kinetic Monte Carlo
simulations.

For a given realization, we wait for the system to reach the steady state
before we measure the efficiency over 108 impingements. We used a square lattice
of § =100 x 100 sites. The flux per site is taken to be f = 7.3 x 1079 s71 [12],
as explained before. We choose the standard attempt frequency v = 10'2? s~ 1.
With each site we associate either the standard binding energy Eyw, = 658 K,
as found for hydrogen atoms on amorphous carbon [52], or an enhanced energy
Ew, = Ew, + AE with AE = 250, 750 or 1500 K. The activation energy for
hopping reads E,, =511 K or E,, = E,, + AE, respectively.

For each case, we estimate the efficiency as function of the temperature n(7T)
and as function of the relative frequency of deep sites 1(S2/5). To learn more
about the spatial influence of the efficiency, we do these calculations for up to
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four different ways of distributing the binding energies among the lattice sites.
For the case of nearest-neighbor hopping dynamics, we either assign the energies
randomly to each site with the probabilities p; and ps = 1 — py, or we arrange
the strong-binding sites in a regular sublattice, or we concentrate them in a
single square cluster. The probabilities in the case of random assignment have
to be understood in the sense, that S; is binomially distributed with parameter
p2. The resulting fluctuations of the individual realizations are eliminated by
averaging over 20 realizations for every set of parameters considered. Therefore,
in the following, we identify S;/S with p;. To compare with rate equations, that
will be introduced in section 9.4, and have already been discussed in section 8.2.1
for the homogeneous system, we adopt another kind of dynamics, we will call the
longhop’ case. Here, particles can hop from any site of the lattice to any other
site, making the system effectively zero-dimensional and thereby switching off
any spatial correlations. As rate equations do not account for spatial correlations,
this simulation dynamic is best suited for a comparison.

Our KMC results are shown in figure 9.2. For each of the three different
values of AFE, we simulated systems with 1, 4, 10, 25 and 50% of strong-binding
sites. In the case of random energy assignment (blue marks) — probably the
most relevant case for applications — we see for each series of each value AE
the predicted bridging of the intermediate temperature regime, as soon as the
number of strong-binding sites is large enough. This is in accordance with the
considerations of section 9.2, since the trapping length /.., has to be smaller
than the random walk length /., for all intermediate temperatures. For better
visualization we also plotted T° (green bar), the temperature where lyy, = lirap,
and see, that as soon as T°4 > T3"**, the efficiency is virtually constant for the
intermediate temperatures. These observations hold at least up to AE = 3000 K
(figure 9.3), which is the largest value of AE that we have considered; beyond
this energy scale one enters the regime of chemisorption, which is not our focus
in this work.

The bigger the differences of the binding energies, the more strong-binding
sites are needed to form a genuine plateau, where the efficiency does not depend
on the temperature. This conforms to the ideas of Sec. 9.2; when the deep-
site peak is shifted to higher temperatures, 7°? has to increase to warrant the
formation of a plateau. This is achieved by increasing the deep-site fraction. The
variance of the efficiency between different realizations of random landscapes was
found to be negligible throughout. For the simulations with longhop dynamics,
we found the efficiency to vary as much. As spatial correlations cannot play a
role here, we conclude, that these fluctuations are entirely due to fluctuations in
the absolute number of deep sites Sy in every realization.

Still considering the nearest-neighbor hopping case, we find that the sublattice
distributions performs slightly better than the random assignment. This is not
astonishing since the sublattice optimizes the distance between the traps. In
the random case, small clusters of strong-binding sites can occur, in which a
single trap is less efficient. In an alternative picture we can say, that the capture
zones of individual deep sites typically overlap, and the sublattice minimizes this
overlap.

For the arrangement of all strong-binding sites into one single cluster, we find
for all temperature and any frequency of deep sites no bridging any more. The
performance gets even worse, when the system size is increased (cf. figure 9.4).
For high frequencies of either shallow or strong-binding sites, only one restricted
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Figure 9.2: Efficiency versus temperature for various fractions of deep sites. Left column
AFE =250 K, middle AE = 750 K, right AE = 1500 K. Randomly assigned energies

(blue line, diamonds), longhop dynamics (red line, circles). Only for AE = 750 K:

sublattice (orange dashed line, crosses), and cluster (black line, squares). Vertical green
line at T°Y. The first row shows the results for homogeneous systems of only standard
or only deep sites, respectively.
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Figure 9.3: Simulation data with nearest-
neighbor hopping: Efficiency as function
of temperature for AE = 3000 K. Shown
are 50% of deep sites (blue, circles) and
80% of deep sites (orange, diamonds).
The bridging still sets on, but a lot of
deep sites are needed. This is in accor-
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Figure 9.4: Simulation results for a cluster
formation on a surface with .S = 500 x 500
sites and 50% of deep sites and AE =
750K. In the intermediate temperature
regime the efficiency nearly drops to zero
and shows no “bridging” effect — in con-
trast to the well-mixed cases.

dance with the results of sections 9.3.1
and 9.4.3.

peak emerges, while for intermediate frequencies of strong and shallow sites two
nearly separated peaks appear. This strongly indicates, that the hypothesis of
the random walker on a lattice with traps scenario holds true. The efficiency does
not drop to zero in the intermediate temperature regime, because an exchange
between shallow and deep sites takes place along the boundary of the cluster.
However, since the proportion of boundary length compared to the overall

system size scales as L/L? = \/g_l, the fraction of boundary sites decreases
with increasing S, and correspondingly the suppression of the efficiency in this
regime becomes even more pronounced for larger systems. This is in contrast
to the well-mixed case, where a finite fraction of sites are boundary sites (see
below).

Considering now the longhop dynamics simulations, we first verified, that
the simulation results are indeed independent of the way of distributing binding
energies on the surface. Therefore we checked, that the results on the sublattice
and a cluster landscape coincide. The efficiency under longhop dynamics outper-
forms even the sublattice results for nearest-neighbor hopping, where distances
for the walkers are minimized. The reason lies in the finite probability to reach
a trap in every hopping step. We will further analyze the longhop case when
discussing rate equations in section 9.4.

9.3.1 Quantitative analysis of KMC results

In addition to our qualitative explanations, we analytically and numerically
examine the dependence of the plateau efficiency value on the number of deep
wells. First we note that for our choice of parameters, the efficiency value at
T7** ~ 14 K always corresponds to the plateau value. From the results for
AFE = 750 K shown in figure 9.5 we infer that the way of distributing the
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strong-binding sites is of crucial importance. In the case of a single square
cluster of deep wells, the efficiency decreases linearly as 1 — S5/.5, while for the
random distribution the efficiency first decreases more slowly (for less than 50%
of strong-binding sites) and faster to the end (more than 50%). We propose that
this effect is related to the border length between shallow and deep sites, and
use this connection to derive an empirical formula for the plateau efficiency.

First we present an analytical expression of the plateau efficiency for the case
S2/S <« 1. Afterwards, we fit the simulation data to gain a results for all values
of S5/S.

The efficiency of the whole surface 7 is composed of three parts: the efficiency
on the shallow sites Nsnaliow, on the deep sites ngeep, and on the border between
shallow and deep sites Nporder

7 = Tshallow + Tldeep + Mborder - (96)

At the temperature T = 14K, the deep sites are inactive in the sense that
we can neglect hopping of atoms from a deep site, once they encountered one,
SO Ndeep = 0. On the other hand, molecules are very effectively produced on
shallow sites with an efficiency of Nshanow = S1/S = 1 — S3/S since this is the
fraction of the surface that is covered by shallow sites. This behavior is shown
by the simulations on the cluster surface!. We are left with the calculation of
the contribution from the border between shallow and deep sites. For randomly
distributed deep wells, we calculate the border length L as function of Sy/S
(cf. figure 9.6). We find a shallow site next to a deep site with probability
(S2/S)(1 — S2/S). Since the orientation of the pair does not matter, we gain an
additional factor of 2. Furthermore we have 25 possibilities to place such a pair
of sites on a square lattice with S sites and periodic boundary conditions. So we
find the following expression for the border length between shallow and deep

sites g g
—49.22(1_22
L =45 5 (1 5 ) , (9.7)

leading to a surface coverage of L/S. For calculation of the efficiency, this
fraction has to be diminished by a factor of two, since only every second particle
jumping on a deep site produces a molecule. Furthermore — assuming that the
fraction of deep sites is sufficiently small — only one of four equally possible
hopping processes leads to recombination on the border, so we arrive at Nporder =
L/(2-4-5)

Summing up all terms, we obtain the total efficiency of the surface

- % Lo 4552/S(L=5,/8)

_ (1 - SS) (1 i js) (9.8)

with approximation in first order of S3/S < 1 This formula will also be derived
from the rate equations model in section 9.4.3, thus confirming the above
reasoning.

Ithe contribution from the border can be neglected in this case
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For larger fractions of deep sites this argumentation has to be refined because
with growing density the deep sites begin to compete for surface particles. This
leads to an enhancement of the number of hopping processes at the border that
result in molecule formation (more than one out of four hopping directions leads
to recombination on the border), but more deep sites are surrounded by only
other deep sites and thus do not contribute to the border length. So far, this
factor can only be determined numerically. From the numerical examinations
we know that the difference Am = Mrandom — Meluster = border 1S only due to
the border between shallow and deep sites. The efficiency 7porder constitutes of
three factors, the ratio of border length to site number L/S, the ratio of hopping
processes leading to molecule formation to the total number of hopping processes
from shallow to deep sites 1/2, and the ratio of the number hopping processes
on the border to the number of all possible hopping processes 1/4 (for a small
fraction of deep sites). The only component of Myorder changing with the fraction
of deep sites is the ratio of hopping processes on the border compared to all
possible hopping processes. When more deep sites are present on the grain, more
than one out of four possible hopping directions leads to the encounter of a deep
site, and the ratio of the two becomes bigger. By a numerical fit, we can gain
information on that ratio. Fitting the efficiency difference Az to a multiple of
the border length yields

Anp=C-L, (9.9)
with C' = (1.487 +0.019) x 10=° or
Mrandom ~ (1 - 5,;3) - (1 (0595 + 0.008)%) (9.10)

for the empirical plateau efficiency value?’. Now we can solve for the ratio of
hopping directions on the border to all hopping directories, r,, and find

rp = 25C = 0.2974 + 0.0038. (9.11)

Comparing to the value of 1/4 for the case S3/S < 1, we find the predicted
growth of 7, for larger values of S5/.S. This means very roughly, that on average
1.2 instead of only 1 out of the four hopping directions leads to a trapping of
the particle on a deep site. As can be seen from figure 9.6, the fit is not perfect,
so there is a variation in r, with varying fraction Sz/S.

In addition to this fitting, we actually counted the border length for 125-20 =
2500 surfaces with varying fractions of deep sites between 0% and 100%. The
analysis indeed showed that in

ry A 0.366 % 0.006 (9.12)

cases a hop from a shallow site results in an encounter of a deep site, which is
quite close to the extrapolated value of 0.2974 4+0.0038 from the numerical curve
fitting (9.11).

This concludes the discussion of the KMC simulations. From the simulations
and the qualitative and quantitative discussions, we have inferred the basic
mechanisms, governing the behavior of a surface with binary disorder. In the
next section we use rate equations to treat the system and gain further insight
into details.

2The quality of the fit An o< L for KMC results underlines the role of the border length,
and this corroborates our picture that the dominant reaction process on the plateau is by
hopping from standard to deep sites.
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Figure 9.5: Efficiency as function of the Figure 9.6: Border length L (green dashed
deep-site fraction for T = 14 K and line, left axis) and efficiency difference An
AFE = 750 K, for clustered deep sites (dark red, right axis), as function of deep-
(black, squares, Nciuster) and randomly as-  site fraction. Vertical axis scaling taken
signed energies (blue, diamonds, 7random )- from data fit.

9.4 Rate Equation Model

The applicability of a rate equation approach and its limits have already been
discussed in section 8.2.

In previous work [22], KMC simulations on surfaces with varying roughness
have been performed and a rate equation model was used to check the consistency
of the landscape model with surfaces considered astrophysically relevant and
examined in the laboratory.

We use this approach to support the findings of our KMC simulations and
to deepen our qualitative understanding of the system’s behavior and derive
a set of equations for the total particle number N; on each type of sites. The
processes to be taken into account are, incoming flux on empty sites, desorption
and reaction. While the first two can be written down straightforwardly, the
reaction rates have to be determined carefully, since they are not an elemental
process. We denote this so-far undetermined rate by A; for sites of type i. The
rate equations then take the form [69, 22]

dN

Ttl:f(Sl—Nl)—W1N1—A1N1(52—N2)—A1N1N2
—2AN? + A3Ny(S; — Ni) — AyNi Ny,

dN 14Vq 2 2( 1 1) 24V14V2 (913)

d—f = f(Sy — Ny) — WaNy — AyNy(S) — Ny) — Ay N1 Ny

—2A5N3 + A;N;(Sy — Np) — A1 Ny Ns.

Here the first two contributions cater for the impingement flux with rejection
and the desorption of particles. For clarity we separated the remaining terms.
The next two terms describe leaving to a site of the opposite type (either to
an empty or to an occupied site). Then we account for reactions inside one
population due to hops between sites of the same type, removing two atoms.
The remaining two contributions describe gaining a particle by a hop from the
other site type, and finally, losing one particle due to the reaction with a particle
coming from the other population.
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It should be mentioned again that in the rate equation treatment, the total
particle numbers N, are continuous and especially can drop below unity. Thus,
we must not replace the reaction term 2A4;N? for ’homogeneous’ reactions by
the — on first sight more intuitive — term 2A4; N;(N; — 1), as the reaction term
then could become negative. As mentioned in the introductory section 8.2.1
for the homogeneous system and argued in detail in [39], the assumption that
the reaction rate can be written as above is at the heart of the rate equation
approach. Equations (9.13) are easily derived from the full master equation
using this assumption in the forms (N;(N; — 1)) ~ N2 and (N1 N3) ~ N1 N»
(where the expectation is over the joint probability distribution P(Ny, N3) and
the r.h.s. N;’s are already the mean values as above).

From the reaction terms, we can infer the recombination rate and efficiency
of the system. Adding up all terms proportional to the A; in dN/dt = dNy /dt +
dN,/dt, pure hopping terms (not leading to a reaction) cancel. Accounting for
the fact that each reaction consumes two particles, the rate with which particles
are removed from the system by reaction amounts to

2R = 2A;N? +2A5N2 + 2(A; 4+ A2) Ny Ny, (9.14)

which can be simplified to 2R = 2(A; Ny + A2 N2)(N1 + N2). Relating this to
the particle influx f(S; + S2) = fS gives the efficiency n = 2R/(f.S).

9.4.1 The reaction rate coefficient

The reaction rate coefficient is a crucial quantity in all of the aforementioned
approaches (master, rate and moment equations). Typically, it is approximated
by the choice A = a/S [76], also we adopt. This choice neglects back-diffusion
and the competition between a reaction of particles and the prior desorption
of one of the potential reactants. In [64, 65] a proper definition and evaluation
of A was given and it was argued, that this choice should be implemented
into all approaches, including rate equations. Nevertheless, we will stick with
the choice A = a/S throughout this work, since the situation with disorder
is different. In all zero-dimensional approaches like master equation or rate
equations, spatial structure cannot be included properly. When dealing with
disorder and heterogeneous systems, there will be site type correlations that will
be neglected additionally to the correlations in the particle residence probabilities.
Then we have to assume, that a particle can reach any site from any other site
within one hop, to be consistent. In particular, it hops to a site of type i with
probability S;/S, and it meets a particle on an i-site with probability N;/S. The
conventional choice A; = a;/S thus arises naturally if we use rate equations to
describe a system with site disorder, and we adopt this choice in the following.
For a system with quenched spatial structure and nearest-neighbor hops only,
this description corresponds most closely to the well-mixed case.

9.4.2 Comparison with KMC simulations

The rate equations (9.13) are exactly solvable at steady state by finding the real
positive root of a third-order polynomial. However, the results are cumbersome
and less than illuminating. We therefore directly opted for a numerical solver
throughout.
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Results on the validity of rate equations to describe the model in the
homogeneous case have shown that confinement to a finite surface renders
the discreteness of particles and fluctuations in the particle number impor-
tant [81, 14, 56, 13, 64, 58]. Consequently, the mean-field approach of rate
equations considerably overestimates the recombination efficiency in small sys-
tems.

In contrast, we find that the rate equations for the binary system reproduce
the outcome of extensive KMC (longhop) simulations for a wide parameter range
of practical relevance to excellent accuracy (see figure 9.7). The reasons for this
slightly surprising result are as follows. First, since we present our results as
functions of temperature and parameters are thermally activated, we typically
have rather steep rises or declines. As noted in prior work [64], even factors of
two or three in the efficiency do not have to appear substantial then. This hardly
explains the observed accuracy in itself, especially on plateaus and moderate
peaks for 7 considerably smaller than unity. Second, since we are interested in
the behavior when there is a substantial number of particles in our system, the
effects of discreteness and of fluctuations in this particle number are strongly
reduced. Third, the confinement of particles to a finite surface is also far less
important than for the homogeneous system, because the majority of these
particles is trapped in deep wells in the regimes of most interest, anyway. Finally,
we cannot preclude completely that differences might be more pronounced for
smaller system sizes or activation energies of different type.

9.4.3 Plateau efficiency

One of the central questions of this chapter concerns the bridging of the two
efficiency peaks belonging to the homogeneous systems of either type of sites.
We found a convincing explanation of the occurrence of the plateau and the
qualitative picture developed in section 9.3 also led to a crude estimation of
the plateau efficiency, which we want to specify now. To arrive at an analytic
expression comparably simple to equation (9.8), we need to simplify the full
rate equation model using some observations: figure 9.7 shows that whenever a
plateau emerges in the efficiency, practically all recombinations are due to hops
between the two types of sites — as already argued in section 9.3. Only, when
the concentration of deep sites is low and the efficiency is close to unity, the lower
temperature end of the plateau also includes a substantial contribution from
recombination on standard sites. At the high-temperature end of the efficiency
window, any contribution from reactions on deep sites happens in the narrow
temperature window around 75"** and results in an efficiency peak additional
to the plateau value.

To calculate the plateau efficiency by means of rate equations, we can therefore
concentrate on the reaction between the two populations. With denoting standard
sites by type 1, we can clearly state A; > Ao and neglect all terms proportional
to As since they are small compared to their A; counterparts. But we keep
all the flux and desorption terms. We clearly can leave out the reactions

AsN1 Ny < A1 N1 N5 and have to remove the hopping term o A, for consistency.

Furthermore, we can neglect the homogeneous recombination (inside the N;
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Figure 9.7: Efficiency versus temperature for various fractions of deep sites. Left
column AE = 250 K, middle AE = 750 K, right AE = 1500 K. Red circles: KMC
longhop results (see section 9.3). Red lines the numerical solution of rate equations
with standard A; = a;/S (solid), blue lines contributions by reaction on the 1- and
2-sites (dashed), and by switching between the types (dot-dashed). Dotted green lines
show the results of the plateau model (9.17), and green horizontal line the simple (9.18).
Vertical green line at T°9.
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populations). This leads to the simplified steady-state equations

0= f(S1— N1)—WiN; — AN S,

9.15
OZf(Sg —NQ) — WaNy + A1 N1So —2A1N1N2, ( )
which yield an efficiency
o = 2A1N1N2 _ 2fAISIS2(V1 +A15) (9 16)
P fs S(Vi+ A182)[Va(Vi + A1S2) +2fA151) .

where V; = W;+ f. Instead of directly evaluating this expression at a temperature
right on the plateau, we notice that we can make two more assumptions in this
case. We can neglect desorption from the type-2, so that Vo = f, and together
with A; = a1/S, the simplified equation (9.16) reduces to

= 2(51/5)(S2/5)(1 + Vi/a1)
P (Vi/ay + So/S)(1+ ViJas + $1/8)

(9.17)

Then, Vi /a; < S2/5 < 1 holds on the plateau and for a reasonable fraction of
deep sites Sy/S, yielding
2

SIS 1

This expression for the plateau efficiency does not depend on any energy scale
and nicely agrees with equation (9.8) from the quantitative KMC analysis. The
agreement with the simulations and the full rate equation results is excellent (cf.
figure 9.7). This result is valid whenever conditions for plateau formation are
fulfilled (i.e., if AF is large enough to separate the homogeneous-system peaks,
and if there are enough deep wells if AFE is fairly large).

We have to check the validity of the above made approximations. In Sec-
tion 9.3 we found the peak temperature of the standard sites T7"** to always
belong to the plateau. By definition it does lie right beyond the low-temperature
rise to the shallow site peak and yet this temperature is minimal enough not to be
under an influence of the peak separation AE. At T =T Vi = Wi+ f =2f
and Vo = Wy + f = f[(f/v)2F/Fw1 4+ 1]. Reasonably, f/v < 1, while the
smallest interesting AE ~ Ew, — E,,, such that the ratio AE/Ey, is not
excessively smaller than unity. This justifies the approximation V5 = f, elim-
inating AFE from the game, as suggested by figure 9.7. We now check the
order of Vi /a; = 2f /ay = 2(f/v)EWi—Fa1)/Ewy  The exponent is about 0.22
for amorphous carbon, and with the corresponding standard flux we have
Vija; =~ 6.3 x 107° (cf. section. 9.3). This is negligible compared to any
interesting deep-well fraction S2/S (> 1%), which completes the argument for
equation (9.18). (We checked that this holds at least equally well for the standard
olivine parameters [52].)

If we anticipate from the beginning, what terms can be neglected, this result
can also be inferred from even further simplified rate equations. An intuitive
explanation for the system’s behavior is given in the following.

We consider the system in a steady state. So all particles entering the system,
have to leave it. Entering the system can happen by impingement on a shallow
or a deep site. Leaving the system only takes place on deep sites either by
LH-rejection or by reaction with an incoming particle from a shallow site. So
the rate at which particles from type-1 sites arrive at each type-2 site is given

(9.18)
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by fS1/S2. Thus the rate at which particles leave from the type-2 sites at a
rate 2f.51/Ss - Ny since two particles are needed for each reaction. Alternatively,
particles leave the system by LH-rejection (which can be considered as another
desorption process on the level of rates) at a rate fNa. The efficiency of the
surface now is the fraction of particles leaving the system by reaction, normalized
by the total rate of leaving the system (by LH-rejection or reaction). This yields

25

S 9.19
LA TR (919)

which coincides with equation (9.18). We note that equation (9.19) can be

rewritten as | S,/8 g g
) 2 2
=~ [(1-—= 1+ —= 9.20
v g~ (1-F) (%) (9:20)
for S3/S <« 1, which then results in precisely the form of the empirical rela-
tion (9.8).

9.5 Conclusions

In this chapter we studied a lattice with a binary binding energy distribution
and its influence on dimer formation from single particles impinging the surface.
The mixing of the shallow and deep sites leads to a high efficiency even in
regions where the corresponding homogeneous systems do not perform well at
all. We explicitly identified the mechanism supporting the high efficiency in
this intermediate temperature region, namely shallow sites catering for particle
mobility and funneling the particles into the deep sites that act as particle
traps and thus facilitate molecule formation. The identification was done by
comparing KMC simulations of surfaces with well-mixed types of sites to surfaces
with the same amounts of each type of site but deep sites arranged in a cluster,
thereby minimizing the border between shallow and deep sites, leading to a
significant reduction of the efficiency in the intermediate temperature regime
(section 9.3). The (numerical) rate equation solutions (section 9.4) corroborate
this picture. Our findings nicely coincide with the model predictions of [19],
who observed the formation of hydrogen on a surface with physisorption and
chemisorption sites and found that for high temperatures the dominant process
is Hehemis. + Hehemis. — Ha while for low temperatures (physisorbed atoms still
mobile) Hppysis. + Hehemis. = Ha dominates. As the mechanism leading to the
enhancement of the temperature window of high efficiency is quite fundamental,
we expect it to hold true also for other distributions of binding energies, which
we will turn to in the next two chapters.



67

Chapter 10

Discrete distributions of
binding energies

In view of possible applications it is useful to understand not only systems with
binary disorder but discrete distributions in general. Different types of materials
forming a grain surface, as well as surface features like steps, corners and holes,
will automatically lead to some kind of discrete binding energy distribution.
With the central result of the former chapter in mind, we now consider
discrete binding energy distributions, starting with a ternary system. For the
analysis, rate equations and KMC simulations are used in the same spirit as
before. We will discover the mechanism identified in the binary disorder case
of sites either serving as traps or providing particle mobility on the surface,
to be of central importance again. Later on in chapter 11 we will introduce a
mapping from continuous distributions to an effective binary system and apply
this mapping also to general discrete binding distributions. We start with a

treatment of the ternary system by means of rate equations in section 10.1.1.

Our findings are confirmed by KMC simulations in section 10.1.2. Finally we
extend the results of the ternary system to discrete binding energy distributions
with arbitrarily many types of sites in section 10.2 and discuss the limits of this
approach in section 10.3.

10.1 Mapping of a ternary to a binary system

In chapter 9 we showed how the simplest case of disorder in the binding energies
influences the efficiency of this surface in dimer formation. For reasons we will
identify in the analysis of the ternary system, the results can be extended to
systems with a finite but arbitrarily large number of binding energies types
under quite general constraints. The general procedure for analyzing the ternary
system will be the same as for the binary system (chapter 9), involving rate
equations, effective rate equations and KMC simulations.

We extend the binary system by another kind of site with binding energy
By, and hopping energy E,,, still satisfying the condition for detailed balance
Ew, — E.;, = Ew,; — Eq;, 1, j = 1, 2, 3. The total number of sites S now is made
up by three parts: S = 57 + 52 +S3. Without loss of generality we arrange the
binding energies in such a way that Eyw, < Ew, < Eyw,, and refer to them as
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Figure 10.1: One-dimensional cut through the energy landscape of the three-type
model, as indicated in 8.2.
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shallow’, ’intermediate’, and 'deep’ sites, or type-1, -2, or -3 sites, respectively. A
one-dimensional cut through such an energy landscape is sketched in figure 10.1.

10.1.1 Rate equations

From the qualitative discussion in section 9.2, we know what happens at the
border between two sites with different binding energies at a given surface
temperature. Either atoms are mobile or immobile on both types of sites, or —
and that is the interesting case when T;"** < T < T{19* — atoms are mobile
on one type and immobile on the other. In the latter case, we have again
the situation of a random walker on a lattice with traps. We analyzed this
situation qualitatively and quantitatively in section 9.3.1 for the case of two
different binding energies. Now we investigate the situation with three binding
energies. This implies that type-2 sites must be considered as either shallow or
deep — providing either mobility or trapping — depending on the temperature,
while type-1 sites are always shallow (providing mobility) in the interesting
temperature regime and type-3 sites always act as deep sites (trapping particles).

Following the argumentation in section 9.4 we find for the surface with three
types of binding energies the following set of rate equations:

dN-
ditl = f(S1— Ni) —WiNy — Ai N1 (S2 — Na) — A1 N1 (S3 — N3)
— A{N1Ny — A; N1 N3 — 2A; N7 + A3 No(S; — Ny)
+ A3N3(S1 — N1) — Ao N1 Ny — A3N1 N3,
d.V-
7dt2 = f(Sy — N3) — WaNy — AyNy(Sy — Ny) — A3 N, (S5 — N3)
— AN Ny — AsNoNy — 24A,N2 + ANy (Ss — No) (10.1)
+ A3N3(S2 — Nao) — A1 N1 Ny — A3N, N3,
d.V:
T; = f(S3 — N3) — W3N3 — A3N3(S1 — N1) — A3N3(S2 — No)

— A3Ny N3 — A3Ny N3 — 2A3N3Z + A1 N1 (S5 — N3)
+ A2N2(53 - Ng) - A1N1N2 - A2N2N3.

The structure of the equations is the same as in the binary case, but we have
to account for hopping from and to two other types of sites for each site type.
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Again, for transparency, we separated the hopping terms into hopping onto an
empty site and hopping onto an occupied site (of either type). The mere hopping
terms without reaction cancel upon addition of all three equations.

Solving for the stationary state, dV;/d¢ = 0, we distinguish two temperature
regimes in which we expect non-trivial behavior of the efficiency: T7"** < T <
Torax < Tehax and TP* < ToP* < T < T3,

o Case 1: TP < T < T3
According to section 9.4, in the rate equation approach, we can neglect all
terms proportional to As, As, Wo and W3, since the temperature is too low
to allow hopping and single-particle desorption from the intermediate and
deep sites. Also we assume 7' > T} such that we can neglect homogeneous
reaction terms oc N on shallow sites. Then the stationary rate equations
are given by

f(S1— Ni) —WiNy — AiNi(S2 + Ss),
f(SQ — NQ) — W3a Ny + AlleQ — 2A1N1N2, (102)
f(S3 — N3) — W3N3 + A; N1 S3 — 2A; N1 N3.

0
0
0

As the structure of the type-2 and type-3 equations is equal, we combine
them to yield

0= f(S1 — N1) — W1iNy — A1 N1(S2 + S3),
0= f(S2+ S3 — (N2 + N3)) + A1 N1 (S2 + S3) (10.3)
— 2A1N1(N2 +N3)

Now we rename N1 = Ny e, No+ N3 = No e, S1 = Ste, S2+953 = S2effs
and Ay = A «f, leading to the two effective equations

0= f(St,et — Nijett) — WiNi et — A1 et N1 652 eff 5

10.4
0= f(S2,eff - NZ,eH) + Al,efle,eff(SZeff) - 2A1,eﬁN1,effN2,eff~ ( )

Comparing this set of equations to the rate equations of the binary system
(9.15), we find that the structure is identical. Therefore, we can use the
solutions of the binary disorder case (for the plateau regime)

Nl o= fgl,eff
T Vet + Ave(S — St efr) (10.5)
SQ eff ‘
No o = Ay g N 7 ’
2eff = (f + AverN1eft) (VMH + 2A1763N1,eﬁ>

Inserting these effective expressions into the definition of the efficiency 7,

we find
2

e = S/Sl,eﬂ‘ + 1’

where S = Sy e + S2,et = S1+ (S2 +.53) and sufficiently many (effectively)
deep sites Sz o are assumed to be present on the surface. Thus we find the
bridging effect also occurs in the ternary system, which is not astonishing
as such. Also the combination of all sites of type ¢ with 7;"** > T to one

(10.6)
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effective type of site with the energy parameters of the original intermediate
sites,

EGH,WQ = EW2 = mln EW7,’
{&:Tmax>T}
_ (10.7)
Eeg az — Eag = min Eaia
’ {i:Tmax>T}

seems natural, as on the sites considered deep in comparison with the
system temperature, virtually no dynamic processes happen. The type-2
and type-3 sites act effectively in the same way, independent of their exact
binding energy.

Case 2: Ty < T < T3"

Here, we can only neglect contributions proportional to Az and W3, since
only on these deep sites particles are trapped. But since now particles on
type-1 and type-2 sites are highly mobile and tend to desorb very fast,
we also can neglect terms proportional to NZ,NZ and Nj N, yielding the
following simplified stationary rate equations:

0= f(S1—N1) = WiN; — A1 N1 (S2 + S3) + AaN2 S,

0= f(S2 — Na) — WoNy — Ay N(S1 + S3) + A1 N1 S,

0= f(S3 — N3) — W3N3 + (A1 N1 + A2 N2)S3
—2(A1 N7 + A2N3)Ns,

(10.8)

where now the first and second equation are of the same structure. The
solutions read

fS1(Va + AsS)
(Vo + A3(S — 82)) (V1 + A1(S — 51)) — A1 814295
N, = fSa (V1 + A4S)
(Vo + Ax(S — S2)) (Vi + A1 (S — S1)) — A15, A38,”
834 S3(A1Ny + A2 N3)
57 T+ 2(AIN; + AxN)

N, =

(10.9)

Next we apply the approximations Vi/a; < (S — 51)/S < 1, Vo/as <
(S —S3)/S < 1 introduced in section 9.4.3 and valid for any reasonable
amount of intermediate and deep sites to find

fS1
T ar(1— (S - 83)/5)
N fSo
T a(1—(S—S5)/S)’
£S5+ 85/S8(aiNy + azNs)
57 T F+2/5(a1 Ny + aalNy)

2

Ny

Ny

(10.10)

At this point we rename

a1,e8N1,ef = a1 N1 + aaNa,
N ot = N3,
Stet = S1+ 52,
So et = 53,

(10.11)
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identify as = a1 s, and express N; by Ny using equation (10.10),

a251
Ny = No. 10.12
=5 ( )

We find for the effective shallow and deep sites

Ny = ﬂNl F N, = <a1a251 " 1) N,
as agang
S1+ 59 fS S
= — =Ny = — —1 10.13
Sa 2 a1,eff (53 ) ’ ( )
S

No o = .
2o T 2(9/ S0 — 1)

Now we can calculate the efficiency of this effective binary system:
o % o 2a1,cfle,cffN2,cﬁ"
Ty fs
B 2
1 +8/(S-83)°

(10.14)

Remembering that Sy .¢ = S3 and S cx = 51 + S2, we recover again the
plateau formula (9.18) of the binary system, now with S; + S sites of
binding energy Evw, ot = Ew, and Ss sites of binding energy Ew, g = Ew,
as we can read off the nature of the effective shallow particles and sites
from equation (10.12): the number of effectively shallow sites N7 e is
given by the number of original shallow and intermediate sites S1 + S2
multiplied by the density of particles on the intermediate sites no = Na/Ss.
So it is clear why the effective shallow sites inherit their energy parameters
from the intermediate sites. Their (average) number Ni o is calculated by
merging the original number of shallow sites to the intermediate ones and
assuming that on these sites all particles act like on type-2 sites.

Thus, we can give a simple recipe, how to determine the recombination efficiency
in a system with ternary disorder. Throughout, we have to assume that for all
three types of sites, there are reasonable amounts present in the system. The idea
of this mapping is depicted in figure 10.2. First, we determine how the tempera-
ture T relates to the temperatures of the efficiency maxima of the homogeneous
systems T/ (corresponding to the binding energies present in the system).
Then we add up all sites S; with 7;7** < T and T;"** > T, respectively. In terms
of energies this corresponds to a cutting of the binding energy distribution at the
temperature-dependent cutting energy Fcu, = T In(v/f). To these two numbers
of sites, called S; g and S5 g, the titles ’effectively shallow’ and ’effectively
deep’ are assigned, respectively, and the binding energies of the two types are
determined as follows. For the effectively shallow sites we determine the largest
of the binding energies present in the group of sites that form the effectively
shallow sites. For the effectively deep sites, we determine the smallest of the
binding energies and assign these binding (and hopping) energies to the effective
types of sites. Then we have a binary system and apply our knowledge from
the last chapter 9. For the plateau formula to hold, the condition for plateau
formation in the effective binary system has to be fulfilled, as discussed in 9.3.1
and 9.4.3, of course.
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Figure 10.2: Idea of the mapping from the original system with discrete binding energies
to an effective binary system. The translation between the temperature 7" and energies
Ew is performed on the binding energy level: Fcyw = Tln(v/f) and we have to account
for the regimes of validity as will be discussed in section 10.3 .

Combining the presented arguments and reasoning, we conclude that the
binary system already shows all relevant mechanisms needed for explaining the
observed recombination efficiency in the ternary system. Moreover, the recipe
found above suggests its application to arbitrary discrete distributions of binding
energies.

10.1.2 Kinetic Monte Carlo simulations

To complete and corroborate the picture of the rate equation approach, we
performed KMC simulations of the full ternary system and of the effective
binary system derived in the previous section 10.1.1. For the simulations we
consider randomly distributed sites in the sense explained above, fixing the
relative frequency of each kind of site and drawing the energies of sites randomly,
according to this frequency. Additionally we mainly use "longhop’ dynamics in
the KMC simulations for comparison with rate equations, as the influence of site
arrangement has been studied extensively in the last chapter and is not covered
by the rate equation approach.

According to the results of the rate equation approach, we find in the
ternary system two temperature regimes of interest, 77" < T < T3"** and
T3 < T < T3, For these two regimes we find two different effective binary
systems. In the first case we obtain the effective model by regarding the sites of
type 3 as type-2 sites to form the effectively deep sites. The effectively shallow
sites are identical to the original type-1 sites. In the second case we find the
effective binary system by regarding the type-1 sites to type-2 sites and adding
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them to the type-2 sites. The effectively deep sites consist of the type-3 sites.

For the simulations we used one ternary distribution with equally spaced
site types of A1 E = Ay E = 750K and one distribution with A; E = 1000 K
and Ay E = 500K. For better comparison with the former results, we adopt
the energy values of amorphous carbon for the shallow sites (Ew, = 658K,
E,, = 511K). The total number of sites on the quadratic square lattice with
periodic boundary conditions is .S = 10000. Now we have two parameters for
fixing the amounts of sites of the different types of sites. We handle this for
the plots by fixing, e.g., the number of shallow sites and varying the number of
intermediate and deep sites, and vice versa. The frequencies of effectively deep
sites are chosen such as to produce both, systems that reveal a full bridging and
systems that do not have enough deep sites to show a full peak bridging.

First of all, in figure 10.3 we show that the simulation results with longhop
dynamics and the numerical rate equation results coincide nicely for the full
ternary system. From the figures 10.4 and 10.5 we see that for the lower and the
higher temperature regime, the effective binary system reproduces the efficiency
of the full ternary system almost perfectly. The temperature regimes considered
are highlighted by the light green background color. The very pale regimes
together with the more intense ones visualize the intervals T;"** < T < T3%",
while the smaller more intense color bars refer to the regime T/ < T' < T}9Y.
Additionally in figure 10.5 we show that indeed, in the regime 7/ < T < zlivlv,
the efficiency of the effective binary system reproduces the efficiency of ternary
systems, as long as the numbers of sites for the effectively deep and shallow sites
are matched. The distribution of these numbers of sites among the different
binding energies does not play any role.

10.2 n types of binding energies

The simulations and rate equation results in the last section strongly suggest
that the systematics of combining sites with a homogeneous system maximal
temperature 7,7 smaller and larger than the actual system temperature T' to
an effective binary system also works for systems with n > 3 types of binding
energies. Due to the generic structure of the reduced effective rate equations,
the number of different binding energies does not affect the results. We now
construct the mapping from a system with n different binding energies to an
effective binary system for a given system temperature. The total number of
sites is S = Y"1 | S;, the corresponding binding and hopping energies are given
by Ew, and E,,, and the temperature of maximal efficiency in a homogeneous
system with sites of type ¢ reads T;"**. For system temperature T' the rate
equations for the types of sites with 7;"** < T read

0=f(Si— Ni) = WiNi = AiN;(S = S;)+8; > AjN;. (10.15)
JAETP* T
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Figure 10.3: Comparison of KMC simulations with "longhop dynamics’ (open circles)
and numerical solutions of the full rate equations (10.8) (solid lines) for a surface with
three types of binding energies and 50% shallow sites. The number of deep sites is
varied from 1% over 5%, 10%, 20%, to 49%, and the number of intermediate sites
varies accordingly. The total number of sites is S = 10000, and the parameters chosen
are the ones for H atoms on an amorphous carbon surface. The other binding energies
are Bw, = Ew, + 750K, and Ew, = Ew, + 1500K, and Ew, — Eq, = const. We used
the ’longhop’ dynamics to generate the numerical data. As reference we also shown
the efficiency curves of the three corresponding homogeneous systems in the upper
leftmost of the pictures, as also displayed in figure 9.2.
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Figure 10.4: Simulation results for the temperature dependence of the efficiency of
the full system (as in figure 10.3) with KMC ’longhop’ dynamics (solid line) and the
simulation results of the effective binary system. In the effective system the amount of
shallow sites is added to the intermediate sites and give the amount of shallow sites
in the effective system with the binding energy of the former intermediate sites. This
simple comprising is valid for system temperatures between 75"%* < T' < T3"** in terms
of the original system (open circles). This temperature region is indicated by the light
green color area in the plots. The frequency of shallow sites in the full system is kept
at 50% which fixes the number of intermediate sites, while the (varying) frequency of
deep sites is indicated for each of the plots. The binding energies of the three types
are chosen as 658K, 1408K and 2158K for the shallow, intermediate and deep sites,
respectively. All other parameters are chosen according to the standard values used so

far.
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Figure 10.5: Efficiency of the full ternary and the effective binary systems. The greenish
regions mark the temperatures for which the effective system is deduced. The intensely
green region refer to temperatures 7, < T < TZI_?_V{ and the intense together with
the pale region refers to 77" < T' < T{3%9*. The binding energies are: Ew, = 658 K,
Ew, = 1658 K, and Ew, = 2158 K. Open circles: KMC simulations of effective binary
system. Left column: Solid lines: KMC simulations of the full ternary system with
frequencies (0.5,0.45,0.04), (0.45,0.45,0.1), (0.5,0.25,0.25), (0.25,0.25,0.5) of type-1,
-2, and -3 sites, respectively, from top to bottom. Dashed lines: KMC simulations of the
full ternary system with frequencies (0.95,0.01,0.04), (0.89,0.01,0.1), (0.74,0.01,0.25),
(0.49,0.01,0.5). Right column: Solid lines: KMC simulations of the full ternary system
with frequencies (0.96,0.00,0.04), (0.96,0.00,0.1), (0.96,0.00,0.25), (0.96,0.00,0.5).
Dashed lines: (0.96,0.01,0.03), (0.90,0.01,0.09), (0.75,0.01,0.24), (0.5,0.01,0.49). We
stress, that the data displayed by lines is also obtained from ’longhop’ simulations for
discrete temperatures with a step widths of AT = 2.
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We combine the types of sites with 77*** < T to the effective shallow sites and
assign to them the binding and hopping energies

Ew, s = max By,
{i:Tmax<T}
E, ot = max F,.
AR pmax oy T (10.16)
S1eff = E S
i Tmax T

where S og is the number of effectively shallow sites. The same protocol is
applied to the group of site types forming the effectively deep sites, where the
rate equations have the structure

O:ﬂ&—N0+< 3 fgmy&_zmy (10.17)

JAETP*LT

The corresponding energies are found by replacing the maxima with minimas:

EWQ,CH = min EWi
{pTmax>Ty
E, ot = min F,.
O Gupmaxsy TN (10.18)
Soet = >, Si=S5— S
TP ST

The average numbers of particles on the effective site types are then given by

Nl,effZ( Z Sz)%l

TR <T
Noor = Z Ni o9
T >T
= (f+ AveaNien) D 5
1,eff4V1 eff Vi + 2A1’eﬂ?N1,eff

i Tmax>T
where i* = max .
{iTmex < T}
These equations can be evaluated using the approximation V;/a; < (S —
Si)/S < 1 for all types of sites and V; ~ f for the site types forming the effectively
deep site type. We then arrive at the simple expressions

Nl,eff: fS < S 1>

Q1 eff 527eff
S
N =
2 T 14 2(5/ g0 — 1)
for the number of particles on the effectively shallow and deep sites and can
compute the efficiency of the system

(10.20)

2
77 5/(5 — Sperr + 1)’
if in the effective system the condition for plateau formation Teq > T35 is

satisfied. Otherwise, if Teq < Ty'J, we have to revert to the original expression
of the efficiency and calculate n = 241 g N1 et N2t/ (fS).

(10.21)
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10.3 Limits of validity

All results derived in this chapter are based on rate equations. Transferring
them to real, spatially extended systems requires some caution as experienced
in chapter 9. At least for temperatures T{"** < T < T3 (< T*) with n > 2
the situation is simple. Since the absolute values of binding energies of the
strong-binding sites do not matter, as particles cannot diffuse or desorb from
them due to the low temperature, the combining of deep sites to the peak next
to the actual temperature is straightforward and justified.

For the case of comprising different binding energies on which particles are
mobile at the given system temperature 7', the situation is not that clear. The
larger the difference T'— T/™**(> 0), the quicker and easier particles desorb
from these sites and the funneling mechanism to deep sites becomes less and
less effective. Intuitively it is not clear, why combining sites providing mobility
should work as well as combining sites trapping particles. Considering the situa-
tion TP < Ty < T'(< Ti**) with sufficiently well-separated homogeneous
systems peaks at 77" and 75"**, we find the random walk length /., on the
different types of sites

a; Ew. — FE,. const.
brw = 4| = = — | = 10.22
W exp ( 5T > exp ( ST ) (10.22)

to be independent of the disorder as discussed before (cf. section 9.1) and to
decrease exponentially with growing temperature. To solve the problem on the
rate equation level, we assumed above that V;/a; = (W;+ f)/a; < (S—=S5;)/5 < 1
for all sites on which particles are mobile. For the random walk length on these
sites this means

o > 1. (10.23)

For the typical binding and hopping energies discussed here (Eyw, — E,, = 147K),
the temperature can reach quite high values (= 70 K) before the random walk
length drops below unity.! Hence, in the realm of physisorption, and for a
sufficiently large number of deep sites, a particle on a shallow site always has a
good chance to reach a deep site before desorption — in the well-mixed case or
with "longhop’ dynamics. For surfaces with particular arrangements of binding
sites, the validity of the rate equation solution will break down much earlier, as
seen in the case of the binary distribution for the cluster distribution (figure 9.3).

Throughout the whole chapter, we implicitly assumed the sufficient sepa-
ration of the binding energies. To quantify this vague formulation, we recall
some findings of the binary system. The intermediate temperature regime of the
binary system with the trapping mechanism dominating the surface’s efficiency
only exists, if the corresponding homogeneous peaks are separated well enough
to exhibit an efficiency gap. The necessary amount of separation can be roughly
estimated by demanding 77#* < T1°%. Then the plateau formula is valid for
surface temperatures T/ < T < T4°V. For binding energies that lie closer
together, the efficiency has to be estimated using the full formula (9.14). Convey-
ing these thoughts to the discrete distributions with n types of binding energies,
we get a simple yet meaningful efficiency prediction for surface temperatures in
regions T/ < T < T}9%. We will revert to this discussion in section 11.7 when

Lpmax — 70K would correspond to a binding energy of Ey =~ 3250K, which already belongs
to the regime of chemisorption sites, as mentioned in section 9.3.
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discussing this mapping together with an alternative one that will be derived in
the next chapter in the context of continuous binding energy distributions.

10.4 Summary

Based on the findings of chapter 9 we were able to treat general discrete binding
energy distributions based on the rate equations approach. The central finding
of this chapter is the fact that even numerous different binding energies can be

comprised into only two different types — effectively shallow and deep sites.

The assignment of the original types of sites to the effective types ’shallow’ and
"deep’ is temperature-dependent, and requires a sufficiently large gap between
the binding energies, namely 77" < T' < Tzlj’_"lv The energy assignment can be
made quantitative by determining and grouping the types of sites with T;*** < T'
and T7"** > T and associate with them the largest and smallest binding and
hopping energy present in their group, respectively. The numbers of sites of
the effective types are determined by adding up all sites of either group. Then
the results for the binary system derived in chapter 9 can be applied to the
effective system. In the temperature regions around the efficiency windows of
the corresponding homogeneous systems, more precisely for TiIOW < T <Tpex,
the systems behavior is dominated by the behavior of the homogeneous system
rather than the disorder.

The mapping is valid as long as even the particles on ’very shallow’ sites
have a chance of reaching a deep site within one step, which is expressed by
demanding /£y, > 1.

For the ternary binding energy distribution, the rate equations were solved
explicitly (section 10.1.1) and the results were confirmed by KMC simulations
(section 10.1.2). In the KMC simulations we compared the efficiency as function
of the temperature for the full ternary system and for the effective binary system
corresponding to the temperature regime considered.

In the next chapter we will develop a mapping from continuous binding
energy distributions to effective binary systems independent of the rate equations
approach. In section 11.7, we will also apply this new mapping to the discrete
distributions discussed here and verify, that both mappings predict the same
efficiency for a given temperature within the realms of validity. Due to its
simplicity, however, we expect the above presented rate equations based mapping

to serve as a straightforward method to compare and fit the model to experiments.
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Chapter 11

Continuous distributions of
binding energies

So far, we discussed discrete distributions of binding energies. Nonetheless,
also continuous distributions are of theoretical and applied interest [33, 63]. In
this chapter we analyze the properties of systems with binding energies drawn
from several kinds of continuous distributions that we believe to be relevant
for applications and reveal the underlying mechanism of molecule formation on
this type of surfaces. It turns out that such a kind of surface acts equal to an
appropriately chosen binary one and thus we are able to define a mapping from
the continuous to an effective binary system, thereby reproducing the efficiency
as well as the coverage of the original system. We point out, that the mapping
neither involves data obtained from simulations, nor does it depend on a special
approach to the system (like the mapping based on rate equations in the last
chapter 10). Instead we use KMC simulations again, to verify our analytical
results.

11.1 The effective binary system

Encouraged by the possibility to map discrete binding energy distributions to
effective binary systems, the central idea of our mapping for continuous binding

Figure 11.1: Cut through binding energy landscape with energies drawn from some
continuous distribution with finite and known mean (Ew) and variance, as introduced
in figure 8.2. Still detailed balance is included into the system by keeping Ew, — Eq,
constant for all sites s.
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Figure 11.2: Basic idea of the mapping to the effective binary model.

energy distributions p(Eyw ) is again that an energy landscape drawn from a
continuous distribution of binding energies can be condensed to only two types of
sites: The effectively “shallow” sites, which have low binding energy, and which
provide particles with easy mobility and funnel them, namely into the effectively
“deep” sites, which have high binding energy and which provide sufficient coverage.
If this partition into shallow and deep sites is performed at the proper energy
E.yt, and if the binding energies of the two effective types of sites are chosen
appropriately, the original detailed binding energy of each individual site in a
realization of the continuous case is irrelevant. Shallow sites in the effective
model will reflect the overall mobility of particles on sites with energies smaller
than ... Deep sites in the effective model will capture the overall ability to
bind particles strong enough to provide coverage on sites with energies larger
than E.y. Since both diffusion and desorption are thermally activated processes,
it is obvious already at this stage that the threshold F.,; must increase with
temperature.

Figure 11.2 depicts this central idea, the notation and further details will be
described in the next section. Note that we always consider the effective binary
system to be well-mixed—it is essential that deep sites are as easily accessible
as possible from the shallow sites. This also ensures that the system is well
described by rate equations, which we will also employ below. Moreover, we
will focus on the case that there are still a reasonable number of both types of
sites, or equivalently, that the continuous distribution is still sampled well on
both sides of the threshold energy F.,:. The issue of rare events and sample-to-
sample fluctuations will be returned to in 11.6. In the relevant case that these
fluctuations are sufficiently small, our mapping is equivalent to a mapping from
the entire continuous distribution of binding energies to a binary one. Unless
specified otherwise, we will always refer to the latter mapping in the remainder.
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11.2 Confirmation of mapping assumptions by
simulations

The idea presented above has to be tested before we progress. To this end, we
first introduce some additional notation and define the relevant quantities. We
use subscripts w for a realization of binding energies and s for a single site. Then
E, s is the binding energy of site s in realization w (in this subsection, we will
omit the subscript W for brevity). Further, r, s denotes the steady-state (or
time-averaged) fraction of all reaction events in realization w that takes place
on site s; we call r, ¢ € [0,1] the reactivity. We denote by u,, s the steady-state
fraction of (physical) time that site s in realization w is occupied; w5 € [0, 1] is
called the occupancy.

We are interested in the relation between the binding energy of a certain site
and its reactivity. On that account, we transform from the spatial distribution
of reaction events to the distribution with respect to the local energy,

ro(B) = 1y.0(E — E, ). (11.1)

Obtained from a limited number of sites, 7, (E) is obviously only a collection of
S sample values from an imagined smoothed function. Gathering information
from a set {w} of realizations, we additionally have to weight this distribution for
each single realization w according to the efficiency 7, of the latter, effectively
accounting for the number of reaction events during a certain period of time:
A site with given energy might be responsible for a much larger fraction in
one realization simply because in distant parts of the surface the particular
energy landscape results in fewer events. In this case the overall efficiency of this
particular realization will be diminished, and rescaling by the efficiency removes
this unwanted distortion. The result (which we still call “reactivity”) reads

Ew To(E) - M

rwy(E) = ; 11.2
{w}(E) S 0 (11.2)
including proper normalization
E) — Zw Nw Zs Tw,s ZE O(E — Ey.s) o Zw Nw (Zs rw,S) -1
Zr{w}( ) - - -
E Zw ’7w Zw TIW
(11.3)

The slightly clumsy notation is an artifact of the finite number of samples. In
the limit considering the statistical ensemble of all possible realizations, the F
sum becomes an integral, and functions of E become smooth.

For the occupancy of sites of a certain energy, we transform analogously to
the above. Comprising several realizations does not need any weighting here,
since the definition of the occupancy u, s of a site does not relate to the total
coverage in the realization. Normalization, however, implies we factor out the
total number of particles in all realizations. Noting that the time-averaged total
coverage in realization w reads N, = ZS Uy, s, We have

gy (B) = 2o (11.4)

Zw NUJ ’
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again called “occupancy”. Then

Zu{w}(E) _ Zw Zs Uw,s ZE 6(E— Ey ) _ Zw (Zé Uy 5) —1. (1L5)
E

ZwNW ZwNW

Figure 11.3 shows the occupancy and the reactivity as functions of the
binding energy, comprised from KMC simulations for 10 realizations. We have
chosen the paradigmatic example of the normal distribution here, with a relative
width of ¢ = 30%, and for several temperatures. The unprocessed functions
u,}(E) and ry,(E) are not shown, as they exhibit strong fluctuations (we
return to this issue in section 11.6). Instead, we present better approximations
of the smooth ensemble averages, which we denote by u(E) and r(E). These
approximations are obtained by a sliding average, in which the function’s value
at each sample energy F is replaced by the average of all points within a certain
energy neighborhood. This is preferable to an average over a fixed number of
neighboring points, since samples are not equally spaced on the energy scale. In
our plots we use an energy interval of 4% of the total range of energies sampled.
The original distribution of binding energies is drawn as a thin line for orientation.
In order that the plots can be easily compared, we have rescaled this distribution
to have a maximum value of unity. Likewise, we have rescaled u(E) and r(E)
by a constant factor such that u(F) attends a maximal value of unity as well.

Whenever sample-to-sample fluctuations become small, both occupancy and
reactivity very clearly distinguish two types of sites according to their energy,
with a fairly steep “step” between them. For lower energies there is little to no
activity, and we identify these sites as effectively shallow. The sites with higher
energies, however, provide nearly all the coverage and reaction events, and are
effectively deep. Moreover on both sides of this border, the precise energy of the
individual sites does no longer play any role.

The threshold energy E..; separating both types of sites moves to higher
energies as the temperature increases, as expected. For very high temperatures,
only very few sites from the distribution tail still contribute coverage and
reactions. On the other hand, we checked that the cut is largely independent
of the shape and width of the distribution. Again, this is compatible with our
earlier thoughts and will be substantiated in the next subsection. Figure 11.4
gives one example for the exponential and the uniform distribution, respectively,
qualitatively similar to the results for the normal distribution. For the exponential
distribution, high-energy tails decay more slowly than for the normal one, leading
to a picture for 7' = 30 K which resembles those for lower temperatures in the
normal-distribution case (with deep sites still over a large range of energies). The
plot for the uniform distribution at T'= 10 K hardly shows fluctuations in the
(smoothed) occupancy and reactivity, compared with the normal distribution.
This is due to the fact that there are no high-energy tails, so that energies are
roughly equally (and “densely”) spaced up to their maximum, and hence few
outliers do not affect the smoothed plot at all.

Lastly, we find the agreement between the graphs for occupancy and reactivity
remarkable in all instances. This shows that exactly the highly-occupied sites
are those on which reactions take place, just as in the genuinely binary model.
Together we thus have numerical proof of the arguments we have presented in
section 11.1.
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Figure 11.3: (Rescaled) occupancy u(Ew) (blue, dashed) and reactivity r(Ew) (red)
versus binding energy Ew of the sites, for the normal distribution of relative width
& = 30% and at temperatures 7' = 10, 15, ..., 25 K (top to bottom). The rescaled
PDF (thin cyan line) is shown for reference. The vertical green lines mark two specific
choices for E.u: to be defined in 11.3.
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Figure 11.4: Asin figure 11.3, u(Ew ) (blue, dashed) and r(Ew ) (red), for an exponential
distribution with & = 30% at T' = 30 K (left), and for a uniform distribution with
6 =40% at T =10 K (right). Rescaled PDF’s (thin cyan line) shown for reference.

11.3 Heuristic derivation of the mapping

In principle, there are many strategies to find a mapping from the continuous to
a binary model that reproduces the efficiency and coverage. It is even possible
to find a mapping from the continuous to an effective homogeneous system, if
all parameters of the system can be chosen arbitrarily. But this is not the aim
of our work, since we are interested in understanding the underlying relevant
physics. In our approach, we try to retain as many features of the continuous-
distribution model as possible, altering only a minimal subset of parameters—
thereby minimizing the arbitrariness of the mapping.

From a physics point of view it stands to reason to restrict changes only to
the binding energy distribution itself. We will find a system, where only the
binding energy of the sites is changed. Concretely, this implies that we keep f,
T, S and v fixed.

Note that we speak of a mapping of the binding energies Eyy throughout, but
the hopping barriers F, are of similar importance. In the continuous case they
are fixed by demanding constant 0 = Ew — F, for all sites, which guarantees
detailed balance, and implies a constant ratio W/a. We stick to this choice
(particularly for the detailed-balance argument), using the same §E for the
binary distribution.

Consequently, there are three quantities left that define the mapping: the
discrete binding energies Eyw, and Eyw, of shallow and deep sites in the effective
model, respectively, and the number of both types of sites. The latter can
be conveniently parametrized by a cutting energy FE..; at which we split the
continuous distribution of binding energies.

The discrete binary distribution has to capture the essential features of the
original continuous one. The two most obvious properties of a distribution are
the mean binding energy (Ew) and the standard deviation o. To keep the
arbitrariness as low as possible, we demand that the effective binary distribution
has the same mean and standard deviation. ! Once given the number of shallow

1Other choices have been tested to set Eyw, and Eyw, once S; and Sz are known. But
they all introduce additional arbitrariness without improving (but often detracting from) the
quality of the mapped model predictions.
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and deep sites, S1 and Ss, the discrete binding energies are fixed and read

Ew, = (Bw) —0+/S52/S1,  Ew, = (Bw) +0+/51/5. (11.6)

Recall our earlier assumption that both S; and S; are not too small, and in
particular that the binary model does not degenerate to a homogeneous model
in the regime of our interest.

It only remains to choose F.,, which governs how many sites are regarded
as shallow and deep. As the simplest choice, we assume that this energy is
independent of the shape and parameters of the distribution.

To find the appropiate F¢.t, we now first consider the limiting regime of
high temperature. There are many shallow and few deep sites, regardless of the
precise form of E.,. The limiting factor for the efficiency is lack of coverage on
the deep sites, while mobility on shallow sites (to quickly funnel atoms to the
deep ones) is a given. Hence, we have to split the binding energy distribution at

an F, such that at this and at higher energies, sites are sufficiently occupied.

This energy is set by f = W| By =By, » Such that without any reactions, we would
have half-filling on average. This means

Eew = ES :=TIhn(v/f) (high T). (11.7)

cut

Mobility on the shallow sites is then guaranteed by a| Fw < Bowt 2 al By —Eoy, >
Wigy g, =1

For low temperatures, the overall surface coverage is high and there are lots
of deep but only a few shallow sites. In this regime, the efficiency is limited
by a lack of mobility instead of a lack of coverage. Particles have to hop at
least as frequently as new ones arrive, or else LH rejection will curtail the
efficiency. Therefore, the maximal energy of “working” shallow sites is set by
f=a By —E...» and sites at lower energies have a > f. Re-writing the condition
using FE, = Ew — 6 E we obtain

Eeww=EZ, :=Th(v/f)+dE (low T). (11.8)
On the deep sites, we then have f > q| B > Bont > W, so high coverage there is
guaranteed.

In the figures 11.3 and 11.4 for the energy-resolved occupancy and reactivity,
the two choices for E.,; are shown as vertical lines. Also the figures themselves
suggest a reasonable choice for F,, at e.g. the energy at which the occupancy
or reactivity reach half of their maximal value. Comparing this choice with ES,
and EZ,, we find E.y to always between the former two. And indeed we find
in the simulations our heuristic derivations confirmed: the suggested cutting
energy moves closer to the upper energy E_, for low temperatures, whereas it
comes closer to the lower energy ES,; for higher temperatures.

The shift of §E between the two choices reflects the fact that in the above
arguments, for high temperatures the distribution of binding energies is cut in
two, while at low temperatures the distribution of diffusion barriers is cut. These
results are indeed independent of the shape, mean, and width of the distribution,
as suggested above.

The limiting temperature regimes correspond to finite temperatures (not
to T — 0 and T — oo, that is), hence the transition between them involves
additional temperature scales (describing location and width). These quantities
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evidently have to depend on the shape and width of the distribution, which
we will confirm by simulation results (see below). We have not found a con-
vincing theoretical argument to determine these scales. In practice, it is still
straightforward to determine the appropriate choice for E..;. Sites with energies
in the range [E5,, E.,] provide coverage and mobility, and could be labeled
either deep or shallow, depending on this choice. The proper choice of E.u
in the limits of low and high temperature regards these sites to provide the
scarce property which limits the efficiency, respectively. The “opposite” choice
misinterprets their role and leads to substantially lower efficiency.? Summing
up, in both limits, one chooses E..; such that it leads to the highest possible
efficiency in the effective model. 1t is then plausible to stick with this prescription
for intermediate temperatures as well.

In principle, cutting the distribution at E.,; provides real values for the
numbers S; of sites of a given type. To stay true to the idea that we replace the
whole energy landscape by an effective one, we round to the nearest integer values
for S;, when the effective system has physically sensible parameters throughout.
In the case where the system is sufficiently large and still has a substantial
number of both shallow as well as deep sites, the difference to the nearest integer
values is negligible anyway.

11.4 Comparison to KMC simulations

We have introduced the mapping to an effective binary model, and we have
reviewed earlier (cf. chapter 9) how this model is described and solved using
rate equations. We will now compare its predictions with the outcome of
KMC simulations. For each temperature and distribution shape and width, we
simulated 10 realizations as described in section 9.3. Figure 11.5 shows that
overall, agreement between the KMC results and the prediction of the effective
model is very good, for both the coverage and the efficiency. Most importantly,
the temperature range of efficient reaction is reproduced with very good accuracy
in most circumstances—this is the truly valuable information, compared with
minor deviations in the efficiency itself. There is some discrepancy between
KMC and effective model results in the high-temperature tail for the normal and
the exponential distribution. The rate equation solution of the effective model
describes hops between any two sites of the lattice, such that spatial correlations
are switched off entirely. If we include such “long hops” in the KMC simulations,
the efficiency also increases (as checked in several test runs, and as previously
found and explained for the binary system [39]), and it then agrees even better
with the effective model results.

The system now shows a broad temperature window of high efficiency, different
from the homogeneous system, but also from the binary case, as far as the slow
decay to higher temperatures is concerned (cf. figures 9.2 and 9.7). Likewise, we
observe a smooth monotonic transition from full coverage to an empty system,
in stark contrast to the binary case—this illustrates once more that the effective

2For narrow exponential and uniform distributions (& = 10%), this statement is not strictly
true: There is a very small range of low temperatures at which the “high-7” model has
marginally higher efficiency, starting where it is still degenerate (no shallow sites) and ending
just after it features both effectively shallow and deep sites. This is an artifact of the simple
mapping prescription, and in any case, such narrow distributions are not the focus of this
work.
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binary model we map to changes its structure with temperature. It is also
evident that sample-to-sample fluctuations are a subordinate effect throughout,
even on the critical flanks of the efficiency and for the long-tailed exponential
distribution. We will return to this issue in section 11.6.

Of special interest is the range of validity of the mapping idea. As emphasized
before, it relies on the presence of both types of sites, shallow and deep, in the
effective model. This is no longer satisfied at very low temperatures, when
all sites are effectively deep (S7 = 0), and at very high temperatures, when
all sites are effectively shallow (S = 0). Obviously, these limits are reached
at less extreme temperatures for narrower distributions (upper rows), and in
the absence of distribution tails, as exemplified by the uniform and (to lower
energies) the exponential distribution. The effective model degenerates to a
homogeneous system then, with the binding energy given by the mean of the
distribution. For the figure, we correspondingly replaced the numerical solution
of the effective binary model by the analytical results for the homogeneous case.

For very low temperatures, the examples studied here show essentially full
coverage and zero efficiency, which is trivially reproduced by the homogeneous
rate equation results. The support of the exponential and the uniform distribution
is bounded to low energies. Therefore, the transition to the S; = 0 regime is
not smooth, which manifests itself in the discontinuous derivative of coverage
and efficiency. For high temperatures, the situation is more subtle. The normal
and the exponential distribution, which both have tails to high energies, are
still accurately described at very high temperatures: For most of the panels
shown, Sy = 0 is reached eventually, but only after the KMC efficiency has
vanished completely. Up to this temperature, there are still some deep sites in
the effective model owed to the distribution tail (not visible in the plots due to
limited resolution), and they are sufficient to reproduce KMC results. At still
higher temperatures, the effective homogeneous system trivially reproduces zero
coverage and efficiency. For the uniform distribution, however, KMC results
show a fast (but by no means abrupt) decay of the efficiency with increasing
temperature. Due to the lack of high-energy tails (which could still provide a
few deep sites), the effective model now degenerates (S2 = 0) at a temperature
low enough that KMC results still exhibit some efficiency. For a very narrow
distribution (6 = 10%) this happens so early (T" =~ 18 K) that the resulting
effective model (homogeneous with binding energy (Eyw)) still shows the high-
temperature flank seen in figure 8.3. For all wider distributions the switch to
the degenerate effective model occurs at temperatures where the homogeneous
system has no efficiency left, while the KMC results still have residual efficiency,
most likely due to the mere fact that there is a distribution of different binding
energies (in part exceeding (Fyw )) and possibly some spatial correlations.

11.5 Tail shape and analytical expressions

For a homogeneous system, the tail shape of the efficiency n(T) (fairly symmetric
to low and high temperatures) is well understood (cf. chapter 8.2): The efficiency
decays exponentially with the temperature in both cases, since all rates are
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Figure 11.5: Coverage 6 (orange diamonds, blue lines) and efficiency 7 (green circles,
red lines) versus temperature 7', of the continuous-distribution system from KMC
simulations (marks, one per realization), and as obtained for the effective binary model
via rate equations (lines). Also shown is the fraction Si/S of shallow sites in the
effective model (thin cyan line). Columns (left to right) for normal, exponential, and
uniform distribution, rows for several relative widths & = o/(Ew) as indicated. The
spikes seen at an intermediate temperature, most notably for S;/S, are a result of the
switch of Ecy between EZ,, and E5,;.
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thermally activated. From the rate equation efficiency (8.11) one finds

a V —E./T :
n~2—=2—¢ “° low-T tail),
7% ( )

(11.9)
N~ 2# = 2% e(2Bw —Ea)/T (high-T tail),

2

which mirrors the temperature bounds (8.12) and (8.13). The tail shapes for the
binary system are the same as for the homogeneous system, since for each tail
only reaction on one type of site is important.

For continuously distributed binding energies, however, the situation is
different. There are many similar binding energies acting almost but not exactly
the same (at a certain temperature). This is reflected by the slower decay of the
efficiency. We now use the mapping to the effective binary model to derive an
analytical expression for the (low-temperature) tail shape.

As alluded to in chapter 8.2, the binary system exhibits a plateau of the
efficiency n(T') between the two peaks of the corresponding homogeneous systems
in certain conditions. More precisely, one needs enough deep binding sites—
depending on the temperature, flux and the difference in the binding energies of

the two types of sites. Following [39], we let T°? denote the temperature below
which the random walk length (on shallow sites), £y, = \/a1/W71, exceeds the av-
erage hopping length before encountering a trap [66, 32], lyap = 1/ S/(7S2) - In S:

At lower temperatures, particles typically end in deep sites. If 7°9 > Ti"** we
find a plateau, with an efficiency of [39]

2

~N— 11.1
1+5/5; ( 0)

Mo
Now in the effective binary model, the energies and numbers of both types
of sites are functions of E.,; and thus depend on the temperature 7. For
the low temperature tail of all shown distributions, we have sufficiently many
deep sites Sy in the effective model, such that the condition 7°9 > T5"** is
satisfied—the effective model (for the given temperature) features a plateau.
One also finds that 77" < T < T3"**, such that we evaluate the model on
this plateau, and the formula (11.10) applies. The fraction of shallow sites
S1/S in the effective model is given by the cumulative distribution function
D(Eeyt) := ff;t p(Ew) dEyw . Lastly, since we are in the low-temperature tail,
we have (cf. 11.3) Eqy = EZ, = T'ln(v/f) + 6E, leading to
N 2
T 1+ o(Thn(v/f) + AE)-!

n (low T). (11.11)

This expression shows a much weaker dependence on temperature compared
with the homogeneous and (genuinely) binary cases with their exponential
decay. It also explains that the broader tails of the efficiency do not necessarily
originate from tails of the underlying distribution p(Ew ) (provided there still
are both deep and shallow sites). Rather, the decisive factor is that the mapping
introduces a T-dependent split into shallow and deep sites via the cutting energy
FE.wt+—without thermally activated rates playing any role. Moreover, this implies
a lower temperature bound of efficient reaction (where n = 1/2) given by

O(T' In(v/f) + 0E) = é (11.12)
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Figure 11.6: Efficiency n versus temperature 7" in the effective binary model, evaluated
using the numerical solution of rate equations (red, as in figure 11.5) and as given
by the analytical expression (11.11) (green, dashed), for a normal distribution with
o = 30% (left), and for an exponential distribution with ¢ = 30% (right). For reference,
the fraction S1/S of shallow sites in the effective model is shown again (thin cyan line).

Figure 11.6 shows that indeed the low-temperature expression (11.11) is extremely
accurate up to intermediate temperatures around the efficiency peak temperature.
This corresponds to the fact that the plateau in the binary model breaks down
only at rather low fraction S3/S (depending on Eyw, — Ew, ). We have checked
that these statements hold true for all parameters used in figure 11.5.

For the high-temperature tail, the situation is more subtle. Here, the effective
binary model only has few deep sites, and they are far from the mean energy (Eyw )
(cf. equation (11.6)). Even a fixed such model has no efficiency plateau then,
but a T-dependent efficiency drop between the “homogeneous peaks” [39, Figure
5]. We do not have an illuminating analytical expression for this dependence,
wherefore the upper temperature bound 7T"P remains inaccessible as well.

11.6 Realization dependence

We first comment on the effect of the quenched nature of disorder at the
microscopic level. In any particular realization of the system, sites with similar
binding energy may live in a very different local neighborhood. Therefore,
they can differ strongly in the occupancy u and the reactivity . This is very
prominent in the raw simulation data, and the variability was intentionally
reduced in figures 11.3 and 11.4 by using a sliding average. The site-to-site
variability only vanishes in passing to the ensemble of all realizations (or infinite
system size S — o00), whereas purely stochastic fluctuations decrease with
increasing simulation time. We have confirmed this distinction by comparison
with KMC simulations in which spatial correlations are suppressed (“long hops’
between all sites are included, cf. section 11.4). This indeed removes the major
part of the variability in occupancy and reactivity.

Interestingly, site-to-site variations are much more pronounced for the re-
activity than for the occupancy. The reason for this is as follows: Consider
the system dynamics over a certain period of time, and we are only concerned
with effectively deep sites, where essentially all coverage and reaction events
are concentrated. The number of such events on a given site is (to a good
approximation) Poisson-distributed, with a rate parameter depending on the

i
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local surroundings. Together with statistical fluctuations, this gives rise to the
variability seen in the reactivity r. For the occupancy u, individual occupation
times of a site are added up and compared with the total time passed. Since
only a reaction event empties the site (hopping and desorption from deep sites is
negligible), there are as many individual occupation times as there are reaction
events on this site. This strongly anticorrelates the number of such events with
the length of individual occupation times—if particles arrive more frequently,
single occupation times are shorter. Therefore the number of reaction events (and
hence, the reactivity) can strongly differ between two sites of similar energy, yet
the fraction of time they are occupied (the occupancy) will differ far less. Note
that the reduced variability in the occupancy versus the reactivity immediately
translates to that of the total coverage versus the efficiency between different
realizations.

We now turn to this dependence of global quantities on the realization. The
overall system size in this article is large enough not to expect a noticeable
dependence of the coverage and the efficiency on the realization. This is confirmed
in figure 11.5 for the lower-temperature regime of both the coverage and the
efficiency. For the high-temperature decay of the efficiency, however, such a
dependence is clearly seen in the vertical spread of symbols referring to different
realizations, both in the case of the normal and the exponential distribution.
Somewhat counterintuitively, the variability between realizations decreases with
increasing disorder strength (width of the distribution).

The mapping to an effective model explains if and why we see significant
sample-to-sample variations of the efficiency. As explained at the end of sec-
tion 11.5, for high temperatures the effective binary model has few deep sites,
far from the mean binding energy. We know (from both simulations and nu-
merical solutions of the rate equations), that in this regime the efficiency of the
binary system is very sensitive to the exact number of deep sites [89]. This is
perfectly intuitive, since there are so few of them, yet they are very important
for the reaction. Applying the mapping to different realizations of the finite
continuous-distribution system, the number of effectively deep sites also varies,
and because there are few in any case, the variations relatively matter a lot.
The sensitivity of the effective binary model to their number (at fixed T') thus
explains the realization dependence of the KMC efficiency of the continuous
system (figure 11.5), and why it only shows on the high-temperature flank.
Moreover, it is more pronounced for narrower distributions of the binding energy,
since steeper flanks of the PDF lead to larger relative variations in the small
number of effectively deep sites. The coverage is already very small in this
regime, such that its realization dependence is not visible in figure 11.5.

It is an interesting feature that, though part of a nominally large system, the
smallness of one crucial component (the number of deep sites) is enough to imply
a strong realization dependence of a key quantity such as the efficiency. This
constitutes an effective small-system regime, in the sense that the realization
dependence will still vanish as usual upon increasing the total system size S. In
this context, the mapping to an effective model concisely explains that depending
on the temperature, we are in different regimes as to the effect of disorder. The
asymmetry between shallow and deep sites (i.e., why is there no strong sensitivity
when there are only few of the former?) is easily resolved. At temperatures so
low that there are very few effectively shallow sites only, S;/S < 1, application of
the plateau formula (11.10) (as justified in section 11.5) yields n, ~ 251/5 < 1.
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Therefore, whatever sample-to-sample variability there is in the efficiency cannot
be seen in figure 11.5. On the other hand, the sensitivity of the coverage to the
realization is much weaker anyway, as shown above.

11.7 Connection to discrete-distribution mapping

During the analysis of disordered surfaces we derived two different mapping
to effective systems with binary disorder. In chapter 10, a general discrete
distribution with n types of binding energies was mapped onto an effective
system using rate equations. In this chapter here, we mapped continuous
distributions to effective binary ones using only the distribution and a well-
defined cutting energy. The mapping from the continuous distributions does not
explicitly depend on the continuous character of the distribution. Rather, we
implicitly showed that it is also applicable to discrete distributions by confirming
its validity by comparisons to KMC simulations (for finite system sizes). In
general on application to a discrete distribution, the mappings will result in
two effective binary systems with different sets of shallow and deep binding
energies. To assure that nevertheless both mappings result in the same efficiency
prediction when applied to a discrete distribution with n types, we now take a
detailed look at both mappings.

The essential feature of the binary system is the energy- and temperature-
independence of the efficiency for intermediate temperatures — if the system
possesses enough deep sites. The plateau efficiency is solely determined by the
relative amount of sites. Under the premise of sufficiently many deep sites in the
effective systems, we have to assure that — within the validity limits of both
mappings — the effective models provide the same number of shallow and deep
sites. We can perceive the premise on the number of deep sites as a constraint
on the system temperature T'.

First we calculate the effective binary distribution for a discrete distribution
with n types of binding energies Eyy,. The probability density for the discrete
distribution can be written as

" S
P(E)E=Y" ]fgwi 55, B, (11.13)

i=1

with the Kronecker-Delta g, Bw, - The number of shallow and deep sites for
given a temperature is determined by the integrals

Eecut
Sy :s./ P(E)dE= Y Sg,,

N Bwy < B (11.14)
SQ:S-/ P(E)dE= Y Spg, =8-5.
Beut Ew, >Eecut

And thus, S; and Sy together with their assigned energies (11.6) are piecewise
constant, whenever Eyw,. < Ecy < EWi*+17 where ¢* and ¢* + 1 indicate the
next-lying energies to FEcus.-

We remember that E.,; refers to a cutting energy of the binding energy
distribution for high temperatures and a cutting energy of the hopping energy
distribution for low temperatures. We showed in section 11.5 that, as long as
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the low temperature expression is adequate, the plateau formula is applicable to
the effective binary system.

As long as the different binding energies of the original discrete distribution
are well-separated such that Eyw, < E,,,, (or T/ < T}%% in the temperature
formulation), the shift in the cutting energy for low and high temperatures has
no effect on the number of effectively shallow and deep sites. Simultaneously, this
ordering in the characteristic temperatures of the corresponding homogenous sys-
tems (to the occurring energies in the discrete distribution) allows the utilization
of the plateau formula in the effective binary system, as discussed in section 10.3
in the context of the discrete-distribution mapping. Then the plateau formula
gives a correct efficiency prediction for all temperatures T/ < T < T}9%
(assuming the effective system develops a plateau).

Concluding, we can say that both mappings result in the same efficiency
prediction (but from different effective binary systems), if the binding energies in
the original discrete distribution fulfill the condition Ew, < E,,,,. Thereby we
always restrict to the case of a fulfilled plateau condition in the effective binary
systems. We illustrate the different mappings using the example of a ternary
system in figure 11.7.

If the ordering condition in the binding and hopping energies is locally not
fulfilled, the mappings can be applied nonetheless. Then we also have to take care
of the individual mapping properties. Consider the case of Ew, > E,,,, for some
binding energy of the discrete distribution with a system temperature so low
that for the continuous-distribution mapping the choice EZ,, has to be employed.
Then the numbers of shallow and deep sites in both effective systems differ,
but the effective system of the continuous distribution still develops a plateau
and the plateau formula is applicable here, while for the effective system of the
discrete-distribution mapping this is not the case (as discussed in section 10.3).
For the two other cases, namely Ew, > E,, , without plateau formation in
the effective system, and Ew, < E,, , without plateau formation, the relative
amounts of shallow and deep sites in the effective systems become the same
again, but the full efficiency expression (9.14) has to be evaluated.

11.8 Conclusions

We studied the effect of continuous binding energy distributions on the efficiency
of a disordered surface. The surface sites can play two roles in this scenario, as
verified in simulations: if the binding energy is low enough, sites provide mobility
of particles to traverse the surface. If their binding energy is strong enough, they
instead provide coverage by trapping particles for a long time. As a result, we
can map the continuous-distribution model to an effective binary model of these
shallow and deep sites, which is well understood and easily solved (cf. chapter 9).
The precise form of the mapping has been derived heuristically and does not
depend on any fitting parameters or approaches like the rate equations. As
shown in section 11.4, the model yields results for the coverage and the reaction
efficiency which are in good agreement with simulations. Compared with the case
of discrete distributions studied before, the model shows a markedly different
behavior, with the temperature range of efficient reaction broadened and the
tails decaying much slower. The mapping explains this slower decay for low
temperatures, as well as the sample-to-sample fluctuations found for the high-
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Figure 11.7: Ilustration of the different mappings for a ternary system with 25% shallow
and intermediate sites and 50% deep sites with energies Ew, = 658K, Ew, = 1658K,
and Ew, = 2158K, respectively. Blue circles: Efficiency from KMC simulations for
each of the depicted binding energy distribution. The upper picture is showing the
original distribution, the effective binary system of the continuous-distribution mapping
is shown in the middle, and the low picture displays the results of discrete-distribution
mapping. The system temperature T, with T5"** < T < T3"**, is indicated by the
green vertical line. The theoretically predicted efficiency value of n, = 2/3 is not
perfectly reached by the KMC simulations for nearest-neighbor hopping, as explained
in section 9.3, but all three systems show the same efficiency at the system temperature.
Moreover, in the whole temperature regime T3 < T < T3°" indicated by the light
green background color, the efficiency in the three systems is (approximately) the same.
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temperature decay of the reaction efficiency.

Additionally, we showed that the application of the continuous-distribution
mapping to a discrete distribution results in the same efficiency predictions as
the ones from the earlier derived rate equation based mapping (chapter 10). It
has become clear that the mechanism of sites either providing mobility or acting
as traps is the fundamental mechanism determining the behavior of all analyzed
systems with quenched disorder on the surface.

The particular model studied here is paradigmatic for applications in astro-
physics and in heterogeneous surface catalysis. Moreover, the existence of a
simple mapping from a highly complex to a simple effective model is of great
theoretical value.

Here we end our investigations on single-species reactions on surfaces with
rate disorder. We think this issue is adequately covered by the presented work.
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Chapter 12

Different particle species on
a surface

In this last chapter we present our modest efforts in understanding the interplay
between different (competing) reaction channels in multiple-species systems
systematically. When it comes to the more realistic situation of reactions
between several particle species, the systems to be analyzed become significantly
more complex. And starting a thorough analysis of multiple species reactions
would open up a completely new field. The so-far studied fundamental and
important single-species reactions give us the opportunity to understand the
influence of disorder on the reaction process. However, in the ISM also more
complex molecules are built (both in the gas phase and on the dust grain surfaces)
and understanding the formation of the latter is crucial — not least to have
a correct input for the complex chemical network models that try to emulate
(parts of) the whole chemistry of a molecular cloud.

The existence of several pathways for the formation of larger molecules makes
the situation even more complicated. Water (H2O), which is highly abundant
in the ISM, is a prominent example. It can be produced both in the gas phase
and on surfaces. Tielens and Hagen [82] first proposed the water formation
on dust grain surfaces and by now it is known, that even for this comparably
small molecule different pathways exist to form water on the surfaces [49, 23, 72]
and experimental evidence for water formation on surfaces under interstellar
conditions has been given [28]. At low temperatures, the water even stays on
the surfaces and forms an icy mantles that contain most of abundant water [18],
bringing us back to the surfaces with (quasi) quenched disorder. Some other
very important reaction networks worth studying are the formation of CO2, CHy
(methan), and CH40O (methanol). For all of them strong evidence exists, that a
considerable amount of molecules is produced on interstellar surfaces [36, 60].

In order to get a tractable description of systems with one particle species, the
introduction of detailed balance in the hopping rates on the surface, implemented
in our case by a constant value Eyw — E, (for all sites), was a crucial ingredient
to get the correct equilibrium state for vanishing incoming particle flux. To
preserve such a condition also for more than one species, we can demand detailed
balance to hold for each of the species. But since each species has its own
individual desorption and hopping energies (for one surface material), we can in
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general not arrange for a global difference Eyw, — E,,, = const. for all particle
types a. However, if const, = const. for all types «, then the corresponding
single-species systems’ efficiency peaks of all particle types are of same width. As
a treatment by kinetic Monte Carlo simulations would involve the development of
a completely new simulation code, in this chapter we make use of rate equations
only. Taking into account that for all former investigations simulations and rate
equations coincided very well, as long as the system size and the occupation
numbers are large enough, the missing simulations should be no drawback.

We start with the rate equation analysis of a generic two-species system
in section 12.1. In section 12.1.1 we discuss how efficiency can be defined for
arbitrary multiple- species systems. Afterwards, we present our analytical and
numerical findings in section 12.2, before ending this discussion by an outlook in
section 12.3.

12.1 Rate equations

Here, we concentrate on a generic system consisting of two particle species a and
b with binding energies Ew, < Eyw,. We refer to them as "'weakly-bound’ and
‘strongly-bound’ species, respectively. We assume that in the system three kinds
of dimers can be formed: a +a — a2, b+ b — by and a + b — ab, all with a
probability depending only on the chance of the involved reactants to meet. Also,
the products of the reactions are assumed to leave the surface immediately, so we
do not account for second and higher order reaction of types like as + b — asb.

A real system showing these three kinds of reaction channels is the formation
of Ho, HD, and D5 from atomic hydrogen and deuterium. Lipshtat et al. study
in [62] the formation of the three molecules on small grains with physisorption
sites using the master equation approach. They find a low formation rate of Do
and a decrease in the production of all three molecule types with decreasing grain
size. The emphasis of the work of Caseaux et al. [20] also lies on the grain size
dependence, but they study a model that includes physi- and chemisorbed sites
by means of rate equations. In their model they find an enhanced production
rate of HD and Ds because the H-atoms mainly populate the chemisorbed sites,
while the D-atoms mainly populate the physisorption sites. In our language
this corresponds to deuterium being the weakly-bound and hydrogen being the
strongly-bound species.

Sticking to the hitherto employed philosophy of improving the qualitative
understanding of elementary processes, we now analyze the rate equations
corresponding to the introduced generic system. They can be written down
straightforwardly

dé\tf“ = fa(S = No — N}y) = WaNg — AgNa Ny — AyNoNy — 2A,N7,
an, (12.1)
TRl fo(S — Ny — Ny) = WyNy, — AygN Ny — AyN, Ny, — 2A,NZ,

where f,, fp are the incoming particle fluxes, A,, A, denote the hopping rates
and W,, W, the desorption rates for each species, respectively. Again, we
include LH-rejection and assume the system to be large enough such that the
approximate description by rate equations as well as the approximation of the
sweeping rate A, = ao/S is valid. The number of particles of each species can
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vary from 0 to S, the number of surface sites, and the meeting of two particles
on the same site by hopping leads to instantaneous dimer formation.
For simplicity, we assumed the probabilities for dimer formation not to depend

on the kind of dimer, but merely on the chance of meeting a particle of either type.
To keep it even more simple, we adopt the choice By, — E,, = Ew, —E,, = const.

For any realistic system, this strongly restricts the choice of particles. The rate
equations for steady state can — in principle — be solved analytically but
do in general not provide instructive solutions that improve the qualitative
understanding of the system. Therefore, we rather opt for solving the full rate
equations numerically and search for effective analytical expressions in certain
temperature or parameter regimes. Next, we discuss the analytical results we
found for this system. For not mentioned temperature regimes, we were not able
to find a simple but meaningful solution, yet.

We start by considering the case of low temperatures T < T < T8,
where T7%%, T;"®* correspond to the temperatures of maximal efficiency in the
corresponding homogeneous systems. At low temperature W, < W, A < Aq,
W, < A, and W,, A, < 1 hold, so we neglect all terms o« W, A,, and keep in
the solution of (12.1) only the flux terms and terms o< A,, W,. Then the only
positive and real solution we get from (12.1) is

N,=0, N,=5, (12.2)

which is not surprising at all. Since the particle number of each species can
vary from 0 to S and a-particles are more likely to leave the surface (either
via desorption or recombination) than b-particles, the sites will all eventually
become occupied by b-particles.

For very high temperatures, (TSP <)T,” < T, desorption dominates the
behavior of the particles, the surface is nearly empty N, =~ N, = 0, and the
efficiency drops to zero, too. So we turn our attention to the intermediate
temperature regime T, < T < TpPex,

In the case of two species with well-separated homogenous system peaks and
equal incoming particle fluxes, we can find a simple solution for the temperature
regime TP < T < (<)T[°%. To be more specific in the case W), < f;, < 1,
A, > Ay, Wy > Wy, and f, = f, = f, the rate equations can be substantially
simplified. Since the temperature is high with respect to the weakly bound
species, the average number of type-a particles on the surface will be low and
we can neglect all terms oc N2. Additionally, the temperature is so low that the
strongly bound species does not move substantially, so we also neglect the terms
x Ay. With W, + f; = V;, we arrive at the following set of equations

0=f(S— Ny) = VoN, — AN, Ny,

12.3
0=f(S—N,)— VuN, — AgN,Np. ( )

With the approximation V, = Wj, + f = f, we again find
N, =0, N,=5. (12.4)

This trivial result reflects the fact, that as long as (the least) hopping for the
type-b particles is not activated, in the stationary state they cover the complete
surface and prevent the occurrence of any recombination event. Obviously, we
can extend these findings to the case f, > f,. If even more than half of the
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impinging particles are of the strongly-bound type, the stationary state has to
be a surface completely covered with type-b particles.

In contrast to the single-species systems with rate disorder, excluding LH-
rejection from the model, would change the result dramatically. Then, especially
in the whole temperature region T.°% < T < T,}OW, a-particles could impinge on
sites occupied by a b-particle and take it away by forming a ab-dimer, leaving an
empty site on the surface that could be occupied by another impinging a-particle
and thus facilitating ab-dimer formation by two impinged particles.

Only when hopping of type-b particles is activated, the surface coverage by
the b-particles drops below unity and allows the impingement of a-particles,
which then leads to formation of ab- and bs-dimers. Unfortunately, we found
no meaningful analytical rate equation solutions in these temperature regimes.
Concluding we can say that for multiple-species models with f, > f,, the
temperature window of efficient molecule production is determined by the energy
parameters of the strongly bound species, solely. It turns out, that the case
fa > fp is much more subtle to analyze and we have to invest further effort.

The only case, that can be solved in a closed form, is the degenerated case of
two species with exactly the same binding and hopping energies. Constraining
to the case of equal fluxes f, = f, = f, we find the following highly symmetric
set of rate equations for the stationary state

0= f(S—N,—N,)—WN, — AN,N, — AN,N, — 2AN?Z,

12.5
0= f(S—Ny— Ny) —WNy — AN,Ny, — AN, N, — 2ANE, (125)
where we abbreviated A, = Ay, = A and W, = W, = W. Since the fluxes,
hopping and desorption rates are equal for both species are equal, also the
solution has to reflect this symmetry and we can conclude N, = N, = N with

0=fS— (W +2f)N — 4AN". (12.6)

This corresponds to a homogeneous system (see equation (8.8)) with particle
number N = 2N, a desorption rate W = W/2 and a hopping rate A = A/2 and
we can read of the solution

_W2f Weaof [ 16fa
8A 8A W +2f)2’

24AN? 1 (W +2f)? 16fa
=78 _2_16fa<\/1+(W+2f)2_1>’

where 7 is the efficiency of all three reactions of as-, bo- and ab-formation. We
will see, that the here anticipated formula of 7 is in this special case independent
of the choice of the efficiency. The possible choices of 1 will be discussed in the
next section 12.1.1. The solution (12.7) is confirmed by numerical calculations
in section 12.2.

We can even go a step further and expand to the case f, # f,. The steady
state rate equations for this case read

N =

(12.7)

0= fa(S— Ny — Ny) = WN, — 2AN,N, — 2ANZ,

: (12.8)
0= f,(S— Ny — N,) — WN, — 24N, N, — 2ANZ.
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As the activation energies of both species are the same, the amount of particles
of either species is determined by the incoming particle fluxes and their relation
dictates that of the particle numbers, such that N, /Ny = f,/fp. Inserting this
relation into (12.8) we find an effective homogeneous system for the particle
number N = Ny (fo + fo)/fa = No + Ny,

0= fo(S—N)—WN —24N?, (12.9)

with desorption rate W = W f,/(f. + f») and hopping rate A = Af,/(fo + f5)-
Using the solution of the homogeneous system we find for the particle numbers
of the two species the following expression

_ fa N7
Na B fa +be

fa W+ﬁ+ﬂ<4+%+h+ﬁ 8a >

" fut+fy BA fo W+ fat fo)?
b s
N fa+be

e WHTat o [ Ja+ fo 8f.a
Ttk sA <1+¢“‘f;<W+n+mJ'

(12.10)

Ny

The efficiency of the effective homogeneous system, given by 7en.s. = 2AN /(faS),
yields in terms of W and a = AS

fa WA fat o)
fa+fb 4faa

- 5 (12.11)
a b a@
'<4+¢H_JL(W+E+MJ

We will discuss the efficiency values (and their relation) of the three possible
reactions in section 12.2 after the discussion on possible definitions, which we
will turn to now.

TMe.h.s. = 1

12.1.1 Efficiency definitions

While for the single-species systems, the definition of the efficiency was straight-
forward, the situation is more involved for multiple-species systems. In the
single-species case, the efficiency is obtained by relating the particle number
leaving the surface as part of a molecule to the total incoming particle flux.
For multiple reactions, we can choose to define an efficiency for each process
separately or for the whole surface. Both definitions are meaningful and which
one to choose depends on the imposed questions.

It is possible to define the total efficiency of the whole surface by relating
the sum over all reaction rates to the sum over all incoming fluxes,

2R 2R
Ntot SZ] f] : Szj f]?

where ). R; sums over all possible reaction rates of the system and ) y fjis
the total incoming particle flux. Then we get a quantity with values between

(12.12)
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Figure 12.1: Temperature-dependence of the efficiency for different particle fluxes:
homogeneous reactions between particles of type a: a + a — a2 (orange, squares),
homogeneous reactions between particles of type b: b+ b — bs (darkgreen, diamonds),
and heterogeneous reactions a+b — ab (red, circles), for changing values of Ew, —Ew, =
(0K, 50K, 100K, 250K, 350K) from top to bottom. For species a, the standard
parameters for hydrogen on amorphous carbon are adopted. For species b, only
binding and hopping energies are changed, all other parameters are identical to species
a, so especially Ew, — E,, = const. here. The columns refer to f, = fi, = f =
7.3 x 107°/s (left column) and f, = f»/2 = f (right column). We used the relative
efficiency assignment throughout (see section 12.1.1). In the graphic for the energetically
degenerated systems (upper left and upper right) also the analytical solution is plotted
(blue line), which coincides perfectly with the numerical results.
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zero and unity, indicating what fraction of the incoming particles react on the
surface regardless of their type and the reactions. The individual summands of
this definition can be interpreted as the relative frequency with which molecules
of a specific type are produced on the surface.

The alternative approach is to assign a relative efficiency, that is an efficiency
for each of the reactions, separately. It gives information about how efficient
a single reaction is, compared to the individual maximal amount of molecules
that can be produced under the given flux constraints. For each reaction this
efficiency is defined as the reaction rate divided by product of the minimal
individual flux of the involved species, the number of species, and the number of
surface sites.

2R,

- 12.13
Sh minie{a’g} fi7 ( )

Threl,ap =
where h is the number of species involved in the reaction (so h = 1 for single-
species reactions and h = 2 for reactions involving two species). The fact that
several reactions may compete for one particle species is reflected in the efficiency
values of this definition. But the definition does not reflect the possibility that
not all impinging particles can participate in the reaction due to a difference
in the particle flux relations and the stoichiometric particle relations of the
product(s).

The two efficiency choices coincide if all incoming particle fluxes are equal.

12.2 Numerical results

To solve the full rate equation system (12.1), we opted for a direct numerical solver
using python and mathematica. In principle, the system can straightforwardly
be extended to any number and kind of different reactions among the species.
The results are displayed in figure 12.1 for the standard parameters of hydrogen
atoms on amorphous carbon and another generic species with a different binding
(and hopping) energy but same parameters else.

For AE = Ew, — Ew, > 250K we see that no dimers of type ay are formed
on the surface, whereas for smaller binding energy differences at least a small
amount is produced. This is due to the fact that for the very small binding
energy differences, hopping of type-b particles is activated before 7*** is reached,
so there is a temperature regime, where both species are mobile and a sufficient
quantity of both is present on the surface because the coverage of the strongly
bound species drops significantly below unity. The formation of bs-molecules
is suppressed (compared to the formation ab-dimers) because at temperatures
where the b-particles are mobile, the a-particles impinging on the empty lattice
sites react with the b-particles due to their very high mobility. The more mobile
the b-particles become, the more by-molecules can form before the b-particles are
taken away by the type-a particles. This dynamic is only limited by the growing
desorption rate of the b-particles, reflected by the alignment of the green (bo-
dimers) to the red (ab-dimers) curve for high temperatures. The numerical results
for the completely degenerated system coincide with the analytical calculations
from equation (12.7).

In the plots we used the relative efficiency definition. So, an efficiency value
of unity indicates that all particles from the species with the lowest incoming flux
are consumed in the reaction. A diminished maximal efficiency value indicates
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that different reactions compete for one of the species such that not all available
particles of that species are channeled to the considered reaction.

We can estimate the critical binding energy difference at which no more
as-dimers are produced. Considering the characteristic temperatures of the
corresponding homogeneous systems, the AFE where the efficiency of the strongly
bound species reaches zero for low temperatures 7, &~ 0 (which is for the
parameters employed here roughly at T;,—o = TbIOW — 1K) determines this
threshold. Namely, when T}, —o = T,;"** no more dimers of type as are produced
because the b-particles occupy the whole surface at temperatures where the a-
particles would be mobile and their single-species coverage would be sufficiently
high. For the here employed energy values of amorphous carbon, this corresponds
to AFE =~ 250 K. We can confirm the rate equation results (12.4) stating that
with growing AFE, the whole efficiency window of molecule production (no matter
what type) is shifted to higher temperatures and is determined by the binding
and hopping energies of the strongly bound species alone. In particular, the
width of the efficiency window is determined by Ew, — E,,. For f, < f, the
relative amounts of molecules produced (of either type) depend on the ratio of
the incoming particle fluxes.

For the energetically degenerated case the relation between the efficiency
values of the three reactions can be estimated by a simple argument. As the energy
parameters of both species are identical, we argued in section 12.1 that the relation
of the particles numbers of the species is (for activated hopping!) determined by
the relation of their fluxes, N, /Ny = fo/ fo, only. Inserting this into the (relative)
efficiency definitions yields nyet,a, = 2ANZ/(faS), Mrelps = Mrelas * fa/ fo, and
Trel,ab = Trelas * fa/fo = Trel,p,. TO determine the efficiency el q,, We remember,
that the particle numbers N, and N, were computed using the solution of a
homogeneous surface with N = No(fa + fo)/fa particles, flux f,, hopping rate
A= A/2 and desorption rate W = W/2. We already calculated the efficiency
Ne.n.s. Of this effective homogeneous system in equation (12.11). Combining all
the relations this yields for the efficiencies of as-, ba-, and ab-dimer production

Thel,as = fTafbne.h.s.a
a

b
Thel,by = mne.h.s., (12.14)
a

Mrel,ab = LU h
rel,a fa + fb e.h.s.-
Evaluating these expressions for the parameters employed in the left and right
upper plots of figure 12.1 we gain for the efficiencies at the single-species system’s

maximum temperature 7™?* in the case f, = fo = f

max

max max 1
nrel,ag = nreibz = nrelazab = ia (1215)
and for 2f, = f, = 2f the efficiencies yield

1 2 2
77?;1&,);2 = 3 Ufelft,)lsg = 3 Uigla;b = 3 (12.16)

These results are fully confirmed by the numerical solutions.
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12.3 Conclusions and outlook

The short analysis of a generic multiple-species scenario reveals a highly complex
system, that can in principle be solved analytically on the level of rate equations.
In contrast to the single-species systems with quenched disorder in the rates, here
no general temperature regimes with a meaningful simple analytical solution can
be identified in the case f, < f5. Only two special cases are amenable to simple
argumentations: the (trivial) regime of low temperatures where none or only
one of the species is mobile and in the stationary state the surface is covered
completely by the strongly-bound species, and the energetically degenerated
system, where both species possess the same activation energies. For this
latter case, we gave a closed solution by using the analogy to a single-species
homogeneous system.

As we have seen, the relative amounts of molecules produced strongly depend
on the system parameters. Thus it seems reasonable to concentrate first on
important realistic system like the production of HoO, COs, CH4 or CH4O .
For all four molecules evidence exists, that a considerable amount of them is
produced on interstellar surfaces [36, 60].

Concerning the methods, rate equations can in principle be used to find
reaction efficiencies. As illustrated, the number of equations needed to describe
such systems grows with the number of reactants. Garrod et. al. [36] use
modified rate equations to compute the formation of methanol. Cuppen et. al.
[24] use Monte Carlo simulations for a specific multiple-species system including
layering effects on the surface. Also a master equation approach on a moderately
complex level has been employed to solve a small reaction network based on
H, D, O and CO [78, 77].

For large reaction networks with a lot of reactants, the moment equations
method is well-suited and has already been used to investigate on the methanol
network [5]. In the moment equations approach only 2n equations have to
be solved for n reactant species in the system. For small networks also the
multiplane method can be used [61], which disassembles the whole network into
smaller non-connected subnetworks.

To find an analytic description for application-relevant, non-generic reactions,
it will be necessary to include also higher order reactions into the rate equations,
where the product of one reaction is an educt of another reaction.

Additionally it will be interesting to see the system’s behavior in a non-
stationary state, when at low temperatures the system is not completely covered
with the species bound most strongly. KMC simulations could serve as a good
reference for all the mentioned methods.

From our point of view, it should be possible to include rate disorder into
multiple-species systems without facing fundamental problems.
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Conclusions

PART I: ROBUSTNESS IN QUASISPECIES MODELS. We analyzed the effect of
robustness against deleterious mutations on the mean fitness of quasispecies
populations. Concentrating on permutation-invariant fitness landscapes, the
hypercubic phase space was mapped onto the one-dimensional Hamming space.
Robustness was then modeled as a plateau-shaped fitness landscape. With the
help of a large deviations ansatz we found a correspondence between the popu-
lations stationary state equation and a Schrodinger-type equation. Exploiting
this analogy, we derived a formula for the mean fitness in the limit of infinite
sequence length and finite size correction terms. The results hold for both,
smooth and non-smooth fitness landscapes and improve the agreement between
numerical and analytical solutions significantly. In principle it is possible to
extend this analysis to more than first order in the sequence length. Furthermore
we showed, that the fitness regime predicted by Gerland and Hwa [39] does not
exist. Applying our findings to the question of the optimal plateau shape for
finite sequence lengths, we find that a broad plateau can provide a higher mean
fitness to the population than a smaller but higher one. In the literature this
phenomenon is often referred to as “survival of the flattest”.

In addition to the mesa-shaped fitness landscapes, which can be considered as
an extreme kind of epistasis, a more general class of epistatic fitness landscapes
concerning the error threshold existence was analyzed. Here, we could improve
on a result by Wiehe [36] by application of the earlier findings. As a result, we
find diminishing epistasis to be necessary but not sufficient to ensure the error
threshold existence.

Recently, Ancliff and Park [1] developed a new approach using spin coherent
state representations. The simplicity of this method — compared to the existing
ones — is promising, moreover as the derivation of finite size corrections emerges
naturally and the path integral formulation is suited for the description of the
population dynamics.

PART II: MOLECULE FORMATION ON INTERSTELLAR DUST GRAIN SURFACES
WITH QUENCHED DISORDER The question of disorder enhancing a surface’s
efficiency in molecule production has been answered satisfactorily. The employed
minimalistic model was analyzed by means of rate equations and kinetic Monte
Carlo simulations. We started with the analysis of a system with binary disorder.
It turned out, that the mixing of different binding energies on one surface enhances
it’s efficiency in temperature regions where the corresponding homogeneous
systems do not perform well at all. The reason lies in the different roles that
are assigned to the two types of sites. The shallow sites provide mobility to
the particles, while the deep sites trap particles and thus increase the surface
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coverage. Then dimers are formed by a particle hopping from a shallow onto a
deep site and recombining with a particle that has already been trapped there.
Depending on the energies of the sites and their quantity, this mechanism leads
to a uniformly high efficiency in the whole intermediate temperature regime.
We gave an analytical formula for the efficiency value of this plateau. It turned
out that this concept of mobility and trapping can be extended to the other
binding energy distributions investigated. As a result we provide (temperature-
dependent) mappings from discrete and continuous binding distributions to
effective binary systems that reproduce the efficiency of the original one.

Concerning the discrete distributions, this mapping involved the validity of a
rate equation description and well-separated binding energies. Yet, under these
constraints, the mapping is easy and quick to apply.

For the continuous binding energy distributions we even went a step further
and could define a mapping to an effective binary system using the system
temperature and the distribution only. Thereby the energies are also grouped
into effectively shallow and deep wells by a cutting energy. As we showed, this
mapping is as well applicable to the discrete distributions.

Nevertheless, the contribution of our findings to astrophysical applications
depends on estimating binding energies and topologies of relevant surfaces under
(simulated) interstellar conditions. The energy values we used for the KMC
simulations and numerical solutions are believed to be astrophysically relevant.
The output of our models in terms of temperature-dependent efficiency points
into the right direction with broader temperature windows of high efficiency and
at higher temperatures compared to the homogeneous system results (with the
same parameters).

The question of rate disorder on surfaces is closely related to that of geometric
effects. Lattice distortion has been studied [65], as well as a different coordination
number, but nevertheless the system’s translational symmetry has always been
sustained. In addition to rate disorder effects, it would be interesting to see the
influence of disorder in the connectivity of the sites. The surface can then be
interpreted as a network of binding sites of integer or fractal dimension. In this
way it can be accounted for e.g. holes that can be accessed from more than four
or six sites or for sites that cannot be accessed from all direct neighbors.

Additionally, we took a brief look on a generic multispecies system. It turned
out, that the numerical solution of the rate equations is delicate and susceptible
to small numerical errors. Clearly, more research in this direction need to
done. Solving multispecies reactions on surfaces will be a great improvement
in understanding interstellar molecule formation in general since the surface
products re-enter the gas chemistry network as educts and thus have a strong
influence on the solution of the whole gas-grain system.

Research on the multispecies systems should be continued as the majority of
chemical reactions involves more than one particle species. The results will not
only be of importance for interstellar molecule formation. The rate equations
approach seems to be promising, at least for large grains and sufficiently high
fluxes. It is accessible to direct numerical solvers and all kinds of reactions can
be included straightforwardly. Nevertheless other promising approaches like
moment equations exist that are well-suited for large reaction networks.

Regarding the analysis of homogeneous dimer formation on disordered surfaces
we feel that we have substantially contributed to the theory. The main mechanism
for molecule formation has been identified and quantitative results for different
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binding energy distributions have been derived, that are in accordance with
previous suggestions.

GENERAL REMARKS. We have exemplified that reaction-diffusion systems
appear in very different contexts. In the quasispecies model, the reaction-
diffusion character appeared on the level of effective model description, while
for the problem of interstellar molecule formation the diffusion and reactions
naturally appear on the microscopic level. The solvability of reaction-diffusion
systems strongly depends on the exact shape of the reaction term, as encountered
in this thesis. Though we only analyzed two applications, the systems considered
here already proved their relevance and we hope to see some of the open questions,
especially on the multispecies systems, pursued in the future.
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Appendix A

Appendix

A.1 The large deviations approach

We start by symmetrizing the eigenvalue problem (2.18). The discrete analogue
of the transformation (3.3) is
I\ /2 )
QO = (k) P, (A1)

which leads to

AQy = (wr —7)Qr + /(L —k)(k+1) Qi1
/(L =k DkQrr.

Following [73], we now perform the continuum limit by making a large deviations
ansatz for Qy,

(A.2)

Q= Qur = ¥(x) = exp[—€u(w)] (A3)
with € = 1/L. Inserting this into (A.2) one finds

(A= f(x) = 2vy/z(1 — z) cosh[u (A.4)

Cancelling ¥ on both sides yields a Hamilton-Jacobi equation for the ‘action’
u(x), with v’ = du/dx playing the role of a canonical momentum [73]. In order
to cast (A.4) into the form of a Schrédinger equation, we expand the momentum-
dependent factor to quadratic order, cosh(u’) ~ 1 + (u/)?/2, and make use of
the relation

Ld*

dz?’

(W) =y~

which follows from (A.3) to leading order in e. Inserting this into (A.4) results
n (3.11).

(A.5)

A.2 Singular-value decomposition

The singular-value decomposition is a decomposition of an arbitrary real or
complex m X n matrix A into three matrices of the shape

A=UDVT .
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The matrix D is symmetric and diagonal, and U and V are unitary matrices. If

A is invertible, then
At =uD'vT .

The entries of D are called the singular values and give informations about the
characteristics of the matrix A, similar to the eigenvalues.

The condition number, calculated by Octave, is the product of the largest
singular values of A and A~!. This is the same as the ratio of the largest and the
smallest singular value of A itself. The condition number is a measure for the
magnitude of mixing of the numerical scales. The bigger the condition number is,
the more are different scales mixed, and the more likely errors in the calculation
occur. Thus, the condition number is a measure of stability of a matrix towards
slight pertubations of matrix elements. Stability becomes important when the
matrix has to be diagonalised numerically. Numerical methods use iterative
procedures. As more iterations are needed the more off-diagonal elements exist,
the bigger they are and the farer they are away from the diagonal, stability of
the matrix is essential for an exact numeric result.

A.3 Alphabet sizes A > 2

The results presented in the main part are all valid for an alphabet size of
A = 2. We here want to illustrate, how these results can be generalized to
arbitrary alphabet sizes in the case of a uniform mutation rate p and a fitness
that depends only on the (generalized) Hamming distance to the wild type. For
the mutation rate this especially means, that any letter at any site is changed
into any other one with the same overall rate, and for the fitness it means, that
it does not matter into which direction (into which letter) the mutation occured.
As a consequence, sequences differing at a certain position can have the same
Hamming distance to the wild type. Again, this is an oversimplifying model, but
suffices for our purpose of sketching the main idea. More sophisticated mutation
schemes can e.g. be found in [38]. For an alphabet size of A, the eigenvalue
problem of the Crow-Kimura equation (2.18) then reads

AP} = [wk —(A=1)y (L ke A’“_J] Py (A.6)

For large L — oo this problem has been solved by [2, 38, 37], and we find the
largest eigenvalue given by the generalized maximum principle

A =max¢[o,1]

L - |(1-420) - e vera) | (A7)

Applying this formula to a mesa landscape with relative mesa width xg, we find
the critical plateau height for population localization

we = (A —1) [(1 _ A= 2)9”0) 2 (i xo)} . (A.8)

A-1 A—-1

Hardly surprising, we find the critical plateau height to increase with the alphabet
size (x¢ fixed) and to decrease with ¢ (fixed A) until w§ =0 at zo =1—-1/A.
For A = 2 we regain the earlier presented results of section 2.5.
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Glossary

Part 1

Quasispecies models: description of very large (infinite) population of asexual
(self-replicating) individuals. In the long-time limit the quasispecies corresponds
to the localized eigenvector of the system, specified by the fitness and mutation
probability /rate.

mutation: in general, mutation means the alteration of a genomic sequence
due to copying errors during replication. There are different types of mutations,
e.g. point mutations (also called substitutions), where only one letter is changed,
insertion, where additional letters are inserted into the sequence, or deletions,
encoding the opposite process of insertion.

selection: the favorization of certain genotypes concerning the number of off-
spring. The better adapted to the environment, the more offspring an individual
of a population produces during replication.

genetic drift: finite population size effect: the frequency of the different types
of information sequences in the population varies due to random sampling (in
the reproduction phase).

recombination: During sexual reproduction the offspring gets a new combina-
tion of information strings by exchanges between the latter.

gene expression: During the expression of a gene (special part of the DNA),
the information encoded in the gene is processed to a functional product like
proteins or RNA.

CK model (parallel model): Quasispecies model formulated in continuous
time, in which mutations and selection occur parallel to each other. Can be
derived from the —Eigen model by sending the generation time to zero.

Eigen model (coupled model): Quasispecies model in discrete time (that is
generation time) for haploid asexual organisms in which mutations only occur
as copying errors during replication.

fitness landscape: gives the degree of adaptation to the environment (typically
measured by the amount of offspring produced by an individual) as function of
the information sequence.
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permutation invariant (fitness landscape): the degree of adaptation only
depends on the —-Hamming distance to the best adapted sequence. Hence
permutation invariant fitness landscapes are effectively onedimensional

epistasis: the interplay of different mutations: the number of mutations away
from the wildtype influences the amount of fitness reduction, the next mutation
will produce. Epistasis refers to both decreasing and increasing functions of the
number of mutations.

robustness: The resiliance of a population to the influence of mutation.
haploid /diploid: individuals of an haploid population possess one copy of their
genome (e.g. bacteria - except special types), whereas in diploid populations,
the individuals carry two copies of their genetic information (e.g. mammals).
asexual/sexual populations: in asexual population all individuals are equal
and every individual can reproduce on its own (e.g. via cell division), whereas
in sexual populations, two kinds of individuals exist (male and female) and both

of them together are needed to produce offspring.

Hamming distance: number of letters in which an individuals sequence differs
from the best adapted sequence, the so-called wildtype.

ancestral population distribution: equilibrium population distribution of
the backwards time process (given population evolution model).

Part 11

interstellar medium (ISM): matter between the star systems of a galaxy.
The densest parts of the ISM are called molecular clouds.

physisorption: binding of atoms/molecules onto a surface by means of the
van-der-Waals force.

chemisorption: chemical binding of atoms/molecules to a surface. Typically
binding energies are higher for chemisorbed particles than for physisorbed ones.

NESS: non-equilibrium stationary state.

Langmuir-Hinshelwood rejection (LH-rejection): effect that particles from
the gas cannot impinge onto lattice sites already occupied by another particle.
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Frequently used symbols

Part 1

symbol meaning
o(s1,..,SL) information string (sequence) of an individual
s;i€A letters of the sequence o
A alphabet from which the letters are drawn
I mutation rate
Lhtr error threshold
Lhs selection threshold
v =pulL mutation rate per sequence
L sequence length
k (absolute) Hamming distance
x=k/L relative Hamming distance
ko, To absolute and relative plateau width

population distribution depending on sequence and time,

abs. Hamming distance, and rel. Hamming distance, respectively
equilibrium population distributions

ancestral distribution

ancestral distribution in equilibrium

Wrightian fitness function, depending on the sequence

or the Hamming distance, respectively

Malthusian fitness function, depending on the sequence

or the Hamming distance, respectively
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Part 11

symbol meaning
T temperature of the grain surface / lattice
Thow temperature where the efficiency starts to become non-zero
for a homogeneous surface with given binding energy
TP temperature where the efficiency drops to zero again
for a homogeneous surface with given binding energy
Tmax temperature where the efficiency reaches its maximum
for a homogeneous surface with given binding energy
f flux onto each lattice site (of a grain)
Ly, Lo side lengths of the lattice
S=1Li-Lo number of sites on the grain/lattice
N (mean) number of particles on the grain/lattice
S; number of sites of a certain type of sites
N; (mean) number of particles on type of sites i
N, (mean) number of particles of species a
v attempt frequency (for hopping and desorption) of the particles
N efficiency of the grain/lattice
R reaction rate
E,, energy needed for hopping from site 4
Ew, energy needed for desorption from site ¢
also called binding energy
a; hopping rate for lattice site 4
W; desorption rate for lattice site ¢
A;=a;/S sweeping rate

difference in binding energy for different types of sites
(continuous time) random walk length on sites of type 4
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