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ZUSAMMENFASSUNG

Die vorliegende Arbeit behandelt das in Physik und Chemie eingefiihrte, aber bisher nur
mittels Computersimulationen studierte und weder dort noch in der Mathematik rigoros
definierte Phdnomen der Metabassins - einer nach genauen Aggregationsvorschriften aus
einem gegebenen endlichen Simulationspfad gebildeten Partition des Zustandsraumes ge-
wisser physikalischer Systeme. Die zentrale Herausforderung dieser Arbeit liegt in der Her-
leitung und Analyse eines pfadunabhéngigen Ansatzes, der gewisse, fiir Metabassins nume-
risch nachgewiesene Eigenschaften erfiillt (siche Eigenschaften 1-5 in der Einleitung), etwa
das Auftreten bestimmter Verweildauern, das Fehlen multipler Hin- und Riickspriinge, die
Unabhéngigkeit von Eintritts- und Austrittszustand oder die Ahnlichkeit der Energiebar-
rieren zwischen verschiedenen Bassins. Dies geschieht im Rahmen ergodischer, reversibler
endlicher Markovketten mit exponentiell kleinen, durch eine Energiefunktion gegebenen
Ubergangswahrscheinlichkeiten.

Im ersten Teil der Arbeit wird eine Definition der Metabassins entwickelt, die auf die
etablierte Theorie der Metastabilitdt zuriickgeht und die Eigenschaften 1-5 erfiillt. Die
Metabassins ergeben sich im Grunde als Téler und Vereinigungen von Télern der Energie-
landschaft, wobei - anders als in anderen Arbeiten zu diesem Thema - Téler ganz verschie-
dener Ordnung oder Stabilitdt berticksichtigt werden. Nachdem diese Téler und der ihnen
innewohnende Stabilitatsbegriff ausfiihrlich eingefiihrt und studiert wurden, werden die ge-
wiinschten Eigenschaften hergeleitet, indem das Verhalten des Prozesses auf den einzelnen
Télern sowie die Ubergiinge zwischen diesen vollstéindig beschrieben werden. Dazu werden
typische Trajektorien in den einzelnen Télern bestimmt, durchschnittliche Verweildauern
als exponentielle Funktionen der Tiefe der Téler identifiziert und insbesondere ein aggre-
gierter Prozess hergeleitet, der jeweils nur das aktuelle Tal angibt, nicht aber den konkreten
Zustand darin. Fiir diesen wird eine asymptotische (Semi-)Markoveigenschaft nachgewie-
sen und dessen Ubergangswahrscheinlichkeiten werden ermittelt. Damit kann anschliefend
gezeigt werden, dass die Wahrscheinlichkeit fiir multiple Hin- und Riickspriinge genau dann
klein ist, wenn die Energiebarrieren in etwa gleich hoch sind.

Der zweite Teil dieser Arbeit widmet sich der Giite der hergeleiteten Aggregation, in-
dem die Ubereinstimmung mit der pfadabhingigen Definition sowie die Auswirkung der
Aggregation auf die Misch-, Uberdeckungs- und Trefferzeiten studiert wird. Die Wahr-
scheinlichkeit fiir die Ubereinstimmung beider Definitionen wird mit Hilfe gewisser Para-
meter beschrieben, die den Grad der Unordnung im System messen und fiir hochgradig
ungeordnete Systeme eine grofe Wahrscheinlichkeit der Ubereinstimmung liefern. Des
Weiteren wird gezeigt, dass die Aggregation auf die oben genannten Zeiten einen nahezu
vernachléssigbar kleinen Einfluss hat. Beziiglich der Mischzeiten wird dies im Rahmen
der allgemeinen Fragestellung untersucht, welche Auswirkungen die Verlangsamung einer
Markovkette durch Einfiihrung zufélliger Verweildauern auf die Mischrate hat. Die nahe-
liegende Vermutung, dass sich die Mischzeit bei Verlangsamung in etwa multiplikativ um
die durchschnittliche Verweildauer erh6ht, kann mit Hilfe von Spektraltheorie und Kopp-
lungsargumenten fiir markovsche und auch semi-markovsche verlangsamte Ketten unter
zusitzlichen Annahmen bewiesen werden. Die Notwendigkeit dieser zusitzlichen Annah-
men wird ausfiihrlich erlautert. Auferdem werden verschiedene Konvergenzraten explizit
bestimmt, wie etwa die Mischraten der urspriinglichen Kette, der Einschrankung auf ein
Metabassin oder der Konvergenz gegen die quasistationédre Verteilung.
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SUMMARY

The present work is devoted to a phenomenon known from physics and chemistry that is
hitherto studied only by means of computer simulations and neither there nor in mathe-
matics rigorously defined: the notion of metabasins. Metabasins are a partition of the state
space of certain physical systems according to specific aggregation rules along a given finite
simulation path. The main challenge of this thesis lies in the construction and analysis of
a path-independent approach providing certain metabasin-intrinsic properties (see Prop-
erties 1-5 in the Introduction). These are for instance the occurrence of specific sojourn
times, the absence of multiple forward-backward jumps, the independence of entrance and
exit state, or the similarity of energy barriers between different basins. The study of this
problem is done within the framework of ergodic, reversible finite Markov chains with
exponentially small transition probabilities depending on some energy function.

In the first part of this thesis, a definition of metabasins is developed, which relies
on the well established theory of metastability and complies with Properties 1-5. These
metabasins basically emerge as valleys and unions of valleys of the energy landscape. Un-
like similar works on this topic, valleys of completely different order are considered. Having
introduced and analyzed those valleys and the notion of stability which is immanent to
them in detail, the requested properties are derived. For this purpose, the process behavior
on single valleys and the transitions between them are entirely specified. More specifically,
typical trajectories on single valleys are determined, the average sojourn times are identified
to depend on the depth of the valley in an exponential manner, and a certain aggregated
process is defined that detects only the current valley and neglects the specific state therein.
For this process, an asymptotic (semi-)Markov property is proved and its transition prob-
abilities are determined. Using these probabilities, multiple forward-backward jumps are
shown to be quite unlikely if and only if the energy barriers are approximately of the same
height.

The second part of this work is addressed to the goodness of the aggregation and studies
the accordance with the path-dependent definition as well as the impact of the aggregation
on the mixing-, cover-, and hitting times. The probability of accordance of both definitions
is described by means of certain parameters measuring the degree of disorder in the system.
For highly disordered systems arises a high probability of accordance. Furthermore, it is
proved that the impact of the aggregation on the mixing-, cover-, and hitting times is
virtually negligible. For the mixing time, this is shown in the context of the general
question about how the deceleration of a Markov chain via additional random sojourn
times in every state affects the mixing time. The nearby conjecture is that a deceleration
basically increases the mixing performance multiplicatively by the average sojourn time.
With spectral theory and coupling arguments, this conjecture is proved to hold true for
Markovian and semi-Markovian decelerated chains under some further assumptions. The
need for these further assumptions is explained in detail. In addition, different rates of
convergence are calculated explicitly, for instance the mixing rates of the original chain, of
the restriction to a metabasin, or of the convergence against quasi-stationarity.
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INTRODUCTION

PHYSICAL BACKGROUND

Imagine a system of many (ball-like) particles moving in a given space or interacting with each other
— a many-particle system. Examples are a cup of coffee or a piece of amber where the resin-particles
(almost) stopped moving, but also a pattern of spins. Depending on the spatial arrangement of the
particles, those systems exhibit different energies. For a pattern o € {:l:l}[l""’N]X[l""’M] of spins on
an N x M-lattice, the energy can be defined as the Hamiltonian Function

= _E 0035,
,J

where the sum ranges over all neighboring pairs (i, j) (see e.g. [39, Section 3.3.5]). For example,
E((+ +—+) = -1-1-1) = L

This model is known as the Ising model and extensively studied. For a cup of coffee or a piece of
amber, the energy of a specific arrangement

o € {(o1,....,on)|0i € [a, b3,1<i< N}

of N particles in a box [a,b]3, 0 < a < b < oo, can be defined as the Lennard-Jones-potential [4,

Section 18.2.2]
d 12 < d )6
E, 4e — | .
el Z ((nm - oﬂlz) loi = a2

Here the sum ranges over all pairs of particles, d is a constant giving the distance at which the pair
interaction changes from repellent to attractive, and € equals the pair-energy at the distance v/2d. For
example, the 3-particle configuration o in Figure 0.1 has a Lennard-Jones potential Es (o) = —0.28.
In both cases, the energy function as a function from the state space to R gives rise to a high-
dimensional graph: the (potential) energy landscape (PEL).

/PG

—

Figure 0.1.: Example of a 3-particle configuration

Now let us follow the trace of our system in the PEL when it traverses through the state space via
movements of single particles or flippings of single spins. Every time it descends from an energetically
higher state to a lower one, it loses energy, which may go as heat into the surroundings. When
a movement increases the energy, the system seizes energy from the surroundings to afford this
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ascent. In case it can not afford the ascent, the higher state is not feasible. Thus, by decreasing
the temperature of the coffee, more and more states are unfeasible, until at 0°C the highly ordered,
crystalline icy state is the only possible arrangement of the particles in the cup, the stable state at
that temperature. When increasing the temperature of the surroundings, the frozen coffee will melt
again. During the melting, the temperature of the coffee stays at 0°C and starts increasing not until
it is completely liquid. Coffee (more precisely water) has a freezing/melting point at 0°C.

But there are liquids behaving differently, for example liquid amber. When heating up amber, it
becomes more and more viscous but there is no accentuated melting point above which it is liquid
and below which it is solid. When cooling it down, the particles are less and less mobile, the amber
becomes more and more hardened, but there is no freezing point where the particles are well arranged
in a specific structure with long-range order. This amorphous behavior is a consequence of the (in
comparison for example to water) highly disordered energy landscape of amber: Independent of how
we cool down water, before being too immobile, the particles always find a path of feasible states to
reach the stable state. When cooling down liquid amber, it becomes stuck in some part of the PEL
with no feasible transition to the stable crystalline state. The solid structure is a randomly frozen
liquid arrangement, the particles are by no means well arranged. Hence, solid amber is an unstable
particle-arrangement, a supercooled liquid.

Physical systems with this behavior are called (structural) glasses or glass formers, and should be
kept in mind while reading this thesis. Examples are of course soda-lime glass known from windows
or drinking vessels, but also coal tar, plastics, polymers, or metallic alloys [46, Section 11.8]. Spin
patterns, though not belonging to the family of glasses, as well exhibit a high disorder, yet magnetic
instead of positional. This disorder causes a phase transition and a spin-glass phase with a randomly
frozen pattern [9]. Therefore, they are also called spin-glasses and another basic example.

E(X,)

0 —
0 10 20 30 40 50 60 70 80 90 100 110 120

n

Figure 0.2.: Typical energy trajectory of a glass-forming system.

In modern natural sciences, real phenomenons are more and more studied with IT-techniques.
Thus, systems of this kind are simulated on computers as random processes, sampling the state
space resp. the energy landscape. Figure 0.2 shows a typical energy trajectory comprising long
sojourn times in low-energy states with forward-backward jumps to neighbors and fast transitions
between those very areas. To characterize glass-forming systems at low temperatures via their energy
landscape was first done by GOLDSTEIN in 1969 [26] (“...when all is said and done, the existence of
potential energy barriers large compared to thermal energy are intrinsic to the occurrence of the
glassy state...”) and has by now become a common method with the major goal to relate dynamics
to properties of the PEL. HEUER [29] gives an exhaustive topical review on this issue until 2008.
Typically, the trajectory of consecutively visited local minima is studied to determine the partition
function
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or the entropy of an energy level e,

S(e) = In(|{(o1,....o0Nn)|E(01,....0N)) = €}])

HEUER’s review also includes his own results, namely that those computer simulations have shown
important characteristics of such systems to be describable by energetic properties of the so-called
metabasins (MB) [29, Chapter 6 and 7|. Based on STILLINGER’s concept of grouping states |60],
those MB are formed in the following way by aggregation of suitable states of the describing process
(Xn)n>0 along a simulated trajectory: Fixing a reasonable observation time 7', define xo = 0 and
then recursively for n > 1

Xn = f {k > xn 1 [{Xpoo, X7} 0 { X000, Xpp1} = 0}
MB up to v :=sup{n > 0| x, < T} are chosen as
Vo, = {XXn?“WXXnJrl*l}’ OgTLSU,

each of which comprises typically a large number of minima of the PEL. There is an unprecedented
information this aggregation provides for the goal to relate energy and mobility: The diffusion con-
stant D (a system-inherent proportionality constant between the mean squared covered distance and
the time [4, Equation 21-83]) and the relaxation time 7, (the time needed for the supercooled liquid
to approach the molecular state of a crystal) are proportional to fractions of moments of the MB-
waiting time [29, Chapter 6 and 7|. This is in strong contrast to the unaggregated process, keeping
track of every single visited local minimum: As there are very many forward-backward jumps be-
tween neighboring minima separated by an energy barrier lower than the barrier to other minima (see
Figure 0.2), not only their average waiting time but also the number of these reciprocating jumps
influences the time-scale of the long-range transport.

As developed in [29] and [53], the most important advantages of this model reduction, notably
including the above one, are (referred to as Properties 1-5 hereafter):

1. MARKOV PROPERTY: The distribution of the successor of one MB is statistically independent of
its entrance state. This justifies to lump them together and regard them as one single metastate.

2. RECIPROCATING JUMPS: There are per definition no reciprocating jumps between MB. Hence,
only the effective motion is displayed, giving the formula

D~ — and 71, ~ —=

(1)
where () and (72) are the average resp. the average squared MB-waiting time.

3. ExiT TiME: The average MB-waiting time is proportional to its depth. Together with Property 2,
this provides a strong and explicit relation between dynamics (D and 7,) and thermodynamics
(energies).

4. TRAP MODEL: All energy barriers between different MB are approximately of the same height.
Thus, for every MB-transition it requires to cross approximately the same energy threshold Fy,
though via possibly different states. Such systems are called trap models (see [10]).

5. CTRW-HyproTHESIS: The sojourn times and jump distances between consecutively visited MB
(measured in Euclidean distance) form sequences of statistically uncorrelated random variables,
which are approximately mutually independent (continuous time random walk-hypothesis [53]).
This simplifies the analysis in such a way that the diffusion constant equals the average spatial
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MB-increment divided by the average MB-waiting time. Surprisingly, the average spatial MB-
increment is almost independent of the temperature. Hence, the temperature dependence of the
diffusion is completely characterized by the temperature dependence of the average MB-waiting
time.

Despite these advantages, the suggested definition of MB has the obvious blemish that it, first,
depends on the realization of the considered process and may thus vary from simulation to simulation,
and second, proves the diffusion and relaxation to be determined by MB-coarse graining effects,
without explaining how exactly the MB look like and why they look like that.

OUTLINE

To provide and analyze a mathematically stringent definition of a path-independent aggregation of
the state space which maintains the above properties is the principal concern here. We get a deeper
understanding of the MB-concept along the way. In this endeavor, we will rely on ideas about metasta-
bility and metastable states, the mathematical framework in which systems such as glass-formers are
studied because of their basic phenomenon: the sampling of the state space along trajectories com-
prising alternately immobile phases of a pretended equilibrium and very mobile phases sling-shooting
the system to distant areas of the state space (see again Figure 0.2).

Over the years, metastability was studied in many different ways using various techniques and is
still a field of great interest for complex physical systems. To mention only a few, as one of the
first LEBOwWITZ & PENROSE [50] in 1971 identified metastable states via their long sojourn in a
pretended equilibrium and the small return probability once this pretended equilibrium is left. In
1970, FREIDLIN & WENTZELL started to use large deviation theory to study metastable states in
deterministic dynamical systems with a stochastic perturbation tending to zero. We refer to their
textbook [24] and the references therein. Influenced by that, for example OLIVIERI & SCOPPOLA
[49], CaTONI & CERF [16], or BELTRAN & LANDIM |7] studied discrete (time and space) Markov
chains with transition probabilities depending on a parameter 3 representing the inverse temperature
such that the transition probabilities are either exponentially small in 8 or bounded away from zero.
CASSANDRO, GALVES, OLIVIERI & VARES [15], BOVIER [11| and many more transferred this to
stochastic mean field models and spin systems, where in contrast to the above works the number
of states tends to infinity instead of the temperature tending to zero. Whereas in [15], following
the ideas of [24], the focus is on typical trajectories of the process and their large deviations, in
[11] the relation between exit times and capacities is emphasized. These two perceptions established
themselves as the pathwise approach resp. potential theoretic approach. Furthermore, metastability
has been linked to spectral methods (BOVIER, ECKHOFF, GAYRARD & KLEIN [13], MATTHIEU [44])
and quasi-stationarity (HUISINGA, MEYN & SCHUTTE [34], BIANCHI & GAUDILLIERE [8]). We want
to mention particularly the works of ScopPOLA ([56] and [55]) and BOVIER, ECKHOFF, GAYRARD &
KLEIN [12], as this thesis is highly influenced by and draws on many ideas and results from these. The
former introduced a renormalization procedure that gives rise to an ordering of the states according
to their (meta-) stability, and the latter links the metastable behavior of energy-driven systems to
the PEL. For more literature and a general overview, we mention the monographs [11], [18] and [19]
and the references therein.

This thesis is divided into two parts: the construction of a definition of metabasins (Chapters
1-4) and the study of the goodness of the accompanying aggregation (Chapters 5-7). Inspired by
simulations of glass forming systems at very low temperatures with the Metropolis algorithm, we
study reversible, ergodic finite Markov chains with exponentially small transition probabilities, which
are determined by an energy function and a parameter 5 > 0 giving the inverse temperature. We are
interested in the behavior of the process as f — oo (low-temperature limit) and envisage a highly
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disordered energy function. The precise assumptions are listed in Section 1.1. In the remainder
of Chapter 1, the foundation towards an aggregation as outlined above is laid. Around certain
metastable states (see also [55]), entailing an order from a kind of “weak” to a kind of “strong”
metastability, we will define (Section 1.2) and study (Section 1.3) walleys characterized by minimal
energy barriers and minimal paths. The notion of those energy barriers or saddles is very popular
(see [12], [48] or [15] for a few examples), but to our best knowledge this closed definition of valleys,
referring to barriers and paths, is new and so are the results on their shape. They will prove to be well
behaving by being connected, adopting the hierarchical order of their ground states, and possessing a
nice nesting structure. This definition of valleys allows a microscopic view, where the system behavior
is studied when moving within a fixed valley, and a macroscopic view, which describes the transitions
between valleys.

In Chapter 2, the process is studied from the microscopic perception. By slightly modifying results
from [12] to comply with our situation, it is shown via variational techniques resp. a reduction to
the one-dimensional case that in the limit of low temperatures the minimal energy barriers from the
definition of valleys determine the speed resp. probability of a transition between the two states they
separate. More precisely, in the limit 5 — oo, with probability tending to 1, the process reaches a
state with lower barrier earlier than one with a higher barrier (Section 2.1). We infer that between
the entrance and exit of a valley, with probability tending to 1 as 5 — oo, the ground state is reached.
Section 2.2 regards the time needed to leave a given valley and connects this exit time with the PEL-
parameters of the valley, namely the exponential dependence on its depth. This confirms Property
3. Similar forms of this result have been proved in different situations in many different ways, for
example in [61, Chapter XI.2] for birth and death processes by solving linear equations of generating
functions or in |24, Chapter 4, §4, Theorem 4.1] for continuous (time and space) processes by a
geometric trials argument. We derive it with the help of the main theorem for the renormalization
procedure in [55] and a discretization of the geometric trials argument in [24]. As a consequence,
we obtain that there is no universal time scale since those depths are quite variable and the single
time scales vary exponentially. We will also briefly touch on the phenomenon of quasi-stationarity
in Section 2.3 by showing that the nesting structure of valleys induces an order on the absorption
probability of the process with killing on the boundary of the valley.

On the macroscopic side in Chapter 3, we start by introducing two macroscopic processes which
only detect the current valley and neglect specific states in it. The first one, denoted by Y, considers
the time spent in a valley, the second, denoted by Y, ignores it. With the use of the evolved prop-
erties of trajectories within a valley, we derive an asymptotic (semi-)Markovian structure (Section
3.2), confirming Property 1. The limiting (semi-)Markov chain is identified and studied in terms
of recurrence and transience. Finally, Section 3.3 examines that, given an appropriate energy land-
scape, the nesting procedure of valleys annihilates (on the macroscopic scale) the accumulation of
reciprocating jumps by merging valleys exhibiting such jumps into a single valley. By giving explicit
bounds on macroscopic transition probabilities as consequences of the microscopic results, it will
be shown that forward-backward jumps are more and more unlikely when the energy barriers are
brought in line. Hence, valleys of sufficiently high order will satisfy Property 2. Finally, we can
also identify conditions under which a diffusive behavior as described in Property 5 can be achieved,
namely a sufficient homogeneity of the state space in such a way that MB-increments are centered
and mutually uncorrelated.

From the first three chapters, we construct the aimed definition of metabasins in Chapter 4 which
provides Property 4 inevitably. Though the clustering of states into basins of attraction or metastates
is a common tool in metastability analysis, our approach differs from the literature by having a
different thrust. As an example, OLIVIERI & SCOPPOLA [49] fully describe the tube of exit from a
domain in terms of which basins of attraction of increasing order are visited and for how long these
basins are visited. In [7], BELTRAN & LANDIM work with transition rates instead of energies, and
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aim at finding a universal depth (and time scale) for all metastates. However, we rather aim at the
finest aggregation such that transitions back to an already visited metastate are very unlikely within
a time frame used in simulations. This finest aggregation will lead to valleys of very variable depth
just as simulations do not exhibit a universal depth or timescale. Unlike the afore mentioned, we mix
metastable states and valleys of different order to meet Properties 1-5. Most obviously, Property
1 loses its validity when assigning lower valleys to higher-order metastates against our aggregation
rule, for which there is no natural way. Furthermore, we are interested in the aggregated processes,
either time preserving or with an acceleration depending on the process itself, rather than a “blindly”
accelerated version (X, 7)n>0 for some T' € Ry as in [7], or a version whose Markov property is
artificially created as in [49].

Having established Properties 1-5 [Theorem 4.2.1|, the second part of this work proceeds in Chap-
ter 5 with a comparison of the path-independent definition of MB with the path-dependent one, so as
to study the goodness of the above MB-aggregation. After illustrating that the trajectory-dependent
procedure can not be valuably applied to all kinds of energy landscapes, we identify system param-
eters measuring the disorder (Section 5.1). Under some reasonable conditions on this disorder or
connectivity, which, in essence, ensure the existence of reasonable path-dependent MB, Section 5.2
presents the accordance of both definitions.

The two remaining chapters deal with the comparison of the mixing-, cover-, and hitting times of
the original and the aggregated processes. Using spectral-gap techniques as in [30], we will determine
the asymptotic geometric mixing rate of the original process X, its restriction to a specific valley,
the hit chain on the metastable states, a Markovian macroscopic process and the rate of mixing
against the quasi-stationary distribution (Section 6.1). It turns out that all global processes (X,
the hit chain and the Markovian macroscopic process) mix with geometric rates showing the same
asymptotic behavior for f — oo (on a logarithmic scale). The geometric rates of the local processes
(the restricted and conditioned chains) are smaller but coincide asymptotically, too. This indicates
that the aggregation procedure of the first part generates a macroscopic process with the same mixing
behavior as X and faster mixing microscopic processes, confirming the metastability. The study of
the mixing time of Y and Y, one being the embedded jump chain of the other, motivates to analyze
how the deceleration of a Markov chain by introducing sojourn times in every state affects the mixing
time. Although results are known for the comparison of the mixing performance of some chains (see
for example |21]), this precise problem is not investigated so far. We describe the problem in Section
6.2 and give various results for the three different cases where, first, the decelerated process is again
Markovian (Section 6.3), second, the sojourn times are independent of the Markov chain (Subsection
6.4.1), and third, the decelerated process is semi-Markovian (Subsection 6.4.2). Broadly speaking,
the deceleration increases the mixing time multiplicatively by the expected sojourn time. The proofs
rely on spectral theory and coupling arguments. In Section 6.5, we come back to the originally raised
problem and determine the mixing performance of the accelerated aggregated process by applying
the theory just introduced. Here again, the mixing time of X is roughly at most the mixing time
of Y times the average sojourn time. For the time preserving aggregated chain it is easy to see
that it mixes at least as fast as the original process. Examples and preliminary results support the
conjecture that they mix asymptotically with the same geometric rate, which remains as an open
problem in this work.

In the final Chapter 7, we bound the relative difference between the cover times of the original and
the aggregated process Y (Section 7.1) as well as the relative difference between the hitting times of
the overall minimum of these two processes (Section 7.2). Though the according time for X is almost
surely larger than the one for Y, both results indicate that the difference is rather small compared
to the dimension of those times.
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In conclusion, we derive an aggregation procedure satisfying Properties 1-5 and coinciding to a
certain extend with the definition established in physics so that the macroscopic process is consistent
with the original one (in the studied aspects). Along the way, we develop results about the effect of
deceleration of Markov chains on the mixing time.

NOTATION

Throughout this work, we use the following notation: In every chapter, there is an underlying
probability space (2,2, P) which is assumed to be large enough to ensure every appearing random
variable to be well defined. For stochastic processes on a state space S, the initial distribution is
specified via an index, that is Py for A € 20(S) resp. P, for A = 6,2 € S. The expectation with
respect to P or Py is denoted by E or Ey. We use PX and PX as the law of a random variable X
under PP resp. under P,. For A C § and x € S, we define the entrance times

T4 = inf{n > 1|X, € A}, 73 = inf{n>0|X, € A}, T, = Tiz}s 0 = T?w}.

For two real numbers a,b € R we denote with a A b their minimum and with a V b their maximum.
An empty sum Y ;* a(i), m < n, is always defined to equal zero, whereas an empty product

[T~ a(i), m < n, is understood as 1. Matrices are always assumed to be finite and real.
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PART 1.

CONSTRUCTION OF METABASINS






1. VALLEYS

Following the outline in the Introduction, we start this part with a precise model description and
the analysis of wvalleys, using a definition of metastable states influenced by the one in [55] and the
definition of essential saddles as in [12].

1.1. THE MODEL

Let X be a Markov chain on a finite set S with transition matrix P = (p(r, s)), scs and stationary
distribution 7, and let £ : § — R be an energy function such that the following conditions hold:

IRREDUCIBILITY: P is irreducible with p(s,s) > 4 and p(r,s) > 0 if and only if p(s,r) > 0 for all
r,seS.

TRANSITION PROBABILITIES: There exists a parameter 8 > 0 and for every # > 0 some g > 0
with limg_,o 78 = 0 and limg_, By € (0,00) such that

e BUBE)=EM) +v5) < p(r,s) < e BUE(s)=E(r))" =)
for all distinct r, s € S with p(r,s) > 0. Furthermore,
p*(r,s) = Bli_}nolop(r, s)
exists for all r, s € S, is positive if E(r) > E(s) and = 0 otherwise.
REVERSIBILITY: The pair (7, P) satisfies the detailed balance equations, i.e.

m(r)p(r,s) = w(s)p(s,r)
forall r,s € S.

NON-DEGENERACY: E(r) # E(s) for all local minima r,s € S, # s, of E, where z € S is a local
minimum of E if E(z) < E(y) for every y with p(x,y) > 0.

Thus, we are dealing with a reversible Markov chain with exponentially small transition probabil-
ities driven by an energy landscape. The non-degeneracy condition ensures the distinguishability of
any two minima by their energy. This will later give us a way to determine the stable and the unstable
one of any pair. Furthermore this condition provides that every local minimum is isolated. Results
analog to those of this first part have been pre-published in [3] for a more restrictive non-degeneracy
condition, namely the injectivity of the energy function.

An example of a Markov chain satisfying the above conditions, and also the main motivation
behind this work, is a Metropolis chain with transition probabilities

plrs) = qlr,s)e EOEO"

Here (3 is the inverse temperature and (¢(r, s)), ses is an irreducible and symmetric transition matrix
independent of 3 - the proposal chain. For 73 := —min, 4 In(q(r, s))3~!, where the minimum is taken
over all ;s € § with ¢(r,s) > 0, the above conditions are fulfilled.

In the following, two states z,y with p(x,y) > 0 are called neighbors (z ~ y) and N (z) := {y €
S|p(x,y) > 0} the neighborhood of x. Let us start with the following basic results for the stationary
distribution.

11



1 VALLEYS

LEMMA 1.1.1. For any two states r,s € S we have

o BEM-E+2she) < T ~p(B()-E©)-2Ihp)

— m(s)
Proof: To start with, assume r ~ s. Reversibility and the assumptions on the transition probabilities
imply

n(r) _ oplsr) _ e HEOTEOT ) p -2y,

m(s) p(r,s) = e—BE(s)—E(r))*+5)

and

() _ oplsr) o e EOTEOT ) m)ea)

m(s)  p(r,s) = o~ B(EE)—E(M)*—p)

Now let r and s be arbitrary. By the irreducibility, there is a path r = r¢,r1,...,7, = s from r to s of
neighboring states with 7(r;) /m(riy1) € [e”PETI=Erit)+298) o=BEM)=Erit)=218)) (0 <i<n—1.
Therefore,

m(r) nl m(r;) { < e BE()—E(s)=2|S|7s)

7(s) paly 7(7it1) > e BE(r)=E(s)+2|S]s).
O
LEMMA 1.1.2. Let Ep,ip, = ming E(s) be the minimal energy on S. For any state s € S we have
In particular, ©(s) = 0 as f — o0 if E(s) > Epin.
Proof: Using the previous lemma, we obtain
ST 5§ BB EC)2i8h0) 5 AU Emin=2IST)
—mls) TS
and
3 () S0 BEO-EC)-2AShs) < |§|eHEE)~Enint2Sha)
T Tr(s) T
Therefore,
(5) (s) ZW(T) -t < e BE(S)=Emin—2ISp)
w(s) = = —
> 7(r) - 7(s) > ﬁe‘ﬂ(E(s)_Emi""'mshﬁ)
O

1.2. VALLEYS: THE DEFINITION

Now we start to develop the notion of metastable states and valleys. In order to do so, we must first
study minimal paths between two states and maximal energies along such paths.

12
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1.2.1. MEETASTABLE STATES

DEFINITION 1.2.1. (a) For any two distinct states r,s € S, let

I'(r,s) == {(xo,...,zi)|k €N, mg =17, 21, = 5, 23 # xj for i # j, p(xs, x41) > 0for 0 <i <k —1}

be the set of all finite self-avoiding paths from r to s having positive probability. For any such
path v = (70,.., ) € I'(r, 5), let |y| := k be its length. We further write t € v if t € {y1,..., 7%}

(b) A self-avoiding path v = (v1,...,7%) from 7 to s is called minimal if its maximal energy
maxi<i<i £(7;) is minimal among all 4/ € T'(r, s). The set of these paths is denoted I'*(r, s).

(c¢) The set of essential saddles z*(r, s) between r and s is defined as

2*(rys) = {argmaxE(t)"yEF*(r,s)} c S
tey

As for (c), it is to be noted that the essential saddle is not unique. Indeed, there may be several
minimal paths with different maxima. But nevertheless, the energy of all essential saddles is the
same, denoted by E(z*(r,s)) hereafter.

DEFINITION 1.2.2. Let M) be the set of local minima of F and n := \M(1)|. For 2 < i <nlet
successively M~1 be the set of states m € MU~1 with

min E(z*(m,s)) — E =  min min E(z*(m/,s)) — E(m/
et o) (2%(m, s)) — E(m) e et SR ey (z(m', 5)) — E(m’)

and m~Y = argmax,, . -1 E(m). Then M® := MU\ {m~1}. The elements of M@, 1 <
1 < n, are called metastable at level 1.

In words, given the minima of E, we denote the subset of minima with minimal relative barrier
by MM and the state with highest energy in this subset by m(). We understand m() as the most
unstable metastable state at level 1 so that the next-level metastable set M2 no longer comprises
m®). We proceed inductively with identifying the most unstable state in M ), remove it to obtain
M®) and so forth. Due to the non-degeneracy, the states m@, 1 <i<n—1, are well defined. With
{m®™} .= M®™ we yield for 1 <i<n

MO = (@ mMy,

Thus, the above definition gives a successive filtration of the state space into S =: M(© > M) 5
LD MM = {m(“)}, where, starting with all local minima, in each step one local minimum is deleted.
We want to emphasize that not the (absolute) minimal energy but the (relative) minimal activation
energy or barrier (for a transition to another minimum of the same level) is the main criterion for
being no longer metastable.

In [55] and [56], SCOPPOLA introduced a similar filtration of the state space which gave rise to
our definition in fact. From the sequence of sets defined above, take the subsequence given by those
indices where all metastable states with the same relative barrier are deleted. This is as well that
subsequence of the decreasing set-sequence in [55] which makes each inclusion proper. Calling the
elements of M), 1 <4 < n, metastable arises for example from the fact that there exists a constant
C such that

Pp(X, ¢ M) < ¢ 8

13
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for all m € M1 1< i <n, and sufficiently large n [55, Theorem 2.2|. That is, the process is to be
found most likely in those metastable states. Furthermore, as we will see in Section 2.2, the mean
exit times of certain domains around those metastable states are very large with very many returns
to the metastable state in between (metastability in the pathwise approach). A third reason for this
appellation is that for a metastable state m of appropriate level the probability to reach any other
metastable state without returning to m tends faster to zero than the corresponding probability for
any non-metastable state (potential theoretic approach), see Corollary 2.1.4.

E(s)

Figure 1.1.: Example of an energy landscape with minima shown as black dots (e)

ExAMPLE 1.2.3. For the simple energy function depicted in Figure 1.1, a successive application of
the algorithm from 1.2.2 as illustrated in Figure 1.2 leads to the following decomposition into subsets
of metastable states:

MW =1{2,4,6,8,10,12,14},  M® ={2,4,6,10,12,14},  M® ={2,4,6,10,14},
M® = {2,4,10,14}, M® = {4,10,14}, M) = {4,14},
M = {4},

1.2.2. VALLEYS

Based on the filtration of S just described, we proceed to the definition of a sequence of metastable
sets associated with the metastable states. Those sets will induce the MB.

DEFINITION 1.2.4. For each m € M@, 1 <i <n, let
VO (m) = {s e S(E(z*(s,m)) < E(z*(s,m')) for all m' € M<i>\{m}} :
We say that state s is attracted by m at level i, expressed as s ~ m at level i, if

E(z*(s,m)) = n1€n]\14r<11) E(z*(s,n))

and every minimal path from s to a state m’ € M®\{m} with E(z*(s,m’)) = E(z*(s,m)) hits
V<(Z) (m) at some time. Finally, let

(i) == inf{i<j< n|m® ~ m at level j for some m € M(j)}

denote the minimal level at which the metastable state m(® becomes attracted by a metastable state
of superior level.

14
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B | i1 B ] e
Mol Prpnl
Eis) | i=3 ’ E(s) | i=4 " ’
Mo/ M il ]
"/ AN \f\/ \/\/‘/\f\!/\v\/
~ \,\/\A/ f:yﬂbﬁu e

Figure 1.2.: Successive application of the algorithms in 1.2.2 and 1.2.5 to the energy landscape in
Figure 1.1. For each step 7, the metastable states and corresponding valleys are shown.

DEFINITION 1.2.5. (a) INITIALIZATION: For each m € M), define
VW (m) = {s s ‘ s ~»m at level 1} .

as the wvalley of order 1 containing m and let

c

n
NO = (VO m)
j=1

be the set of non-assigned states at level 1.
(b) RECURSION: For 2 <i < nand m € M®, define
VO(m) = vi=U(m) u {s e N(-D ’s ~+m at level z} U U V@ (mb))
G:1(5)=i,m) ~m at level i

as the wvalley of order i containing m and let

NG@® .— VAT ()

n
=1

J

be the set of non-assigned states at level 1.
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Here is a more intuitive description of what the previous two definitions render in a formal way:
First, we define, for each level i and m € M® the set V<(i) (m) of those states s that are strongly
attracted by m in the sense that E(z*(s,m)) is strictly smaller than E(z*(s,m’)) for any other
m’ € M®. Then, starting at level one, each valley V) (m), m € MM is formed from V<(1)(m) by
adjoining all further states s attracted by m at this level. This leaves us with a set of non-assigned
states, denoted N, In the next step (level 2), any V) (m) for m € M® is obtained by adjoining
to VD (m) all those s € N which are attracted by m at level 2. Moreover, if m() is attracted by
m at level 2, then V) (m®) is merged into V(2 (m) as well. If no such m exists (thus I(1) > 2),
it remains untouched until reaching level (1) where its bottom state m(!) becomes attracted by
some m’ € MUMW) causing its valley to be merged into VW) (m/). We will see that this ensures
V<(2) (m) € V@ (m). This procedure continues in the now obvious recursive manner until at level
n all states have been merged into one valley. Obviously, valleys of the same order are pairwise
disjoint. Also, valleys once formed at some level can only be merged as a whole and will thus never
be ripped apart during the recursive construction. For the energy function depicted in Figure 1.1,
the successively derived valleys of order ¢ = 1,..., 7 are shown in Figure 1.2.

The reader should note that the valleys are defined in a completely deterministic way without any
reference to dynamics, although they shall map a dynamical and random object. Hence, with these
objects we can characterize the deterministic background of the random dynamical behavior.

1.3. VALLEYS: THE STRUCTURE

1.3.1. ELEMENTS OF A VALLEY

Before proceeding to results on the general shape of valleys, we collect some basic, mostly technical
properties of essential saddles and first results on the structure of valleys. Both will be useful
thereafter.

PROPOSITION 1.3.1. For any r,s,u € S, 1 <i<mn, my,mg € MO my £ me, and x1,x0 € S with
r1 € V<(Z) (m1) and x5 € VO (ms), we have

(b) E(z*(r,s)) < E(z*(r,u)) V E(z*(u, s)).

< E(2*(xz2,m))) for all m' € M®.
= E(z*(m1,ma)).
> E(z*(m1, m2)).

(f) x1 & 2" (21, 32).

Proof: Parts (a) and (b) are obvious.

For (c) we use an induction over ¢ and note that there is nothing to show when ¢ = 1. For general 1,
we must only verify that E(z*(z9,ms)) < E(2*(z9,m)) for all m’ € M@ if 25 € V) (m)) for some
j < i such that I(j) = i and mU) ~ my at level i (due to the recursive definition of V() (my)). But
the latter ensures that E(z*(zo,m))) < E(2*(x2,n)) for all n € M) > M@ (inductive hypothesis)
as well as E(z*(mU) my)) < E(z*(mU),m/)) for all m’ € M. Consequently, for any such m/,

E(z"(z2,m2)) < E(z*(x2,m)) v B(z*(mY),my))
< E(*(w9,mY))) v B(z*(mY), m"))
< Bz (w2, mY))) V B(z*(22,m)))
= E(2*(wa,m")).
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For assertion (d), note that E(z*(x1,me)) > E(2*(x1,m1)), which in combination with (a) and
(b) implies
E(z"(m1,m2)) < E(z"(m1,z1))V E(z*(x1,m2)) = E(z"(x1,m2))

and then further

E(z*(x1,m2)) < E(z"(z1,m1))V E(z*(m1,m2)) < E(z"(x1,m2)).

<E(z*(z1,m2)) <E(z*(z1,m2))

So the above must be an identity, i.e. E(z*(x1,m2)) = E(2*(m1, m2)).
Turning to part (e), we first infer with the help of (c¢) and (d) that

E(z*(z1,m1)) < E(z"(z1,m2)) = E(z"(m1,mg))
< E(z*(mi,z2)) V E(2"(x2,m2)) = E(z"(x2,m1)) (1.1)
<

E(z"(z9,21)) V E(2"(z1,m1)),

thus

E(z*(x1,m1)) < E(z"(z1,22)). (1.2)
Together with the just shown inequality E(z*(m1,m2)) < E(2*(x2,m1)) (see (1.1)) and another use
of (¢), this yields

E(z"(m1,mg)) < E(2"(x2,m1)) < E(2%(22,21)) V E(z"(21,m1)) = E(2" (21, 22))-
Finally, we infer with the help of (1.2) that
E(z*(x1,22)) > E(z"(x1,m1)) > E(x1)

and thus z1 ¢ z*(x1,x2), as claimed in (f). O

REMARK 1.3.2. It is useful to point out the following consequence of the previous proposition. If,
for an arbitrary state s and any two distinct metastable states m,n € M®, there exists a minimal
path v from s to n that hits a state r with E(z*(r,m)) < E(z*(r,n), then there is also a minimal
path from s to n that passes through m. Namely, if we replace the segment from r to n of the former
path by the concatenation of two minimal paths from 7 to m and from m to n, then the maximal
energy of this new path is

E(z*(s,n))V E(z*(r,m))V E(z*(m,n)) < E(z*(s,n))V E(z*(r,m))V E(z*(r,n))

= E(z"(s,n))V E(z"(r,n))
= E(z%(s,n)),

~—

by Proposition 1.3.1 (b), whence the new path has to be minimal from s to n as well. This yields
two facts:

(a) A minimal path from s to n, where s ~» n at level 4, hits V<(l) (n) before it hits any r with
E(z*(r,m)) < E(z*(r,n)) for some m € M® . Otherwise, since the subpath from 7 to m can
be chosen to stay in {t|E(z*(t,m)) < E(z*(t,n))} and thus E(z*(s,m)) = E(z*(s,n)), there
would be a path from s to m not hitting V<(z) (n).

(b) If s ~» n at level 4 and m € MO\{n} with E(2*(s,n)) = FE(z*(s,m)), then a minimal path
from s to m does not only hit V<(Z) (n) at some time, but in fact earlier than any other valley
V<(Z)(m’),m’ e MO\ {n}.
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LEMMA 1.3.3. Let 1 < i < j < n, m = m® and E(z*(s,m)) < E(z*(s,m’)) for every m' €
MO\{m}. Then s € V<(J)(m’) for some m' € MU implies 1(i) < j, m € V<(j)(m’) and thus
VO (m) c VO (m/).
In other words, whenever V() (m(i)) contains an element s which at some higher level j belongs to
some V<(])(m’), m' € MU, the same must hold true for m itself implying V@ (m®) c V) (m/).
(

Conversely, this guarantees that ¥V (m() will have no common elements with any V<j ) (m’) at levels
j < 1(#) where it has not yet been merged into a valley of higher order. Furthermore, we conclude

that V<(i) (m) € V@ (m) for every m € M¥, 1 < i <n: By induction it suffices to show = € V¥ (m)
for x € V=D (m/) N V<(Z) (m), m" € MU=V in which case by Proposition 1.3.1 (¢) m’ ¢ M® and
thus by the above Lemma x € V=D (m/) ¢ VO (m).

Proof: Let us first note that, under the given assumptions,
E(z*(s,m)) < E(z*(s,m’)) < E(z*(s,n))
for all n € MW\ {m'}, whence
E(z"(m,n)) < E(z%(s,m)) V E(z"(s,n)) = E(z"(s,n)) < E(z"(s,m))V E(z"(m,n))
entails F(z*(m,n)) = E(z*(s,n)) for all such n. Using this fact, we find that
B(s*(m,n)) < E(+*(s,m)) v E(z*(s,m')) < B(z"(s,n)) = E(*(m,n))

for all n € MW\ {m'}, which implies m ~» m’ at level j and thus I(i) < j as well as the other
assertions. 0

LEMMA 1.3.4. Given 1 <i<n,me MY and s ~ m at level i, let v = (Y1yeeesvk) € T*(s,m) be a

path such that E(z*(y;,m)) < E(2*(vi,n)) for all n € MW\{m}, and which stays in V<(l) (m) once
hitting this set (such a vy exists by Remark 1.3.2 (a)). Then ~; ~ m at level i for each j =1,.... k.

Proof: There is nothing to prove for v1 = s and any v; € V<(Z) (m). So let r be any other state visited
by 7, pick an arbitrary n € MO\ {m} with E(z*(r,n)) = E(z*(r,m)) and then any minimal path
7 from r to n. Let o be the subpath of 7 from s to r. We must show that 7 hits V<(Z)(m). First,
we point out that the maximal energy E(z*(s,7))V E(z*(r,n)) of o1, the concatenation of o and 7,
satisfies

E(z*(s,n))

IN A

IN
=

implying o7 € I'*(s,n) and, furthermore, E(z*(s,n)) = E(z*(s,m)). Thus o7 must hit V<(i)(m). But
since o does not hit V<(Z) (m) by assumption, we conclude that 7 must hit V<(Z) (m). Since 7 € T'*(r,n)
was arbitrary, we infer r ~» m at level i. O

With the above preliminaries, we can give the following beautiful characterization of the states in
a valley:

LEMMA 1.3.5. For each 1 <i<n andm € M(i), we have that

{s € S|s~ m at level i} C V@O(m) c {s € S|E(z*(s,m)) < E(z*(s,m')) for allm’ € M(i)} :

18



1.3 VALLEYS: THE STRUCTURE

Proof: For the second inclusion it suffices to refer to Proposition 1.3.1 (c¢). The first inclusion being
obviously true for s € N0—Y we turn directly to the case when

s~ nq at level l1, mnq ~ ng at level Iy, ... np_1 ~ ng at level I

with £ >1and 1 <1l <.. <l <7—1. Here, n1 denotes the first minimum to which s is attracted
(thus s € V(1) (ny)), while ny, is the last minimum of this kind in the sequence. We may assume
without loss of generality that n; # m for all j, for otherwise the assertion is clear.

Now we show that ni ~» m at level ¢, which in turn implies n; ~~ m at level i for all 1 < j < k. As
a consequence, ny, ¢ M@, ny € VO (m) and thus s € VO (m). If E(z*(ny,m)) < E(z*(ny,m’)) for
all m' € M@\{m}, the assertion is proved. Hence suppose E(z*(ni,m)) > E(z*(n1,m’)) for some
m’ € MW\ {m}. Then

E(z*(s,m"))

&=

—~
N

*

(s,m1)) V E(z*(n1,m")) < E(z*(s,n1))V E(z*(n1,m))
E(z*(s,n1)) V E(z"(s,m)) = E(z*(s,m))

ININ A

implies E(z*(s,m)) = E(z*(s,m’)) and also that the concatenation of any minimal path + from s
to n1 and any minimal path 7 from n; to m’ (with maximal energy E(z*(s,n1)) V E(z*(n1,m’)))
constitutes a minimal path from s to m’ and must therefore hit V<(i) (m). Note that by Lemma 1.3.4
we can choose v to stay in the set of states attracted by n; at level [;. Now, if 7 hits V<(i) (m), then
E(z*(n1,m)) = E(z*(n1,m')) and we are done. Otherwise, 7 hits V<(i) (m) implying the existence of
some r € V<(i) (m) with E(z*(r,n1)) < E(z*(r,n')) for every n’ € M\ {n,}. Now use Lemma 1.3.3
to conclude n; € V<(i (m) and therefore ny ~» m at level i. This completes the argument for the first
inclusion. O

1.3.2. CONNECTIVITY AND NESTING

The announced results on the shape of the valleys and their nested structure are provided by the
next propositions.

PROPOSITION 1.3.6. For every m € M@ and 1 <i <, V<(i) (m) is connected.

Proof: Pick any s € V<(i)(m), any minimal path from s to m and finally any intermediate state r
along this path for which r € V<(z) (m) must be verified. For every m’ € M®\{m}, we find

E(z*(r,m)) E(z"(r,s))V E(z"(s,m)) = E(z"(s,m))
E(z*(s,m"))
E(z*(s,7)) VE(z*(r,m/))

IN A CIA
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which shows r € V<(i) (m) as required. O

Note that we have even shown that a minimal path from a state in V<(i) (m) to m will never leave
this set.

PROPOSITION 1.3.7. For every m € MW and 1 <i <n, VO (m) is connected.
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1 VALLEYS

Proof: We use an inductive argument. If ¢ = 1, the assertion follows directly from the definition of
the level-one valleys because any s € V(l)(m), m € MM, may be connected to m by a minimal
path that eventually enters V<(1)(m) without hitting any other V<(1)(n) and is therefore completely
contained in V() (m) by the previous lemma.

Turning to the inductive step, suppose the assertion holds true up to level i — 1. Fix any m € M (@)
and notice that, by the inductive hypothesis, V=1 (m) as well as all V@) (m)) with I(j) = i and
mU) ~s m at level i are connected. Now, since these m) as well as all s € N~V attracted by m
at level 7 may be connected to m by minimal paths as assumed in Lemma 1.3.4, we conclude that
V@ (m) is also connected. O

PROPOSITION 1.3.8. The following inclusions hold true:
(a) VD (m) C ... CVO(m) for each m € MW, 1 <i<n.
(b) VO(m) VO (n) for each 1 <i<j<n,neMD andme MO NV (n).

Proof: Since there is nothing to show for (a) we move directly to (b). But if m € M® @) (n),
then the definition of valleys ensures the existence of 1 < k < j — 4 and of ni,...,np_1 € M \M(Z
such that n,_1 ~» n, at level [, for each p = 1,....;k and levels ¢ < l; < ... <[} = j, where ng :=m
and ng := n. As a consequence,

VO(m) € V() C..C VD () € VO(),

which proves the asserted inclusion. ]

1.3.3. LEAVING A VALLEY

To finish the analysis of the shape of the valleys, we study its boundary and exiting paths. In the
next chapter we will need the following important property: A special class of minimal paths from
the inside of any V() (m) to its outside must hit its interior V<(Z) (m).

LEMMA 1.3.9. Let m € MY, x ~ m at level i and y ¢ VO (m). Then either every minimal path
from x to y hits the set V<(Z) (m), or E(z*(x,y)) > E(z*(x,m)).

Proof: Suppose there is a minimal path ~ from x to y avoiding V<(Z) (m). Since y ¢ VW (m), it is not
attracted by m at level i implying the existence of some m/ € M@ with E(z*(y,m')) < E(z*(y,m))
and of some 7 € I'*(y, m’) avoiding V<(l) (m). Hence, the concatenation y7 avoids V<(Z) (m) and must
therefore have maximal energy larger than E(z*(z,m)). Consequently,

E(z"(x,m)) < E(z"(z,y)) vV E(z"(y,m"))
< E(Z(2,y) v E(z"(y,m))
< E(z(z,y)) V E(Z"(x,m)),
and thus E(z*(z,y)) > E(z*(x,m)). O

Let us define the outer boundary TV of a valley V to be the set of those states outside of V which
are adjacent to a state in V. In contrast, V should denote the inner boundary of the valley V', that
is, those states in V' which are adjacent to a state in &7V, With the help of the previous result, we
can easily show that 9TV contains only non-assigned states at any level where V' has not yet been
merged into a larger valley.

LEMMA 1.3.10. For any 1 < 14,5 <n and m = m® with 1(i) > j, the outer part 9tV of the valley
V := VUM (m) is a subset of NY) and E(z*(s,m)) = E(s) for every s € 01V,

20



1.4 REMARKS

Proof: First, let s € 0TV and suppose that s ¢ N @), Then s ~ m’ at level k, in particular
s € VB (m!) for some m’ € M® and k < j. Pick any r € V with 7 ~ s and note that » € 9TV ®) (m/).
W.lo.g. we may assume that r ~ m at level j Ai. Then Lemma 1.3.9 (with z = r and y = s)
ensures that either E(z*(r,s)) > E(z*(r,m) > E(r), thus z*(r,s) = argmax{E(r), E(s)} = s and
E(r) < E(s), or 7 € V(m) and, for some n € MUMN),

E(z*(r,m)) < E(z"(r,n)) <
E(z*(s,m)) < E(z*(r,s))V E(z"(r,m)) (1.3)

and thus again F(r) < E(s). On the other hand, by the very same lemma (now with z = s and
y =), we infer E(r) > F(s) which is clearly impossible. Consequently, s must be non-assigned at
level j as claimed.

For the second assertion take again s € 9TV and a minimal path v = (s, ..ym) from s to m
with » € V. Again, by use of Lemma 1.3.9, we find either E(z*(r,m)) < E(z*(r,s)) = E(s) or
r € V<(m), which leads analogously to equation (1.3) to E(z*(r,m)) < E(s) V E(z*(r,m)) and thus
E(z*(r,m)) < E(s). In conclusion, both cases result in

E(z*(s,m)) = E(s)V E(z*(r,m)) = E(s),

finishing the proof. O

1.4. REMARKS

In a nutshell, by going from (V& (m)),, a0 to (VE+HD(m)),,case+1), some valleys are merged into
one (with only the smaller minimum retained as metastable state). Additionally those states from
NG are added which at level i were attracted by metastable states now all belonging to the same
valley. This induces the following tree-structure on the state space:

e Fix ¥ = sy.

e The first generation of the tree consists of all m € M1 U N1 and are thus connected to
the root.

e The second generation of the tree consists of all m € M®=2 U N"=2) and m is connected to
the node k of the first generation for which E(z*(m, k)) is minimal or to itself (in the obvious
sense).

e This continues until in the n'® generation each state is listed and connected either with its
unique point of attraction in the previous generation or with itself.

At each level 7 of such a tree, the nodes identify the metastable states that are not yet absorbed by
higher order valleys as well as the saddles between them. The subtree rooted at any node m e M@
consists of the states in the valley V®(m).

EXAMPLE 1.4.1. For the energy function of Example 1.2.3 and depicted in Figure 1.1, the described
tree is shown in Figure 1.3. The sets of non-assigned states at the different levels are

D ={3,57,9,11,13}, N® ={3,5,7,11,13}, N®) ={3,5,7,11},
Y = {3,7,11}, N©®) = {711}, N© = {11},
N = .
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1 VALLEYS

my
mo

mq

Figure 1.3.: The tree belonging to Figure 1.1 Figure 1.4.: Exemplary energy landscape

There are other authors who use similar graph-theoretical models in order to visualize high dimen-
sional energy landscapes, for example, OKUSHIMA et al. in [47] or BOVIER et al. in [12]. Both work
with saddles of paths, just as we do. In contrast to our approach, in [47| every possible path, that
is, every possible saddle, is represented as a node in the tree. But, as we will see, in the limit of low
temperatures (8 — oco) the essential saddle is all we need. In [12] the emphasis is on the separating
saddles and absolute energies so that the order of metastability, given by the relative energies, is
neglected.

The reader may wonder why valleys are defined via essential saddles and not via the at first glance
more natural overall energy barriers, viz.

n

I(Sam) = WE%I(Iim)I(’)/l”’yl’y') with I(Slv"'asn) = ;(E(si)_E(Si—l))+

for a state s in a valley and the pertinent minimum m. This latter quantity, also called cumulative
activation energy, is indeed an important parameter in [56]. The reason for our definition is, first,
that the essential saddles are the critical parameters for the behavior of the aggregated chain (see
Theorem 2.1.5), and second, that nice properties of the valleys fail when defining them through
the cumulative activation energy instead of the energy of the essential saddle, first and foremost
Lemma 1.3.5. This is visualized in Figure 1.4: If attraction and then valleys would be defined via
the minimal cumulative activation energy, ms would be attracted by mo at level 2 which would be
attracted by m; at level 3. But at level 3, m3 would be attracted by m,4. That is, being attracted
would no longer cause being in the corresponding valley and being in the valley would not cause the
cumulative activation energy to be minimal.

Now there are two fundamental directions for further investigations:

MicroscopriCc VIEW: What happens while the process visits a fixed valley V7
In Chapter 2, we will show that during each visit of a valley V' its minimum will be reached
with probability tending to 1 as 5 — oo. We also calculate the expected residence time in V,
establish Property 3 stated in the Introduction, and comment briefly on quasi-stationarity.

MacroscopriCc VIEW: How does the process jump between the valleys?
In Chapter 3, by drawing on the results of Chapter 2, we will show that an appropriate ag-
gregated chain is Markovian in the limit as 8 — oo and calculate its transition probabilities.
With this we will be able to establish Properties 1 and 2 listed in the Introduction and derive
conditions under which Property 5 holds true.

The assembly of the results of these two chapters finally provides the envisaged definition of MB in
Chapter 4.
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2. MICROSCOPIC VIEW: FIXING A VALLEY

Based on the provided definition of valleys of different orders, from the microscopic perception we are
interested in the system behavior when moving within o fived valley. We study typical trajectories of
the process, determine the growth rate of the expected exit time when § tends to infinity (which is
the low temperature limit in the Metropolis Algorithm) and introduce the topic of quasi-stationarity
for the nesting procedure.

2.1. LOW-TEMPERATURE TRAJECTORIES

The first goal in our study of the microscopic process and also the basic result for the subsequent
analysis of the macroscopic process deals with the probabilities of reaching certain states earlier than
others. We will conclude that in the limit 5 — oo the process, when starting somewhere in a valley,
will visit its minimum before leaving it. This will prove the metastability defined above to be conform
with the potential theoretic approach to metastability defined by BOVIER, ECKHOFF, GAYRARD &
KLEIN in [13, Definition 1.1]. The deduction follows closely the ideas in [12|, as this fundamental
property of the valleys is a modification of Proposition 4.1. therein.

S may (and will) be viewed as a graph hereafter with edge set {(x,y)|z ~ y}. Given any subgraph
A, we will write P for the transition matrix of the chain restricted to A (p(r, s) = p(r, s) for all distinct
r,s €A, p(ryr)=1— ZseAﬁ# p(r, s)) and P, for probabilities when regarding this restricted chain
starting at x € A.

2.1.1. RESULTS ON HITTING PROBABILITIES
THEOREM 2.1.1 (compare Proposition 4.1 in [12|). Let z,y,z € S be any pairwise distinct states
with x ¢ z*(x, z) and E(z*(z,2)) > E(z*(z,y)). Then

Po(r, > 1) < |SPeBBE@N-BE @88 —; c(z,y, 2 8) "2 0.

Thus, in the limit of low temperatures (5 — o0), only the smallest of all possible energy barriers
affects the speed of a transition. In particular, we have the following result which is preliminary to
the subsequent one.

THEOREM 2.1.2. Given distinct x,y € S andm € MY such that x ~ m at level i andy ¢ V) (m),
let B :={z € S|E(z*(z,2)) > E(z*(x,m))}. Then it holds true that

Px(Tm > Ty) < 5(x,m,y,6) ]lB(y)

+ Z e(x,y,2,8) + Z e(z,m,y,B) | 1pe(y)

z:E(z)>E(z*(x,y)) z€V<(i)(m)

= g(m7 m7 y’ B)
B—o0 0.
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2 MicroscorIiC VIEW: FIXING A VALLEY

THEOREM 2.1.3. Given m € MW, 2 € VO (m) and y ¢ VO (m), let k < i be such that
mg :=x ~»mq at level Iy, mq ~ my at level Iy, ... mp_1 ~ my = m at level I,

for suitable 1 < Iy < ... <l <4, mj € M) for j = 1,....k determined by the construction in
Definition 1.2.5. Then

g(mj—1,mj,y,B) =20

k k
=1

Px(Tm > Ty) < mej—1 (ij > Ty) <
j=1 J

Theorem 2.1.1 is the background for the definition of valleys in this work with the consequence in
Theorem 2.1.3 that for § sufficiently large, with high probability the minimum of a valley is visited
before this valley is left. In Section 3.2, this will be the basic ingredient to confirm Property 1 stated
in the Introduction

As announced, we deduce another potential theoretic definition of metastability to hold true for
our metastable states:

COROLLARY 2.1.4. Let 1 < i <n be a level of aggregation such that

max < min E(z*(m,m'))) —E(m) < min ( min E(z*(m,m’)))—E(m).
meS\M @ \m/e M) meM® \m’e M)

Then

max,, e j7) P (Taron\ gmy < Tm)

, — 0, B — o0 (2.1)
min,, e s\ pr6) P (Tar) < 7im)

In [13], metastability is defined precisely via the convergence in Equation (2.1), having in mind
that Bovier et al. let the number of states tend to infinity, not the temperature to zero. By the above
corollary, this convergence holds true for every aggregation level for which all valleys of the same
depth as the last erased minimum are erased as well since those level fulfill the above assumption.
This characterization emphasizes that the probability to escape from a metastable state is much
smaller than the corresponding probability for a non-metastable state, though both may tend to 0.

All three theorems and the corollary are proved at the end of the next subsection after a number
of auxiliary results.

2.1.2. AUXILIARY RESULTS AND PROOFS

The proof of Theorem 2.1.1 will be accomplished by a combination of two propositions due to BOVIER
et al. [12] for a more special situation. We proceed with a reformulation of the first one in a weaker
form and under weaker assumptions.

PROPOSITION 2.1.5 (compare Theorem 1.8 in [12]). Let z,y,z € S be pairwise distinct such that
x ¢ 2*(x,z). Then

Po(ry > 7) < |S|? 7 HEE@D=E@=315 ),

S|~ e AEE" (2:9))~ E(2)+51S]7s)

V

Py(1z > 7y)

The proof requires two lemmata, the first of which may already be found in [40, Theorem 6.1] and
is stated here in the notation of [12|. Its proof can be adopt to our situation without change.
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2.1 LOwW-TEMPERATURE TRAJECTORIES

LEMMA 2.1.6 (see Theorem 2.1 in [12]). Defining
HE = {h:S —[0,1]| h(z) =0,h(z) = 1}
and the Dirichlet form

= 5 7l )(A() — h(s))?
r~seS
we have
1

— inf &(h).

Pm(Tz > Tz) - W(l’) her

LEMMA 2.1.7 (see Lemma 2.2 and 2.5 in [12]). For any one-dimensional subgraph A = (wo,...,wy)
of S and corresponding transition matriz P, we have

=1

k —1
~ m(w
Puo(Two > Twy) = Pug(Twy > Twy,) = <§ (@) P 1)> .
(3] 11—

Since the second part of this lemma is stated in [12| without proof, we include it in the Appendix
(see Lemma A.1.1).

Proof of Proposition 2.1.5: In view of Lemma 2.1.6, we must find an appropriate function h for the
upper bound. Let us define

= {s e S|E(z"(s,2)) < E(z"(s,2))}.
Asx ¢ z*(x, 2),
E(z*(z,x)) = E(z) < E(z"(x,z)) and E(z"(z,2)) > E(z) = E(2"(z,2)),
and therefore = € A and z ¢ A. Furthermore, for r ¢ A, s € A with p(r,s) > 0,
E(z*(s,z)) < E(z"(s,2)) < E(z"(s,z))V E(z*(z,2)) = E(z"(z,2))

so that
E(z"(z,2)) < E(z"(z,7))V E(z"(r,2)) = E(z"(r,2))
< E(2"(r,s))V E(z"(s,x)) = E(r)V E(s)V E(z"(s,x))
= E(r)V E(s).
Now define h := 1 4. By invoking Lemma 1.1.1, we obtain
1
Py(me > 1) = @ hlergzg(h)
_ 1 2
- 27_‘_($) g;(]lflc(’r) ]lAC(S)) W(T)p(?", S)
w(r
BT
r¢ A>s
< Z o BE)—E(x)+(E(s)~E(r) " =3|S|vs)
r¢A>s
_ Z e BE(r)VE(s)—E(z)=3|S|s)
r¢Ass
< Z e~ BE(z"(2,2))— E(x)=3|S|vp)
r¢Ass
< ‘S|2e—ﬁ(E(Z*(zyz))—E(w)—3ISWﬁ)’
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2 MicroscorIiC VIEW: FIXING A VALLEY

where of course the sum ranges over those r ¢ A > s with p(r,s) > 0.

Lemma 2.1.7 will enter in the proof of the lower bound. Consider the chain restricted to the one-
dimensional subgraph given by a minimal path p = (s1,..., 8| p‘) from x to y. Let 2* be one essential
saddle along this path. Then

-1

o]
1
Py(1p > 1) > m(2)

-1

v

" rd .
(") 3 (&) BB (si-1)~E(s:))* +75)
7(x) pa 7(s;)

ol

> e BEE"(zy))—E(2)+5|S]vs) Z e BEE" (z.y))—E(si)—(E(si—1)—E(si)) ")
i=1
> e BEGE @y)-E@+5IShg) L
This completes the proof of Proposition 2.1.5. O

We proceed to the second proposition needed to prove Theorem 2.1.1.

PROPOSITION 2.1.8 (see Corollary 1.6 in [12]). Given I C S and distinct z,z € S\I,

Py (7. < TIU{:U})
IP:B(TIU{Z} < Ty) ‘

Px(Tz < T[) =

Since no proof is provided in [12], we include it in the Appendix for completeness (see Proposition
A.1.2). With the help of Propositions 2.1.5 and 2.1.8, the proof of Theorem 2.1.1 can now be given
quite easily.

Proof of Theorem 2.1.1: By first using the previous result and then Proposition 2.1.5, we find

Po(rs <7) = P (T2 < Tayy) < Py(m: < 72) < |SPeBEE" @) B () -8iShs)
P (T yy < 7o) Py (1y < 72)
The argument is completed by noting that E(z*(x, z)) > E(z*(x,y)). O

Proof of Theorem 2.1.2: If B occurs, the asserted bound follows directly from Theorem 2.1.1. Pro-
ceeding to the case when B¢ occurs, i.e. E(z*(x,y)) < E(2*(x,m)), we first point out that

Po(tm > 1) = Po(mm > 7y, E(X,) > E(2%(x,y)) for some n < 1)
+ Py(1m > 7y, E(Xy) < E(2"(2,y)) for all n < 1)
= P+ PB.
For all z € § with E(z) > E(z*(x,y)), we have z ¢ 2*(x, z) and E(z*(z,2)) > E(z*(x,y)), for
E(z*(xz,2)) > E(z) > E(z"(z,y)) > E(z).
Therefore, by an appeal to Theorem 2.1.1,
Py < Py(1y > 7, for some z with E(z) > E(z"(z,y)))

< > Py(ry > 72)

2E(2)>E(2*(z,y))

> e(z,y,z,B).

2:E(2)>E(2* (z,y))

IN
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2.1 LOwW-TEMPERATURE TRAJECTORIES

To get an estimate for P,, note that every minimal path from z to y must pass through V<(i) (m)
(Lemma 1.3.9). With this observation and by another appeal to Theorem 2.1.1, we infer

P < Z IP)Z(Tm >Ty) < Z €(Zam7y7ﬁ)7

26V (m) 26V (m)
having further utilized that (by Proposition 1.3.1 (f) and (e)) z ¢ 2*(z,y) and

E(z"(z,m)) < E(z"(z,m)) < E(z"(z,9)) vV E(z"(y,m))
E(Z"(z,9) V E(z"(y,m)) < E(z"(2,9)) vV E(z"(2,m))
E(z"(z,9))

IN

for some m’ € M\ {m} with E(z*(y,m)) > E(z*(y,m’)), which must exist since y ¢ VO (m). O

Proof of Theorem 2.1.3: We first note that y ¢ V(ZJ)(mj) for all 1 < j < k. With my,..., my as stated
in the theorem (recall my = x and my = m), we obtain

Py (7 > 7y) Py (T > 7y > Ty ) + Po(Tony AT > 1)
Py (T > 7y) + Po(Timy, > 7y)

Py (T > Ty) + Py (Timg > Ty) + Po(7imy > Ty)

/A

=g
E
7
3
\V
<

Finally, use Theorem 2.1.2 to infer
]P)mjfl(,rmj > Ty) < 5(mj717mj7ya6)
for each j =1,..., k. O

Proof of Corollary 2.1.4: For every m € M@ it holds true that

P (Tarongmy <Tm) < Y. P < 7m)
m/ e MO\ {m}
S| 2e A cprco (it ) B ()= B(m)=3ISla).

IN

while for every m € S\M ),

Pm(TM(i) < Tm) > Pm(Tm/ < Tm) > |S|_1 e—ﬂ(E(z*(m,m’))—E(m)+5\3|’Yﬁ)’
for some m’ € M) maximizing F(z*(m,m’)). Thus, under the given assumptions,

max,,  yr() Pm(TM<i)\{m}) < Tm) |S‘2€*5(minm€M(i> (min_, . ) BE(z"(m,m'))—E(m))-3|S|vs)

mianS\M(“ ]P)m(TM(l) < ’Tm) - ’S|71 e_ﬁ(nlaxmes\lw(i) (minmlejw(i) E(Z*(mvm/))_E(m)+5|$"Yﬂ)

— 0

as 8 — oo. O
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2 MicroscorIiC VIEW: FIXING A VALLEY

2.2. EXiT TIME

In view of Property 3, in this section we want to analyze how long a given valley is visited, that is, we
study its exit time. There is an extensive literature on exit problems for different kinds of stochastic
processes. We mention [61, Ch. XI.2| and [24, Ch. 4, §4, Theorem 4.1] as two related to our work.
The latter one studies perturbed systems on a continuous space. We can discretize their argument to
get, with use of a result from [55], a nice result on the time needed to leave a valley V) (m) for any
fixed 1 <i < nand m € M@, This result is more explicit than the one in [49, Proposition 4.6, as
it only uses system parameters of the specific valley V(i)(m) and not of the whole energy landscape.

DEFINITION 2.2.1. For 1 < i < n, N := N®, we define the following stopping (entrance/exit)
times:
foi) = 7'1(\)70

@ = inf {k > 01X, € N}

&9 inf{k > ¢|x,, e NC} >0

The entrance times éf) mark the epochs when a new valley is visited, while the exit times Q(f)
are the epochs at which a valley is left. The reader should notice that we do not restrict ourselves
to valleys of order ¢ but include those valleys which up to order ¢ have not yet been absorbed by
some larger valley. Exit and entrance times never coincide, for there is no way to go from one valley
to another one without hitting a non-assigned state - crests are always non-assigned (see Lemma

1.3.10).

In this section, we will focus on Céi) for any fixed 4, thus writing (p := C(()i) hereafter, but later for
the macroscopic process the other times will be needed as well.

For each valley V) (m), m € M let us define
Smo= st = {s € 0TV (m)|E(s) < E(s') for any s’ € 97V ® (m)} . (2.2)
Due to Lemma 1.3.10, s,, is as well characterized by
Sm = {s e VO (m)|E(z*(m, s)) < E(z*(m, ")) for any s’ € 8+V(i)(m)} :

Like the essential saddle between to states, the (in terms of energy) minimal state on the outer
boundary of a valley is not unique - s,, is a whole set of states. But, as well similar to the essential
saddle, every s € s;,, has the same energy, which we denote by E(s,,).

2.2.1. MEAN EXIT TIME

THEOREM 2.2.2. Let m € MW, 1 <i<n. Then

Jim ;mErgo — E(sp) — E(m)

for any r € VO (m).

That the mean exit time tends to infinity with increasing g is not surprising, neither is the expo-
nential growth since the escape probabilities are exponentially small. That the normalized mean (by
taking logarithms and dividing by ) is independent of the starting point is up to the diminutiveness
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2.2 ExiTt TIME

(in comparison to the exit time) of the time to reach the minimum. In [29], our physical encour-
agement, HEUER refers to E(s,,) — E(m), m € M@, as the apparent activation energy (page 22) or
barrier height (page 7), which is nothing else than the depth of the valley V(m). Therefore, Property
3 from the Introduction holds true and we can relate thermodynamics of the system (energies) to
dynamics of the chain (holding times) in a very precise way.

For the upper bound, we need a result from [55], which in our notation is:

PROPOSITION 2.2.3 (see Theorem 2.2 in [55]). For any 1 < i < n, 8 sufficiently large and t >
27 exp(B(E(s,6-1) — E(mUY) + 2i[S|yp)),

sup  Pu(1y0 >1t) < exp(—Ap)
zeMG@E—1)

holds true with a positive constant A, where M) = 8 should be recalled.

SCOPPOLA proved it inductively, using the renormalization procedure defined in that work. We
conclude the following result as a corollary.

COROLLARY 2.2.4. Fiz 1 <i<n,me& MY andr € VO (m). Then, for any B sufficiently large
and t > 2" exp(B(E(sm) — E(m) + 2(i + 1)|S|vg)), it holds true that

B~ =

P.(Co < (i 4 1)t) >

Proof: Let us first note that we can always arrange for m being equal to m(® by sufficiently decreasing
the energy function at any m’ € M®\{m} so as to make E(s,,) — E(m) minimal among all states
in M, This affects neither the valley V®(m) and its outer boundary nor the distribution of
(o when starting in m, for this distribution does not depend on the energy landscape outside of
142 (m) U otV @ (m). When applying the previous proposition, the constant A may have changed
but is still positive which suffices for our purposes. So let m = m(? hereafter.

Fix ¢t > 2" exp(B(E(sm) — E(m) + 2(i 4+ 1)|S|y3)) and T := it. Since
E(sm) — E(m) > E(s, ) — E(mY)

for every 1 < j <1, we infer

Pr(tyy <T) > Pr(mype) < T, 700 < 1)
Z PT(TM(I) S t) 1nf Px(TM(i) S (Z — 1)t)
zeM 1)

> < ' < i V< (i —
= ]PT(TM(U = t) xeljr\l/[f(n PZL‘(TM(Z) = t) xeljr\l/[f@) IEDac(TM(z) = (Z 2)t)

i
> inf  P,(1y,0) <t)

j:l IEM(jfm
> (1-exp(~Af))’

3
> —
4

for 8 sufficiently large. Furthermore, for 3 so large that P, (7,,¢) < 7,) < 1/4, we find that

Pr(typi) <T) = Pr(mppe) =7 < T) +Pr(myp00 < T, Tpp0) < Tm)
P (7 < T) + Pr(mhp6) < ™)

A

1
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2 MicroscorIiC VIEW: FIXING A VALLEY

By combining both estimates, we obtain

1 1
Hence, state m is hit in time 7" with at least probability 1/2 when starting in r. Since m = m@, we
further have
1
Prn(Co <t) > Pty <t) > 1—exp(=AB) > 3
for 8 sufficiently large. Hence, the valley is left in time ¢ with at least probability 1/2 when starting
in m. By combining the estimates, we finally obtain

]P)T'(CO < (Z + 1)t) > ]PT‘(CU <T+ 75|7—m < T) ]P)T(Tm < T)
Pr(Tm < T) Pm(CO < t)

1

> R

— 4

which proves our claim. O

V

Proof of Theorem 2.2.2: Using the lemma just shown, we infer

Er(Co) < (i+1)tY (n+1)P (n(i+1)t < (o < (n+1)(i + 1))

n>0

= (1t (4 )Py (Go = nli+ 1)) = Pr (G = (n+ 1)(i +1)1) )
n>0

= (i+1)tY Pr (G >n(i+ 1))
n>0

< (i+ 1)tz <1;"1Ea‘;<19’x (Co > (i+ 1)t)>n
n>0

. 3\"
< (i+ 1)t§ <4>
= 4(>i+ 1),

where ¢ := 2" exp(B(E(sm) — E(m) + 2(i + 1)|S|v5)) + 1. Since v3 — 0, we get in the limit
lim sup 1 InE,.y < E(sm)— E(m)
Booo B
for all » € V@ (m).
Turning to the lower bound, define a sequence of stopping times, viz. pp := 0 and
pn = inf{k > p,_1|Xr =m or X € 0TV}

for n > 1. Then Z, := X, , n > 0, forms a Markov chain, the transition probabilities of which can
be estimated with the help of Proposition 2.1.5, namely

P(Zy € VO (m)|Zo =m) = Pu(pr = G)
IP)m(CO < Tm)
< Z P (7s < Tim)

s€otV
|3 Bmin, oty B(=*(mis))~E(m)—31Sls)

= |SPePE(sm)=E(m)=3IS]7s)

IN

30



2.2 ExiTt TIME

Further defining v := inf{k > 0/Z; € 9TV (m)}, this implies in combination with a geometric trials
argument that

P (v >n) > (1 _ |5\36—5(E(Sm)—E(m)—3IS|vg)>"*1 '

As a consequence,

Endo = Y Emlpn ~ pnt) Tz > DBy 2 ) > |S] 72 Flom=Hom=01Sh).

n>1 >1 n>1

For arbitrary » € V, we now infer

ErCo = ErColico<p} T Erolico>pi}

E, (ET(CO]I{C0>/)1}|X,01 = m))
ET1{<0>P1}EmCO
P, (Co > p1)|S| 3P B lsm)=E(m)=3|S]ys)

(VAR AVARR AV

Y

L §[8eB(EGsm) = E(m)=3ISs)
2

for all sufficiently large (3, because limg o Pr((p > p1) = 1 (Theorem 2.1.3). Finally, by taking
logarithms and letting 3 tend to oo, we arrive at the inequality

1
lim inf 3 InE,. (o > E(sym)— E(m),

B—o0

which completes the proof. O

2.2.2. UNIVERSAL TIME SCALE

The next result distinguishes our approach from others mentioned in the Introduction which aim at
universal time scales or universal stability. As the exit times depend on the depth and those depths
differ exponentially from valley to valley, in our situation it is impossible to identify a universal scale
for the times spent in different valleys.

COROLLARY 2.2.5. Let T = e for some t > 0.
(a) For every r € VW (m) with m € MW, 1 < i <, satisfying E(s;,) — E(m) > t,

lim P,(¢ < T) = 0.
B—00

(b) Fort > max, . ;) (E(sm) — E(m)), 1 <i<n, and everyr € S,
lim P.(T'< (1) = 0.
B—00
Thus, if we choose T = eﬁt, t > 0, as a typical time scale, that is, study (XnT)n207 once a valley

deeper than t is reached, it will a.a.s. not be left within K steps for every K € N. But if every valley
is shallower than ¢, the process (X,7)n>0 overlooks the valleys.

Proof: (a) We need the bound
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2 MicroscorIiC VIEW: FIXING A VALLEY

for every integrable random variable X and a < E(X), which is proved in [51, Equation (10)]. Thus,

Pr(Go<T) = 1-Pp(Go =T
ET‘(CO - T)2
1 -0 7
= E. (G2
_ 2TE. () — T?
- Ed(Q)

< (266(t+E(8m)*E(M)+0(1)) _ ezm) ¢~ 28(B(sm)~ E(m)+o(1))

— 9eBt—E(sm)+E(m)+o(1)) _ 26(t—E(sm)+E(m)+o(1))

e
— BU—E(sm)+E(m)+o(1))

— 0

as 3 — oo, because t < E(sy,) — E(m).
(b) In this case,

Ps(Co>T/2) < QES;CO) — 9eB(E(sm)=E(m)—t+o(1)) _,

for every s € VW (m), m € M®. Furthermore,

P.(&1 > T/2) < Pr({o > T/4) +Pr(& > T/2,¢0 < T/4)
< 4P Elsm)=E(m)—t+o(1)) 4 P, (&1 — Co > T/4)
— 0

for every r € V(i)(m), m e M@ since & — (p is a sum of geometrically distributed random variables
with parameters p = p(s, s) for some s € N (1) These parameters converge to positive constants as /3
tends to infinity, because for every s € N there is at least one r ~ s with E(r) < E(s). Thus,

P(T <¢) < P& >T/2) +P(& <T/2,G>T)

= P& >T/2) + > Pr(Xe, = 5,6 <T/2,T < (1)
seS

< P& >T/2)+ ) Pu(Xe, = 5)Pu(Go > T/2)
seS

— 0.

2.3. QUASI-STATIONARITY

Naturally, several other questions concerning the behavior of the process when moving in a fixed valley
are of interest, and quasi-stationarity may appear as one to come up with first. Quasi-stationarity
is strongly linked to metastability, see for example the new results of BIANCHI & GAUDILLIERE |[§].
In [52], POLLETT gives a bibliography on the immense literature on the topic of quasi-stationarity.

For a given valley V' (of any level), a quasi-stationary distribution v = (v(j));jev is characterized
by the quasi-invariance, viz.

P,(Xp = jlts\wv >n) = v(j) foralljeV,n>0. (2.3)
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2.3 QUASI-STATIONARITY

It also satisfies

lim P,(X, = jlts\v >n) = v(j) foraljeV, (2.4)

n—oo
if 1 is an arbitrary distribution with p(V') = 1, for X is irreducible. The latter property renders
uniqueness of v. Since § is finite, the existence of v follows by an old result due to DARROCH
& SENETA [17, Section 4|. It is obtained as the normalized eigenvector of the Perron-Frobenius
eigenvalue A = \(V') of the submatrix (p(z,y)) syev- This eigenvalue A is also the probability for the
chain to stay in V' at least one step when started with v, thus P, (7ye > 1) = A. As an immediate
consequence, one finds that the exit time 7y has a geometric distribution with parameter 1 — A under
P,. In the present context, this naturally raises the question about how the parameter X\ relates to
the transition probabilities or the energies of the valley V. A simple probabilistic argument shows the
following basic and intuitively obvious result concerning the eigenvalues associated with the nesting
VW (m) c ... c V@O (m) (Proposition 1.3.8) for any 1 <7 < n and m € M®.

PROPOSITION 2.3.1. Fizing any 1 < i < n and m € M® let \0) .= \(VW(m)) for j = 1,...,i
Then A\(M) < ... < X,

Proof: Write v; as shorthand for the quasi-stationary distribution on V(j)(m) and T} for TS\VG) (m)-
Plainly, T; < T} 41 and

(DY = By (T > n) < Pyy(Tja > )
- / Py, (Tjs1 > n — k) dP,, (2.5)
{Tj+1>k}
= Py (Tjs1 > k) Py (Tj41 > n — k),
where py(z) = P, (Xp = 2[Tj41 > k) for x € VU Since S is finite and by virtue of (2.4), we

have that i < 2vj41 when choosing k sufficiently large. For any such k, we find that (2.5) has upper
bound

2Py, (Tyi1 > k) Py, (Ty1 > n— k) = 2Py, (Tjs1 > k) AGFD)E,
Hence, we finally conclude

1/n

20 < (2]p> (Tjy1 > k) (A(J’Jrl))*k) NCaRY

and thereby the assertion upon letting n — oo. O

An alternative matrix-analytic proof draws on an old result by FROBENIUS [25], here cited from
SENETA [57, Theorem 1.1], which is a very useful monograph on Matrix theory needed for time-
homogeneous and -inhomogeneous Markov chains on finite and countable state spaces.

LEMMA 2.3.2 (see Theorem 1.1 in [57]). If A = (a;;) and C = (¢;;) denote two real k x k-matrices
such that A is nonnegative and irreducible with mazimal eigenvalue X% and |ci;| < azj for all 1 <
i,j <k, then |\| < X% for all eigenvalues X of C.

Second proof of Proposition 2.5.1: For any fixed valley V, collapse all states s ¢ V into an absorbing

state (grave) A. This leaves transition probabilities between states in V' unchanged. A proper
rearrangement of states allows us to assume that the new transition matrix has the form

"3
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2 MicroscorIiC VIEW: FIXING A VALLEY

for a |[V| x 1-column vector p # 0 and a nonnegative, substochastic and irreducible |V| x |V|-matrix
Q. Now, for any 2 < j <, let A be this matrix Q when V = V(j)(m), and D be this matrix when

V= V(jfl)(m). Then, obviously,
(A A
4 - < n D)

and A is irreducible and nonnegative with maximal eigenvalue AY). Defining furthermore

0 0
= (o p)s

The largest eigenvalue of C' equals the largest eigenvalue of D, thus AU~V Finally, the desired
conclusion follows from the previous lemma since |¢;;| = ¢;; < a;; for all ¢ <i4,5 < k. O

In our special case, we can say more about the eigenvalues A(V(m)):

PROPOSITION 2.3.3. Fizing any 1 <i<n andm € MW, V .= V@ (m), then

lim ~In(1—A(V)) = —(E(sm) — E(m)).

B—00

Proof: Since E, (1ye) = ﬁ(v), we have

. —jmlnil :—imln Tye)) = — Sm) — L(m
Jim S -AW) = Jim gin () = - Jim (B ve) = ~(E(sn) - Em)

O]

The above result is also known for continuous time Markov chains driven by a Brownian Motion
with absorption outside of a smooth bounded domain of R™, n > 2, see MATHIEU |44, Theorem 1|.
He even determined the whole spectrum of the sub-stochastic operator. In Section 6.1 we will come
back to the spectrum of (p(x,y))syev(m) When determining the speed of convergence against the
quasi-stationary distribution.
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3. MACROSCOPIC VIEW:
TRANSITIONS BETWEEN VALLEYS

With the help of the nested state space decomposition into valleys of different orders and around
bottom states of different stability, we will now be able to define and study macroscopic versions of
the original process X = (X,,)n>0. Those coarse grained processes keep track only of the valleys that
are visited by X, neglecting the specific state in them. As already explained, we do not fix the order
of stability of the considered valleys, rather we consider every valley which is at a given level not yet
absorbed by another valley, though its ground state may be of lower stability. Aggregated processes
like these, as a special kind of hidden Markov models, have received quite some attention in the
literature and are studied for example as canonical models of systems with observability restrictions
(e.g. [58] and [62]), in terms of lumpability (e.g.. [37, Chapter VI| and [38]), or in terms of transition
probabilities under different conditions (e.g. [54], [35] and [59]). Here we will show an asymptotically
(semi-)Markovian behavior and study the trajectories of the aggregated process in order to identify
the reasons for forward-backward jumps.

3.1. MACROSCOPIC PROCESSES

In the subsequent definition of aggregated versions of X, we will distinguish between two variants:

A TIME-SCALE PRESERVING AGGREGATION that, for a fixed level and each n, keeps track of the
valley the original chain visits at time n and thus only blinds its exact location within a valley.

AN ACCELERATED VERSION that, while also keeping track of the visited valleys, further blinds the
sojourn times within a valley by counting a visit just once.

Actually, the definition of these aggregations at a chosen level ¢ is a little more complicated because
their state space, denoted S below and the elements of which we call level i metastates, also
comprises the non-assigned states at level 7 as well as the minima of those valleys that were formed
at an earlier level and whose merger is pending at level ¢ because their minima are not attracted at
this level.

DEFINITION 3.1.1. Fix 1 <7 <, let S® := {m() ¢ MD|i(j) > i} UN® and

1749) (m(j)), if s = mU) for some j>i
V(i)(s) = V(J’)(m(J’)), if s =mW for some 7 <1
{s}, ifse NO

for s € S, Then define

Vo = Y slpnevon and Y0 = V)

n On
s€S)

n > 0, where o¢ = O'(()i) :=0 and

n

o0 = o) = int {k > 0|7 £ 7}
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3 MACROSCOPIC VIEW: TRANSITIONS BETWEEN VALLEYS

for n > 1. We call v = (?(i))nzo and Y = (Yn(i))nzo the aggregated chain (AC) and the

n

accelerated aggregated chain (AAC) (at level i) associated with X = (X,,)n>0.

Hence, starting in an arbitrary valley, the original chain stays there for a time o1 = (p = COZ) (as
defined in Definition 2.2.1) before it jumps via some non-assigned states ki,..., k;, [ > 1, (staying a
geometric time in each of these states) to another valley at time 0,41 = & = §§i). There it stays for
0149 — 0141 = (1 — & time units, before it moves on in a similar manner. By going from X to its

aggregation Y9 at level i, we regard the whole valley V) (s) for s € S () as one single metastate and

therefore give up information about the exact location of X within a valley. ?(i) is a jump process
on 8 with successive sojourn times On+1 — On, n > 0, which do not only depend on the valley but
also on the states of entrance and exit. The AAC is the embedded jump process, viz.

) _ (i)
Y, = ZYJ Lioj<n<ojind
J=0

giving the states only at jump epochs. Starting from the minimum of the first valley, it moves to the
states ki,..., k; € N@ . proceeds to the minimum of a second valley and so on. Its sojourn times are
always 1.

Of course, at small temperatures the time spent in a non-assigned state or in a valley around a
low order metastable state is very small compared to the time spent in a valley around a metastable
state of higher order. Thus, such states can be seen as instantaneous but not are necessarily of
little importance for the evolution of the process. We account for them for several reasons: First, in
the path-dependent definition mentioned in the Introduction and used in physics, they build small
MB of great transitional activity of the process and are thus relevant in view of our goal to provide
a definition of MB that conforms as much as possible with the path-dependent one. Additionally,
there are very many low-order metastable states, a good approximation for the energies of the local
minima is to be normally distributed. Though a single “instantaneous” state has only little effect,
they become importance due to their mere number. Second, a complete partitioning of the state
space, that is, an assignment of every s € S to a metastate m € S® via a global algorithm, fails
when merely focusing on {V(i) (m),me M (@) } There is neither an obvious nor natural way to assign
non-assigned states or non-attracted minima to them. Any such assignment would cause Property 1
to fail (as we will see below). However, we see no reason to ignore low order metastates completely,
as they possess the same features as higher order metastates.

As energetically lower states are always more likely than higher ones under the stationary distri-
bution 7, X is most likely to be found in a minimum and P, (X,, # ?S)) < e_A(i)/B, n>0,1<i<n,
for an appropriate constant A(é). Therefore, it is not far-fetched to study the AC Y? in order to
obtain results concerning the underlying system. We dedicate this chapter to the identification of
the most convenient level 7. In the second part of the present work, most notably Chapters 6 and 7,

we come back to the question about which information of the original process can be obtained from
the AAC and AC.

3.2. (SEMI-)MARKOV PROPERTY

In general, both aggregated chains are no longer Markovian. Transition probabilities of the AAC
not only depend on the current state, i.e. the current valley, but also on the entrance state into that
valley, whereas transition probabilities of the AC depend on the current sojourn times, which in
turn depend on the previous, the present and the next valley. On the other hand, since valleys are
defined in such a way that asymptotically almost surely (a.a.s.), i.e., with probability tending to one
as 8 — 00, the minimum will be reached from anywhere inside the valley before the valley is left, the
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3.2 (SEMI-)MARKOV PROPERTY

AAC will be shown below to converge to a certain Markov chain on § (©) Also, when passing over to
the bivariate AC (?S ),?Sil)nzo, it converges to a semi-Markov chain.

DEFINITION 3.2.1. Given any nonempty countable set S, let (M,,, T},),>0 be a bivariate temporally
homogeneous Markov chain on & x N, with transition kernel Q(s,-) only depending on the first
component, viz., for alln > 0,s € S and t > 0,

P(Myi1 = 8, Tpsr < My, T,)) = Q(My, {s} x [0,1]) (3.1)

holds. Put S, := Y"1 (7T for n > 0 and v(t) := max{n > 0|S, < t} (max{ := 0) for ¢t > 0. Then
Zn = My,(n),n > 0, is called semi-Markov chain with embedded Markov chain (My)n>0 and sojourn
or holding times Ty, Th,....

Note that equation (3.1) holds if and only if M = (M,),>0 forms a temporally homogeneous
Markov chain and the (T3,),>0 are conditionally independent given M such that the distribution of
T,, only depends on M,_1, M, for n > 1 (in a temporally homogeneous manner), and on M, for
n = 0. Note further that we have specialized to the case where holding times take values in N only
(instead of (0,00)). For a very vivid introduction to discrete time semi-Markov chains on countable
state spaces see for example [5, Chapter 3| or [1, Chapter 9] for more general results.

3.2.1. MARKOV PROPERTY

Recall from (2.2) the definition of s, for m € S@\N® and notice that the second equality there
entails E(z*(m, s)) < E(z*(m,s")) for any s € s, and any s’ € 9TV (m)\s,,. Further recall from
our basic assumptions that for any r,s € S the limit p*(r, s) = limg_, p(r, s) exists and is positive
if r ~ s and E(r) > E(s). The following result, revealing the announced convergence for the AAC,
confirms in particular that a valley V) (m), m € SO\N is a.a.s. to be left via s,,.

We are interested in ]P’T(Yl(z) =3s), 1,8 € S when § tends to infinity. The model assumptions
ensure the existence of this limit if, either r € N@, or r € S(i)\N(i) and s ¢ s, or r € S(i)\N(i), s €
sy and |s,| = 1. We will see this in the proof of the next proposition. However, the assumptions
do not ensure the existence for r € SO\N@ s € s, and |s,| > 2. Regard as an example a Markov
chain on S = {1,2,3} with p(2,1) = exp(—8 — (=1)!%) and p(2,3) = exp(—f), and observe that
Py(1; < 73) = 1/(1+exp((—1)!8)) does not converge. Therefore, we have to pass on to an appropriate
subsequence along which 5 tends to infinity. That is, we restrict to a specific annealing schedule.

DEFINITION 3.2.2. We call a subsequence (3;,)n,>0 with 8, — oo as n — oo a proper annealing
schedule, if limg, o0 IP’T(Yl(l) = 5) exists for every r, s € SO,

Such a proper annealing schedule exists since the probabilities are bounded and S is finite. In
the following, whenever it is necessary to pass on to such a subsequence, we write 3, — oo instead of
B — oo and assume that we have fixed some proper annealing schedule (8,,),>0. The limit of course
depends on this schedule.

PROPOSITION 3.2.3. For each 1 < i < n and as $, — oo along a proper annealing schedule, the
level i AACY® converges to a Markov chain Y = (Yn(l))nzo on S with transition probabilities
p(r,s) = pi(r, s) stated below, that is,

: @) _ oy — @ _ (&) _ — B

lim P(Y,/, =s|Y,"” =nY, 2, =mp_1,..,Yy =mg) = p(r,s)

Bn—00
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3 MACROSCOPIC VIEW: TRANSITIONS BETWEEN VALLEYS

for all mg,...,mp_1,7,s € SW andn > 0. Forr e S(i)\N(i) we have p(r, s) := limg, 00 Pr(X¢, = 5),
which is positive if and only if s € s,, and for r € N

p*(r,s) (4)
)’ seN(r)NN
ﬁ(ru S) = * /
p*(r,1’) (@) ar(d)
E 71—]9*(7“,7”)’ s e SW\NW,

r eEN(r)NV () (s)

Proof: Fix 1 <14 < n and write Y, for eri). The first step is to verify that, as § — oo,
P(Yot1=s|Y,=rY, 1 =mp_1,...Yo =mg) = P.(Y1 =5)+0(1)

for all mg,...,my_1,7,s € S® and n > 0. If r € N, then Y, = Xy, and the Markov property of X
provide us with the even stronger result

P(Yn—H = S|Yn =T, Yn—l = mn_l,...,YO = mo) = ]P)T(Yl = S).
A little more care is needed if r € SO\N@ . For any s € S®, 2 € V¥ (r) and n > 0, we have

P(Yyt1=slY,=rX,, =2) = P,(Y1 =s,7 <o01) + P (Y1 = 5,7, > 01)
= P.(Y1 =5)Pu(r < 01) + Pp(Y1 = 5,7 > 01).

The last two summands can further be bounded by
P.(Y1=5)Py(rr <o01) < P.(Y1=5) and Py(Y1 =s,7 >01) < Pulor <7p).

For the last probability, Theorem 2.1.3 ensures
P01 < 1) < Z Py(r, < 77) 52;) 0.
2€0+V () (r)

Consequently, as  — oo,

P(Yi=s) = 1= Y &@nrzp)|P(Yi=s5)+o(l)
2€0TV () (r)
< (1=Py(o1 < 7)) Pr(Y1 = 5) +0(1)
< P(Ypt1 =s|X,, =2,Y, =7)+0(1)
< Pr(Y1 =) +o(1),

and therefore

P(Yot1 =Y =7Y, 1 =my_1,..., Yo = mp)
= Z P(Yn+1 = S|X0'n = l’,Yn = T‘) P(Xa‘n — -'L‘|Yn =7, Yn,1 = Mp—1y-- }/0 = mO)
zeV @ (r)
= P.(Y1 =s)+0(1).
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3.2 (SEMI-)MARKOV PROPERTY

It remains to verify that P.(Y; = s) = p(r,s) + o(1) for any r,s € S®. First, if r € SO\N®),
then 01 = 7y = (o and Y7 = X¢,. Since E(z*(r,s)) < E(z2*(r,s’)) for any s € s, and any
s € 0TV (r)\s,, we now infer with the help of Theorem 2.1.1

P (Y1 ¢ sr) = Pr(7s, > 7o for some s’ € atv (r)\sr)

< Z P, (75 > 7¢)
'€V (r)\s,
S Z 5(7", S, 3/7 ﬂ)

s'€at V) (r)
= o(1),
as f — 0o, where s should denote an arbitrary state in s,. This yields P,.(Y1 = s) = P,.(X¢, = s)+0(1)

and Pp.(X¢, = s) = 0if s ¢ s,. If otherwise s € s,., then let s ~ s be a neighboring state of s in
VO (r) with E(2*(r,s')) < E(s,.). Thus,

PT(TS’ > CO) < Z ]P)r(Ts’ > Ts) < Z 8(7’, 3/737/8) <

s€ot V) (r) s€ot V(@ (r)

N | =

for B large enough. This yields

P.(Y1 = s) P (1s < (o, Y1 = 9)
P, (1 < Co)Py (Y1 = 5)
Py (Ts < Torv ) (ryufsr}\(s})
Py (75, < Tg')
p(s',s)
Zsesr Py (75 < 7o)
o—B(E(s:)—B(s")4+75)
Zsesr e~ B(E(sr)—E(s")—2|S|vp)

AV

I
5
5
&

< (o

> Pr('rs/ < CO)

> PT(TS/ < CO)

> Pr(Ts/ < CO)

|5 ] ’

by use of Proposition 2.1.8 and Theorem 2.1.1. We can finally conclude that

1
lim ]P)T<Y1 :8) > lim 76_36|S‘7[3 > 0.

Here we need to pass on to the proper annealing schedule to ensure the existence of the limit. Second,
if 7 € NO, then either Y1 = s € N(r) N N®, or otherwise ¥; = s € SO\N® and X, =+’ for some
e N(r) nV@(s). It thus follows that

PYi—s) = PuX, —s) = 208 _P(ns) g,

1—p(r,r) 1 —p*(r,r)

if s € N(r) N N® | while

P.(Y1=3s) = Z P.( X, =7") = Z AGU +o(1)

' eN(r)NV (4 (s) reN (r)NV @) (s)

in the second case. O
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3 MACROSCOPIC VIEW: TRANSITIONS BETWEEN VALLEYS

3.2.2. THE AsyMPTOTIC JUMP CHAIN

The limiting chain Y = (1775’) Jn>0 from above is called the asymptotic jump chain at level i hereafter.
Note that, typically, it is not irreducible. It may have transient states, not necessarily non-assigned,
and several irreducibility classes. For the energy landscape given in Figure 1.1 (see also Figure 1.2),
the states 2,3 and 11 are transient states of Y4 and {4,7,10} is one recurrence class.

PROPOSITION 3.2.4. Let Y := Y@ be the asymptotic jump chain at level i (according to a proper
annealing schedule) and write sy, :=m for m € NG,

(a) A state m € SW is recurrent for Y if and only if E(sp) = E(sm) for every m’ € SW with
E(z*(m,m")) = E(sy). In particular, if form € SO\N one s € s, is transient, then already
every s € Sy, and m itself is transient.

(b) Any two recurrent states m,n € S are in the same irreducibility class of Y if and only if
E(z*(m,n)) = E(sp) = E(s,). In particular, if E(z*(r,s)) = E for every r,s € SO\N® and
some E € RT, then every s € S(i)\N(i) is recurrent and they are all the the same irreducibility
class of Y.

Proof: For part (a), first note that m is not reachable by ¥ from any state m’ with E(syy) < E(spm).
Therefore, if there is some m’ with E(s,/) < E(sy,) and E(z*(m,m’)) = E(sy,), then there is a path
7y from m to m’ of states in S which does not exceed E(s,,). Let 7; be the first state n along
this path with E(sy,) < E(syp,). Then p(v;,vity1) > 0 for every 0 < i < j — 1. This means that v;
is reachable from m but m is not reachable from ;. Thus, m is transitive. On the other hand, if
E(sp) = E(sm) for every m’ € 8@ with E(z*(m,m’)) = E(sp), then m is reachable from any state
s which is reachable from m. Since, furthermore, for any r,r’ € s,,,

E(z*(r,8)) < E(z"(r,m))V E(z"(m,r"))V E(z*(",s)) = E(sm)V E(z"(r',s)) = E(*(+,s)),

and in the same way E(z*(r',s)) < E(z*(r,s)) for any s € S®| the second claim in (a) follows.
(b) It suffices to note that in the proof of (a) we have seen that a recurrent state m is reachable
by and reaches every m’ with E(z*(m,m')) = E(sy) = E(sp). O

3.2.3. SEMI-MARKOV PROPERTY

Having shown that Y® behaves asymptotically as a Markov chain, viz. the jump chain }A/'(i), it

is fairly easy to verify with the help of the next simple lemma that the augmented bivariate AC

(?ff ) , ?S il)n>0 is asymptotically semi-Markovian.

LEMMA 3.2.5. For each 8 > 0, the sojourn times op11—0on, n > 0, of the AC?@ are Acondzitionally
imdependent given Y@, The conditional law of on+1 — oy depends only on (Yéz_)l,Yn(Z),Yéfgl) and
satisfies
P(opt1 —on € - |eri_)1 =z, = y,YéQl =z) = Q((z,y,2),")
Geom(1 = p(y,y)), ifye NO
2_seV ) (y),sma Ps(01 € - ‘Y1(Z) = 2)Pu(Xo, =5), ify¢ NO

for all z,y,z € 8O with P Y(i_) = m,Yn(i) = y,Y(i) =2z)>0andn > 1.
n—1 n+1

(3.2)

Proof: The assertions follow easily when observing that, on the one hand, at least one state y € N (@)
must be visited between two states z, z € SW\N® (Lemma 1.3.10) and that, on the other hand, the

original chain X and its aggregation Y(i)
(4)

coincide at any epoch where a non-assigned state is hit,

which renders the Markov property of Y at these epochs. Further details are omitted. O
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3.3 RECIPROCATING JUMPS

In order to formulate the next result, let 0 = 59 < 07 < ... be an increasing sequence of ran-
dom variables such that its increments Ont+1 — Op, n > 0, are conditionally independent given
the asymptotic jump chain Y@, Moreover, let the conditional law of Ont+1 — 0pn depend only
on (?Tgi)l,}/}rfl),?éﬁl) and be equal to Q((?é?l,?rgi),?éﬁl),-% with @ as defined in (3.2). Then
((ngi), }77521), On+1)n>0 forms a Markov renewal process and (?ﬁ((?z)’ ?ﬁ((?z +1))n>0
where v(n) := sup{k > 0|o), < n}. -

~

a semi-Markov chain,

PROPOSITION 3.2.6. For each 1 <1i <n, ((Y,E”,Yﬁl) On+t1)n>0 converges to the Markov renewal
process ((?ygz),?ﬁgl),&nﬂ)nzo as 3, — oo along a proper annealing schedule, in the sense that

IEDyo((Y() Yk(i)l) = (ks Yk+1)s Oht1 = k41, 0 < k < n) _
oo Py ((Y), v Yk(_?l) = (Yks Ykt1)s Ohg1 = i1, 0 < k < n)

for all yo,...,yn41 € S() 0 <1 < ... <'ipg1 and n > 0 such that the denominator is positive.
Furthermore, (?( 2 Yffil)nzo is asymptotically semi-Markovian in the sense that
Py, (V). Vi) = (0 prs1) 0 < k <)

fim 70 o0 =1
P20 Py (Vo) Yogin) = (Wes k1), 0 < k <)

for all yo,..., Yn+1 € S and n > 0 such that the denominator is positive.

Proof: The first assertion being obvious by Proposition 3.2.3, note that it implies, with v(n) =
sup{k > Oloy, < n},

| /\

n)

k
=1
k

n)

for all yo,..., yns1 € S@ and n > 0 such that the denominator is positive. Therefore, the second
assertion follows when finally noting that

i) () -
(k) YV(kJrl)) - (yk7 yk+1)> 0<
Bn—ro0 IP’yo(( D((Zl)c)’Yﬁ((Zl)€+1)) = (Yk> Y1), 0 <

| /\

(@ _ (%) _ 570)
Y, n) ZY] IL{ffj'§n<<7j+1} =Y,

Jj=0
for each n > 0. O

So we have shown that, although aggregation generally entails the loss of the Markov property,
here it leads back to processes of this kind (Markov or semi-Markov chains) in an asymptotic sense
at low temperature regimes. This confirms Property 1.

3.3. RECIPROCATING JUMPS

As discussed to some extent in the Introduction, we want to find an aggregation level at which
reciprocating jumps appear to be very unlikely so as to obtain a better picture of essential features
of the observed process. To render precision to this informal statement requires to further specify
the term “reciprocating jump” and to provide a measure of likelihood for its occurrence. It is useful
to point out first that the original chain X exhibits two types of forward-backward jumps (compare
Figure 3.1):

INTRA-VALLEY JUMPS which occur between states inside a valley (starting in a minimum the process
falls back to it many times before leaving the valley).
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3 MACROSCOPIC VIEW: TRANSITIONS BETWEEN VALLEYS

VA

Figure 3.1.: Tllustration of intra-valley jumps (left panel) versus inter-valley jumps (right panel).

INTER-VALLEY JUMPS which occur between two valleys (typically, when the energy barrier between
these valleys is much lower than the barrier to any other valley).

Clearly, intra-valley jumps disappear by aggregating valleys into metastates, while inter-valley jumps
may also be viewed as intra-valley jumps for higher order valleys and do occur when transitions
between any two of them are much more likely than those to other valleys, in which case they should
be aggregated into one valley. This motivates the following definition.

DEFINITION 3.3.1. We say the process (Yn(i))neN exhibits reciprocating jumps of order € > 0 if
there exists a nonempty subset A C S (i)\N () with the following property: For each m; € A, there
exists mg € A such that

liminf; (1n (P (Xe € VO(m2) ) ) = 0 (P, (Xe, € VO(m)))) > &

B—o0

for all m € SW\(N® U A). In other words, it is exponentially (with rate £) more likely to stay in A
than to leave it (ignoring intermediate visits to non-assigned states).

In view of our principal goal to give a path-independent definition of MBs, we must point out that,
by irreducibility, forward-backward jumps always occur with positive probability at any nontrivial
level of aggregation and can therefore never be ruled out completely. This is in contrast to the path-
dependent version by HEUER [29] in which the non-occurrence of forward-backward jumps appears to
be the crucial requirement. As a consequence, Definition 3.3.1 provides an alternative, probabilistic
and verifiable criterion for reciprocating jumps to be sufficiently unlikely in a chosen aggregation.

3.3.1. MACROSCOPIC TRANSITION PROBABILITIES

The following proposition contains further information on which valleys are visited consecutively by
providing the probabilities of a transition from V®(m) to V& (m’) for any m,m’ € SO\N®_ It is
a direct consequence of the asymptotic results in the previous section, notably Proposition 3.2.3.

PROPOSITION 3.3.2. Let m € SO\N® s, 07V (m) be as defined in (2.2). Then

lim P, (Xe, € VO(m)))

Bn—r00

= Z p(m,s) | p(s,m’) + Z Z p(s,71) oo D(rp—1,7n) p(rn, m’)

SESm n>1py rneNG

for any m' € SO\N®,
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3.3 RECIPROCATING JUMPS

The reader should notice that, as p(s,r) = 0 whenever E(s) < E(r), the last sum actually ranges
only over those non-assigned r1,...,r, with E(s,,) > E(r1) > ... > E(r,) > E(s;). In particular for
m’ = m it has to be E(r;) = E(sy,) for every 1 <i < n.

Proof: Let us first point out that P,(X¢, € VW (m)) = o(1) as f — oo for any r € N such that
E(r) < E(s,,). Namely, since the last property implies r ¢ 9+ V() (m), any path from r into V) (m)
must traverse a state s € 91V ® (m) with E(s) > E(s,,) > E(r), whence the probability for such a
path goes to zero as § — oo. Noting further that IP’m(Yl(Z) ¢ s;m) = o(1) as f — oo by Proposition

3.2.3, we now infer (with &, = &@)

Po(Xe, € V() = Y Pr(¥!” = 5)Pu(Xe, € VO (') + 0(1)

SESm
with
Py(Xe, €V (m))
=P =m) + Y Y P =rn Y0 =0, Y =)
n>lypy . r,eN®@
= Bl m)+ Y S0 B 1) Blrnet, ) Bl ) + o(1)
n>lpy . r,eN@
as (3, — 0. O

In essence, the previous result tells us that a valley V() (m’) is neighboring to V) (m), that is,
reachable with positive probability by the asymptotic jump chain y® (and thus by Y@ at any
temperature level ) without intermediately hitting any other valley, if and only if there exists at
least one (in terms of energies) decreasing path in N from some s € s,, to V®(m/). For any
other such pair of valleys, connected by a non-decreasing path through states in N the transition
probability decreases to zero exponentially in . If this path can chosen to be unimodal, here called
uphill-downhill-path, this can be stated in a very precise way. In order to do so, we need the following
lemma about the decay of the probability to leave V) (m) via a specific s € 9TV ® (m).

LEMMA 3.3.3. Let m € SO\NO and s € 07V (m). Then
o1
lim —InP,, (Y1 =35) = —(E(s) — E(sm))-
B—o0 ﬁ

Proof: First, note that for s € s,, the right-hand side is zero and the probability on the left-hand side
is bounded above by one and below by Cexp(—30|S|vz), which converges to some strictly positive
constant. Therefore, the whole term on the left-hand side converges to zero as well, in particular
independently of the annealing schedule. We proceed to s € 9tV ®(m)\s,,. Decompose the event
{Y} = s} with respect to the number of visits to m before V(m) := V) (m) is left (or use Proposition
2.1.8), giving

Pm(dl =T < Tm)

P, (Y] = s) =
(Y1 =) Py (o1 < Tim)

For the upper bound, we obtain by another appeal to Proposition 2.1.5 that

P(01 =175 <Tw) _ Pu(7s < 7Tim) ~B(B(s)~E(sm)+o(1))
P,(Y1=3s) = < < S)mEASm)TO)),
m(Y1 =) P (o1 < Tm) = Po(7s, <Tm) ¢
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3 MACROSCOPIC VIEW: TRANSITIONS BETWEEN VALLEYS

The proof of the lower bound is much more technical. Let v = (y1,..., 1) € I'*(m, s) be a minimal
path which leaves V' (m) only in the last step and such that for any v;,7; € v both, the subpath from
7i to 74, and the inversed path from «; to v;, are minimal. Define

ro:=m and 7r;:=-;, with iy :=inf{0<i<n-—1/E("it1)> E(sm)}.

In particular, E(r1) < E(sp) and E(z*(r1,70)) < E(Sm). Define furthermore the first record by
§1 =y, with

il:im&w@gn@wggm%xmyzmwm<Em»<muzumw>Emn}
and then successively for k > 1 with s = 7;, # s the records sj41 := 7;,,, with
iHl:hﬁ%ziZMUZQWWﬂ<M%ﬂE@Qzﬂ%%
inf{j > il B(y;) < B()} < inf{j = il B(3;) > B(w)} }-

Note that the energy of these records is increasing, though not strictly increasing. Let si_1 be the
last record defined in this way and sj := s. Since E(z*(m,s)) = E(s), si is as well a record. Given
the records si,..., g, for 1 < i < k — 1 let ro; be the first (not necessarily isolated) minimum along ~
after s; and ro;41 the last (not necessarily isolated) minimum along v before s;;1. Here a minimum
along ~ is some ~; €  such that it is a minimum of E restricted to . Finally, let 7o := s = s. In
the following we will proof that

(a) Pry(Try;4, <Go) > lasf—ooforany 0 <j<k—1,

(b) Py, (1, < o) > e~ BB (r1,72)) = E(sm)+o(1))

(©) Pryysy (Tray e < Co) > e PEE rajairas ) =B (rajrir2))+0() for any 1< j < k — 2,
(d) Pry,, (Try, = C0) > e BE("(rag—1,rax))— B(z" (rag—s,r26—2))+o(1))

This gives for § large enough

2k—2
Pm(}/l = S) > H ]P)rj (TTjJrl < Co) PT%71 (Tr% = CO)
7=0
1 k—2
= 2 H PTZHI(TWHQ <o) ]P)r2k71(7_1"2k‘ = (o)
=0
>

k—1
lefﬁ(E(Z*(Tlvrz))*E(SmHO(l)) . H e BB (r2jt1,r2542)) = E(2" (rzj—1,r25))+o(1))
7j=1

— lefﬁ(E(z* (T2k71’7‘2k))7E(3m)+0(1))

— e—B(E(S)_E(Sm)"FO(l))

)

and thus the assertion.
(a) For j = 0 this is obvious since E(z*(r9,71)) < E(sy). For 1 <j <k—1and any v’ € 97V (m)
it holds true that

E(2%(raj,r9541)) < E(2"(roj,m25-1)) < E(2"(rzj,m)) < E(2"(r25,7")), (3.3)
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3.3 RECIPROCATING JUMPS

where we make use of the fact that between rg; and 79,41 the energy stays below the last record,
and that all subpaths of v are minimal as well.

(b) By the definition of r; and 79, there is a unimodal path between them so that the cumulative
activation energy along this path equals E(z*(ry,72)) — E(r1). Therefore

Pm (T’I’Q < (go A T’I”l)) > eiﬁ(E(z*(Tl7T2))7E(r1)+0(1))‘
Furthermore, for any r’ € 97V (m) we have
E(z*(r1,7") > E(sm) > E(r1) and  E(z*(r1,m2)) > E(sm) > E(r1).

Therefore,

P”’l((T’V‘z N CO) < 7-7“1) S Z ]P)””l (TT/ < 7—7"1)
r’'€dtV(m)u{ra}

Z e BEE"(r1,r")—E(r1)+o(1))
r'edtV(m)U{rs}
< o B(Elsm)—E(r)+o(1))

IN

Combining the two estimates, we get

PTl (T7'2 < (CO A TT1))
]P)T‘l((TTQ N CO) < 7—7"1)

(¢) Let 1 < j < k—2. We use the same strategy as in the proof of (b). So, again, by the
definition of r9j41 and r9j49, there is a unimodal path between them with cumulative activation
energy F(z*(roj11,72j4+2)) — E(rej41) along this path, and

P’l"l (TT’Q < CO) = Z e_ﬁ(E(Z*(T17T2))_E(sm)+0(1))'

P (Co A Trgey)) > e PEE(r2ir1r2in)) = Elraja)+o(l))
J -

T2j+1 (Trzj+2 <

Furthermore,

E(z%(rgj—1,195)) < E(2"(rgj41,72j42))  and  E(rgjp1) < E(2"(rgjt1,7242))-

Finally, for any 7’ € 9tV (m), by use of Equation (3.3),

E(rgjt1) < E(2"(r2j41,725))
(2 (ra;,1"))
E(2%(r2j,72541)) V E(2" (r2j41,7"))
BE(2"(r2j4+1,7))-

IN A

Thus,

IN

Z IP)7”21+1 (1 < 7_7”21+1)
T‘/€8+V(m)U{T2j+2}

Z e BEE" (r2jp1,r")—E(rajr1)+o(1))
€0tV (m)U{rzj12}
< e B(E(r2j—1,r25)=E(r2j41)+0(1))

]P)T2j+1 ((7—7”2]'+2 /\ CO) < Tr2j+1)

IN

Combining the two estimates, we get

]P)’I‘2j+1 (Tr2j+2 < (CO /\ Tr2j+l)) > e—ﬁ(E(z*(T‘2j+1,T2j+2))—E(7‘2j_1,ng)-‘y-o(l))‘
PT21+1((TT23'+2 A CO) < TT2j+1) o

]PT2j+1 (TT2j+2 <) =
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3 MACROSCOPIC VIEW: TRANSITIONS BETWEEN VALLEYS

(d) All bounds for energies in (c) can be proved in the very same way (here v’ € 97V (m)\{s}), so
that

P (Trr = C0) = Prop_y (Trar, = (C0 A Trgr_y) > e BE("(rek—1,72k))—E(rax—s,rax—2)+o(1))
T2k—1\ T2k Przkﬂ ((TTZk A CO) < 7—7“21%1)

LEMMA 3.3.4. Let mg, mq € S(i)\N(i) be two distinct local minima for some 1 < i <n.

(a) It holds true that

hmsupﬁln]P’mo(Xgl e VO(my)) < —(E(z*(mo,m1)) — E(smg)) -

B—00

(b) Suppose there exists a path v = (Yo,..., &) from some s € OtV (mg) with E(z*(s,m;)) =
E(z*(mg,m1)) to V¥ (my), avoiding every other valley. Then

hmlnf 5 lnIP’mO(X& c V(i)(ml)) > — (I(Y0yeey k) + E(5) — E(Smy)) -

Note that the equality I(vo,..., &) = FE(2*(s,m1)) — E(s), in which case
1 *
lim < InP,, (Xe, € VO (1)) = — (B(="(mo,m1)) = E(sm,)).
B—00 ﬁ
does indeed imply the already mentioned property

E(vi) > E(vi1) for1<i<j and E(y) < E(vyi.1) forj+1<i<k

with v; € 2%(s,m1). We call such a path an uphill-downhill-path because it first straddles the energy
barrier F(z*(s,m1)) and then falls down to the valley V() (m;). The existence of such a path can
be found in most 2- or higher dimensional energy landscapes. Furthermore, we write mg 1| mq if
there exists an uphill-downhill-path from some s € TV ® (mg) with E(2*(s,m1)) = FE(z*(mg, m1))
to V@ (m;) which avoids every other valley.

Proof: With v as stated, the lower bound for P,,,, (X¢, € VW (my)) in (b) is easily obtained as follows:
]P)mo (Xfl € V(i) (ml)) > IP)mo (XCO-H =7,0<1< k) > IP)mo (XCO = 3) 6—51(707-..,7k)—755|3|_

Since Py, (X¢y = 5) = e BEB)=E(smo)+o(1) by Lemma 3.3.3, the exponential decay in 3 is with an
exponent of at most I(yo,...,7x) + E(s) — E(sm,) as claimed.
For the upper bound in (a), we decompose the event into disjoint sets depending on the number of

visits N, say, to mg between 1 and (o = Céi) (as (o # &1, we can not apply Proposition 2.1.8). This
leads to '
Prng (X& ev® (m1),N =0) = Pmy(&1 = Ty () (my) < Tmo)

and, for k > 1,
Pmo(Xﬁl GV (ml)aN )
mo(Xe, € VO (m1), [{Time <1 < ol Xn = mo}| =k = 1, Ty < G0)

=P
Pmo(X& € V( )( ) N=Fk- 1) IP)mo(Tmo < CO)

mo <X§1 S V(l)(ml)v N = 0) IP>mo (Tmo < CO)k

P
IP)mo (51 = Ty (@) (m1) < Tmo) IP)mo (Tmo < CO)k
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3.3 RECIPROCATING JUMPS

Consequently,

Py (Xe, € V(1)) = Y Pong (X, € VO (ma), N = k)
k>0
= meo(fl = 7—V@')(ml) < 7—mo)IP)mo (Tmo < CO)k
k>0
Py (&1 = TV ) (my) < Tmo)
Py (Co < Timg)

By invoking Proposition 2.1.5, we infer

Pmo (fl = Tv(i)(ml) < Tmo) Zrev(z‘)(ml) ]Pmo (Tr < 7'mo)
Py (Co < Ting) N Py (T2 < Tmy)
< ‘S|3 Z e~ BE(z"(mo,r))—E(z"(mo,2))—8|S|vs) (3.4)
reV () (my)

for all z € V) (mg)°. For any r € V¥ (my), we have E(z*(mq,7)) > E(z*(m1,7)), and thereby
E(z*(mg,m1)) < E(z"(mg,r))V E(z"(r,m1)) = E(z*(mo,7)).

Using this in (3.4), we obtain

(6 _ ,
Prno (&1 = TV (my) < Timo ) < |S’46—,3(E(z*(mo,m1))—E(z*(mo,m))—S\Sl'\/g)
P (Co < ng) B

and then, upon choosing x € s,,,, and noting that E(z*(mg, z)) = E(Sm,),
Pmo(Xf,l c V(i)(ml)) < ‘5|4€—6(E(Z*(mo,m1))—E(sm0)—8|5|w)‘

We finally conclude

limsup;ln]P’mo(Xg1 e VO(my)) < —(B(z*(mo,m1)) — E(smy))

B—00
as asserted. ]

To summarize, which valleys are visited consecutively depends on (a) their spatial arrangement
and (b) the energy barriers between them: A transition from one valley V) (myg) to another valley
V®(my) is only possible if there exists a path from s € 97V (mg) to V¥ (my), not hitting any other
valley. This transition is made at small temperatures (i.e. large () if the additional energy barrier
E(z*(Smg,m1)) — E(sm,) is sufficiently small or in other words the energy barrier E(z*(spm,,m1)) is
approximately of the same height as all other energy barriers, including the barrier E(z*(sp,,mo)) =
E(Smy). Results similar to the two lemmata above can be found in [16], where they used the cycle-
approach due to Freidlin and Wentzell [24]. The obtained bounds are more general but the derivation
of this special case from those results would be more work-intensive than proving them as done above.

Whereas the upper bound is proved in Lemma 3.3.4 and Lemma 3.3.3 in the same way by decom-
posing the event according to the number of visits of the ground state before the valley is left, the
proofs of the lower bound differ. For Lemma 3.3.4 we simply determine the probability of one specific
path by its cumulative activation energy. For Lemma 3.3.3 we identify the relevant minima along
such a path and the probabilities to reach one minimum from the other one earlier than 9%V (m).
The crucial point is that, first, for any such minimum 79;41 both, the essential saddle to the next
minimum rg;4o, and the essential saddle to 97V (m), are at least as high as the essential saddle
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3 MACROSCOPIC VIEW: TRANSITIONS BETWEEN VALLEYS

between the previous pair (rgj_1,72;), and, second, there is an uphill-downhill path between 79,1
and 79;12. Thus, the rate for the exponential decay of the probability to reach the next minimum
before 97V (m) is at most the additional energy barrier E(2*(rojt1,roj+2)) — E(2*(r2j—1,72;)) and
not the energy barrier E(2*(rgj41,72j41)) — E(rgj+1). When calculating the product in the proof,
this leads to the additional energy barrier E(z*(s,m)) — E(sy,) instead o the cumulative activation
energy.

This strategy fails in Lemma 3.3.4: If there is a minimum 7 along the path from s,,, to V(my),
then by definition of this path, r is non-assigned. Therefore, although a minimum along the path, it
is no local minimum of E. In fact, there is a decreasing path to some other valley, the essential saddle
being 7 itself. Thus, the additional energy barrier equals the energy barrier E(z*(r1,72)) — E(r1),
which therefore is the rate for the exponential decay of the probability to reach ro earlier than the
union of all valleys. The sum of all these energy barriers leads to the cumulative activation energy.

Now we come back to the reciprocating jumps in the accelerated chain and see:

PROPOSITION 3.3.5. Fiz 1 <i<n ande > 0. Form € SO\NO  define
N(m,e) = {m/ e SO\NO ‘ m | m', E(z*(m,m)) — E(sy) < 8} :

Then the AAC at level i exhibits no reciprocating jumps of order € if for every m,m’ € S(i)\N(i)
there exist a sequence m = Mq,M1,..., M, = m' € S(’)\N(l) such that mjy1 € N(mj,e) for every
0<57<n—1.

Obviously, if all metastable states are in the same recurrence class of Y, that is, if E(z*(m,m’)) = E
for every m,m’ € S (i)\N () and some E € RT, then there are no reciprocating jumps of order & = 0.
Or, the other way around, if there are reciprocating jumps to some order € > 0, then Y is not
irreducible (referring to SW\N®). But for finite § and sufficiently small ¢, transitions between the
different recurrence classes of Y still are not too unlikely.

3.3.2. DIFFUSIVE BEHAVIOR

The origin of our endeavor to define aggregations with no reciprocating jumps of an order larger than
a small € is to obtain an associated process with (almost) decorrelated increments (in Euclidean state
space), for this and a proper centering causes the mean squared displacement up to the n-th jump
to grow with n instead of n2. This is known as normal diffusive behavior in physics, described by
Fick’s second law, see e.g. [4, Section 21.3.3], most notably Equation (21-83) therein which says:

DEFINITION 3.3.6. A stochastic process (My,)n,>0 on R is diffusive under Py, x € R, if there exists
a < b e Ry such that
an < Eu (M, — My)*> < bn

for every n > 0.

In physical diffusive systems it is observed that E, (M, — My)?n~! is almost constant in n on a
moderate time scale, which depends on the system itself. This constant is called diffusion coefficient.
The above definition differs from the traditional, continuous time one where “[a| continuous time
parameter stochastic process which possesses the (strong) Markov property and for which the sample
paths X (t) are (almost always) continuous functions of ¢ is called a diffusion process” [36, Section
15.1, page 157, for example a Brownian motion. In most situations, it is additionally assumed that

lim %E ((X(t+m) ~ X@H XD =2) = o*(x,1),
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3.3 RECIPROCATING JUMPS

where o?(x,t) is called diffusion parameter. Thus, whereas in the continuous case the diffusion
parameter is defined via infinitesimal motion, we define it in accordance to the physical meaning via
long-range motion. As the normalized mean squared displacement of the Brownian motion is 1, both
definitions of the diffusion parameter coincide for this diffusion.

LEMMA 3.3.7. A stochastic process (My,)n>0 on R whose increments (M,, — M;_1)n>1 are centered
and uncorrelated under Py, (in particular a martingale in L) is diffusive under Py.

Proof: The assertion can be deduced by the following easy calculation: For every n > 0 we have

" 2
E, (Z M; — Mz’—l)
i—1

E, ((Ma - Mo)?)

= E, (Z (M; — Mi1)2> +2 Y Eo((Mi— Mix) (M; — Mj-1))

i=1 1<i<j<n
n
= Y B (- M;1)?)
i=1

with

n-min (z —y)? < Z}Ex <(MZ - Mi,1)2) < n-max(z —y)°.
i=1

O

In our situation, identifying S with a subspace of R? for some d € N, without aggregation the
increments are highly correlated due to the following argument: At any given time, the process is with
high probability in a minimum and when leaving it, say by making a positive jump, the next increment
is most likely negative because of the drift back to the minimum. When regarding the asymptotic
jump chain, correlations like the above vanish: On an irreducibility class there are no forward-
backward jumps, that is, no reciprocating jumps of any order € > 0, when the energy landscape is
well behaving. However, we still have to grapple with the finiteness of the state space preventing
the increments from being strictly uncorrelated and having mean zero. But if the irreducibility
class is quite large in comparison to the observation time n, and the energy landscape is sufficiently
homogeneous, there is a diffusive behavior up to the n-th jump. We obtain the largest irreducibility
class if we assume F(s,,) = E for every m € SO\N that is, E(2*(mg, m1)) — E(sy,) = 0 for all
distinct mg, m; € SO\N®. Then all minima m € SW\N® are in the same irreducibility class of
Y@,

LEMMA 3.3.8. Identify every state m € SW with a point m € R? for some d € N. Let 1 <i<n
be an aggregation level with E(z*(m,m")) = E(s;,) for every two m,m’ € SO\N® and let R be the
irreducibility class of YO comprising the minima S (i)\N (i)A. Let the energy landscape be homogeneous
enough to ensure that there is some mg € R from which Y% needs at least n steps to leave the set
{meRELV) -V =0, 1<) <d}.
Then the asymptotic jump chain shows a diffusive behavior up to time n when starting in mg, that
18,
ak < E <<f/(“ - ?(i))2> < bk
— mo k.j 0,5 -

for every 1 < j <d, some a <beRsg and every 0 < k < n.
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3 MACROSCOPIC VIEW: TRANSITIONS BETWEEN VALLEYS

Proof: Since
Eno (%5~ %) (W) - %))
= Emy (Emo ((Yl,(;) - f/l(i)lj) ! v.j
Enmg (Emo (2(3) ) ‘Yl ) ( fj) )
- e ey, (- 59) 052

=0

7O, T0) (7 - 79,)

for every 1 <1’ <1 < k, the assertion is a direct consequence of the previous lemma. ]

We want to conclude the diffusion-studies for this case of a constant energy threshold between the
basins by the following informal observation: Recall the definition of 7(k) before Definition 3.2.1 as
the time needed by the semi-Markov process associated with Y to undertake k transitions. Under
more restrictive conditions, namely

Eno (V5 = 700,) (%0 =T, [70) =0 Prg-as

for every 1 <1’ <1 <D(k), it can be shown in the same way that

%0 S0\ _ ~
B ((Ya(k),j —Yo,j) > = Ep, [ V(F) -

for every 1 < j < d and every 0 < k with 7(k) < n a.s. Due to the fact that Y@ is irreducible on R
with stationary distribution 7* it holds true that

(61=60)+---+ (@5 (k) +1— 05 (k))

ko)< > — Eq(01)
500 G1—50)+- A Gy Ty a8
- o1—0(0 oy —0p — o~
v(k) | = s~ Ex(B)
as k — oo. Therefore,
B (0(H) | 1
k E+(01)

as k — oo. Given that the average A of the squared increments converges, we finally observe for

s AN 2
large but not too large k (v(k) < n) that %]Em0 <<Y9(E’)€) - YO(Z])) > , 1 <7 <d, the mean squared

displacement of the limiting semi-Markov chain <?D(Zl)c))k20’ is close to the fraction of the average

squared increment of Y and the expected sojourn time in the stationary regime. For sufficiently
large f3,,, the same holds true for Yy = (YV((Z])C)) k>0 because it is close to (YD((Z])C)) k>0- It is interesting

to note that for large 3, the temperature dependence of the mean squared displacement of 7(1) is
solely given by the temperature dependence of the sojourn times. As the mean squared displacement
equals the diffusion coefficient, this is in good accordance to the results of computer simulations of
glassy systems with small but positive temperature. As already pointed out in the Introduction,
there as well the diffusion coefficient is roughly the fraction of an almost temperature independent
constant and the average sojourn time, the last depending highly on the temperature.

Now regard the situation with different barriers between different basins, that is, some level 1 < i <
n where € > 0 is the smallest order for which there are no reciprocating jumps. Thus, E(z*(mg, m1))—
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3.3 RECIPROCATING JUMPS

E(8m,) < ¢ for all distinct mg, m; € SO\ N® and the bound ¢ in the inequality is reached for some
mg,m; € S (i)\N (). Then S(i)\N () disintegrates into several irreducibility classes of ?(i), each of
which may consist only of very few metastates of order i. Consequently, due to the smallness of
these irreducibility classes, the increments of Y® are no longer decorrelated, as we can not assume
the process to stay for a long time in a set analog to the one in the above lemma. Thus, for the
increments of Y to be decorrelated it is not appropriate to study the limit 3, — oo. Rather 3 has
to be small enough to ensure the probability of a jump with additional energy e to be likely enough.
Or, the other way around, for a given finite 3, the bound e has to be small enough.

ExAMPLE 3.3.9. Let F be a one dimensional energy landscape, identify the state space with a
subset of R, and let m be a metastable state for some level 1 < i < n such that for its neighboring
metastable states m; and mo we have

E(z*(m,m1)) = E(sy) and E(z"(m,m2)) > E(spm).
Then the expected increment is given by
E,n(Y1 —=Y0) = (8m —m)Pp (Y1 = sp) + (2" (m,ma) — m)P,, (Y1 = 2" (m, m2))
with
Pn(Y1 =8,) — 1 and P, (Y1 =2"(m,mz2)) — 0
as § — oo. Thus, as § — oo, the increment is not centered. Therefore, fix some large § < oo with
P (Y1 = 2*(m,mg)) = Pp(Y; = Sm)efB(E(Z*(m,mz))*E(Sm)JrR(B))’

where R(/3) is the remainder and converges to 0. To obtain a centered increment in m, the difference
E(z*(m,mg2)) — E(sn,) has to be small enough to ensure

Sm—m = —(z*(m,mg) —m)e FEE (Mm2)=Elsm)+R(B))
that is
1 Sm — M
—ln(— ) = (B2 — E(s,, ,
S () = (B )~ Bls) + R(9)

When increasing 3 (that is decreasing the temperature) the additional energy barrier E(z*(m, msg))—
E(sy,) has to be smaller and smaller to allow a centered increment.

51






4. METABASINS

4.1. A PATH-INDEPENDENT DEFINITION...

A path-independent definition of metabasing, announced and to some extent discussed in the Intro-
duction, can now be given on the basis of the previous considerations as the valleys of an appropriate
order.

DEFINITION 4.1.1. A finite Markov chain X driven by an energy function E satisfying the assump-
tions stated at the beginning of Chapter 1 has metabasins of order € > 0 if there exists an aggregation
level i < n — 1 such that the following conditions are fulfilled for each m € SO\ N®:

(MB1) sup,,yesin (v ugmy) E(z"(m,m’)) — E(sm) < €.

(MB2) For every m’ € SO\N® there exist states m = mg,m1,...,m, = m’ € SO\N® n € N, such
that m; 1| mjy1 for every 0 < j <mn —1.

In this case, the valleys (V) (m)),,csw are called metabasins (MB) of order «.

The reader should notice that each singleton set {s} consisting of a non-assigned state s € N
forms a MB. The conditions (MB1) and (MB2) ensure the good nature of (a) the energy barriers
and (b) the spatial arrangement of minima. As already pointed out, this determines which valleys
are visited consecutively. Furthermore, we note again that the MB are defined purely deterministic
on the basis of the energy function, but nevertheless satisfy all the random dynamical properties, as
we will see in the next section. Therefore, unlike with the path-dependent definition, we are able
to explain those properties and behavior, and not only observe it: All Properties 1-5 result from
necessary transitions of energy thresholds and a high-dimensional energy landscape.

Before concluding this chapter and the first part of this thesis with a numerical example and the
final theorem which summarizes the results obtained so far, we want to compare our approach and
definition with the literature. Traditionally, when studying metastability, one is interested in the
sequence of metastates visited by the system and their sojourn times. Those metastates can only
be defined via metastable sets around metastable states because the system will not strictly stay in
the metastable state very long and traverse to another metastable state. It will stay in the basin
of attraction for a long time and then traverse to another basin of attraction. Now, in contrast to
others (for example OLIVIERI & SCOPPOLA [49] or BELTRAN & LANDIM [7], already discussed in the
Introduction), we are not interested in the aging effect which is to find metastates of increasing or
at least monotone stability. This perception would neglect all less stable areas, though they behave
in the very same way as the more stable ones, only on a smaller time scale. A description of the
effective motion in state space can only be given when regarding all the different time scales in the
different areas and therefore valleys of different stability. There is a second distinguishing mark by
which our approach goes beyond previous works: We do not look at a “blindly” accelerated version
(Xn1)n>0 for some appropriate time-scale 7. We rather identify the embedded jump process of the
aggregated chain, that is, the accelerated aggregated chain, to be in the limit Markovian (along a
proper annealing schedule). This AAC and its decelerated version, the AC, are the processes of
interest in this work.

53



4 METABASINS

E(s)

S N e O

1 3 5 7 9 11 13 15s
(a)

Figure 4.1.: (a) 2-dimensional modification of the energy landscape from Example 1.2.3.
(b) sup,, esin v [E(2*(m,m')) — E(sp)| for the various metastable states in SO\N)
in dependence of the level 1 <i <n.

4.2. ...POSSESSED OF THE REQUESTED PROPERTIES

Properties of MB which can be concluded from the results of the previous chapters are summarized
in the next theorem. The reader is reminded of Properties 1-5 stated in the Introduction.

THEOREM 4.2.1. For MB as defined in Definition 4.1.1 we have:

(1) The transition probabilities for jumps between MB do not depend on the point of entrance as
B8 — oo and the AAC converges towards a limiting Markov chain along a proper annealing
schedule (Property 1).

(2) There are no reciprocating jumps of order e (Property 2).

(8) The expected residence time in a MB depends on E exponentially via the depth of the MB as
B — oo (Property 3).

(4) Regarding only MB pertaining to local minima, the system is a trap model (Property 4).

(5) Fore =0, all metastable statesm € SO\NO are in the same irreducibility class of the asymptotic
jump chain which is diffusive up to a specific time, given the homogeneity assumptions of E in
Lemma 3.3.8 (compare Property 5).

Proof: (1) follows from Proposition 3.2.3, (2) from Proposition 3.3.5, (3) from Theorem 2.2.2, (4)
directly from the definition, and (5) from Lemma 3.3.8. O

We defined MB as valleys of an appropriate order since we know that, first, the AAC exhibits the
Markov property in the limit £, — oo, and, second, the expected residence times behave like in the
simulations. To determine the appropriate level, we noticed that the additional energy barrier has to
be small to arrange for no reciprocating jumps resp. has to be zero to arrange for the irreducibility
of Y (with respect to SW\N®). That we end up with a trap model is an immediate consequence of
this procedure.

EXAMPLE 4.2.2. We return to Example 1.2.3 given in Chapter 1, but modify the energy landscape
by allowing direct transitions between some saddles (see Figure 4.1 (a)) because (MB2) can clearly
not be fulfilled in a one-dimensional model. While having no effect on the metastable states m € M),
valleys change in the way that, for levels i € {5, 6}, the states {1, 2,3} do no longer belong to the valley
around state 4 and {1, 2} forms its own valley. The energy-differences SUP,y/ 50\ N () E(z*(m,m’)) —
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Figure 4.2.: Energies of the true trajectory and of the trajectories of the aggregated chains at levels

i=3,4,5.

E(sp,) of the various metastable states m at each level 1 <4 < n = 7 are shown in Figure 4.1 (b).
The supremum of these energy differences decreases in 7, and we obtain MB of order 1 for i > 4, and

of order 0.5 for 7 > 6.

To illustrate the behavior, we have run a Metropolis Algorithm on this energy landscape. For
initial state s = 4 and 8 = 0.75, the energies of the trajectories of the original and the aggregated
process at levels ¢ = 3,4,5 are shown in Figure 4.2. The following observations are worth to be

pointed out:

RECIPROCATING JUMPS: In the original trajectory there are correlated forward-backward jumps
between the times n = 60 and n = 110, between 320 and 380, and between 410 and 440. They
result from reciprocating jumps between (12,13) and (8,10). At aggregation level 3, where
those pairs belong to the same level, these reciprocating jumps are no longer observed. When
further increasing the level of aggregation, remaining forward-backward jumps vanish as well,
for example the unsuccessful trials to escape at the beginning and at the end of the trajectory.
But since in this example the energy landscape is not at all high dimensional, re-visits of valleys

occur due to the comparatively long simulation time.

ExiT TIME: In accordance to our results, the sojourn times increase with increasing depth of the
valley. Furthermore, those exits really mark epochs after which a return takes not place within
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some reasonable time. In the real trajectory the exit times as well depend on the depth of
the 1-state valleys, but those “exits” are most often improper, as they are followed by a return
within a rather short time (see the trajectory between n = 320 and n = 380). Therefore, those
exit times without aggregation can not describe the time spent in some region of the state
space.

TrAP MODEL: Whereas in the real trajectory there is no particular energy threshold which has to
be crossed by a transition, this is the fact most obviously in aggregation level ¢ = 5. This
energy threshold is between 5.75 4+ 0.25. As explained, this gives rise to a trap model, which
can clearly be identified in the trajectory for i = 5.

LONG-RANGE MOTION: Since with the cumulated forward-backward jumps there is no real trans-
port within one valley, the motion in state space is well described by the aggregated process.
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5. COMPARISON WITH
PATH-DEPENDENT DEFINITION

In Part I, we constructed a definition of MB which satisfies Properties 1 to 5 of the Introduction.
Now we want to study its goodness, here measured by, first, the consistence with the MB from
computer simulations, and, second, the similarity of the mixing-, cover-, and hitting times of X and
Y. This will prove our coarse graining procedure to be in fact rewarding, as it is coarse enough to
provide benefits like the nice structure of the aggregated processes, but also subtle enough to map
important characteristics of the original system. The consistence with the path-dependent definition,
topic of this chapter, will finally clarify what the simulated MB are made of in most trajectories. As
the MB trajectory determines the long-range transport, their deterministic description identifies the
mechanisms behind.

Figure 5.1.: Example of an energy landscape with a tree-like structure and a marked root x.

It should not be surprising that the path-dependent definition of MB by HEUER [29] and stated
in the Introduction differs from our path-independent one. For example, the energy landscape in
Figure 5.1 has no reasonable path-dependent MB because every transition between two branches of
the shown tree must pass through the state x. For a typical trajectory, there will be at most three
MB: the states visited before the first occurrence of z, the states visited between the first and the
last occurrence of x, and the states visited after the last occurrence of x. The reason for this poor
performance is the tree-like structure of the energy landscape or, more generally, the fact that the
connectivity between the branches is too small to allow a selfavoiding walk through more than two
branches. This results in a small recurrence time for x (compared to the number of states visited
in between). However, every branch constitutes a MB when using the path-independent definition
for sufficiently small ¢, in which case the AAC forms a Markov chain and, in case of the Metropolis
algorithm, even a random walk on the graph.

Having thus exemplified that the two definitions of MB do not necessarily coincide, where the
path-independent approach applies to a wider class of energy landscapes, we turn to the question
about conditions for them to coincide with at least a given probability. As already pointed out, we
have to assume a sufficient connectivity between the metastates to ensure the existence of reasonable
path-dependent MB. In terms of this connectivity (for a precise definition see Definition 5.1.1) and
the parameters 8 and e, the main result of this chapter, Theorem 5.2.3 below, provides lower bounds
for the probability that both definitions yield the same partition of the state space.
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5.1. CONNECTIVITY PARAMETERS

The first step towards bounding the probability for the definitions to coincide is to identify and count,
for a fixed level 1 < i < n, each m € 8™ and a given f, the states s € S for which a transition of
Y@ from m to s is likely. This leads to the announced connectivity parameters, where of course it
is to specify what “likely” is.

DEFINITION 5.1.1. Let € > 0 and 1 < ¢ < n. Define the connectivity parameters

— = i O E(s) < E
T T N eSOV O (N ()20 HS SN\ B(s) < Bln) + 5} ’
mo=me = min s o VOmEGs) < Blsn) + e} (5.1)
meSO\N®)
N3 = N3e = mir(l) {S e SY|E(z) < E(n) + ¢ for some x € VI (s) ﬂ/\f(n)}‘ .
neNU

71 is the minimal number of neighboring sites of a non-assigned state n which do not belong to a
particular neighboring valley and whose energy is at most € plus the energy of n. 72 is the minimal
number of neighboring sites/valleys of a valley 4% (m) whose energy is at most € plus the energy
of s,,. Finally, n3 is the minimal number of neighboring valleys of a non-assigned state n which
comprise a state with energy of at most € plus the energy of n. Independent from &, 71 and 73
are quite large in the high dimensional and complex energy landscape of a structural glass, where
non-assigned states are neighbored to very many different valleys. For very small €, 7o may be 1, but
if X has MB of order ¢ in a high dimensional energy landscape, then 72 can be assumed to be quite
large as well.

For ¢ = 0, the connectivity parameters 72 and n3 count the neighboring sites according to the
asymptotic jump chain ?(i), that is, transitions of Y@ to states counted above have positive prob-
ability. That for € > 0 transitions to states counted above have reasonable large probabilities is
content of the next lemma, revealing that the defined parameters in fact measure the connectivity of
the MB.

LEMMA 5.1.2. Let € > 0 and 1 < i < n with connectivity parameters defined in (5.1). Writing Y
for Yk(l) and V(m) for 174 (m), m € SW  the following assertions hold true for 3 sufficiently large:

(a) If m € SN\NO® and s € 07V (m) N {z|E(z) — E(sm) < e}, orm € N9 and s € SO satisfies
V(s)n{x e N(m)|E(z) — E(m) <&} # 0, then
P (Y1 =s) > e 2P,

(b) P (Y1 # 5) > m1 e~ 25 for any distinct m € N and s € SO,
(¢) Pp(Y1 # 5) > (o — 1) e2P¢ for any distinct m € SO\N and s € SO,

We see that, for € small enough according to 3, transitions with an energy barrier of at most € are
still quite likely and thus a jump to a particular valley quite unlikely in the case of high connectivity.

Proof: (a) Choose y > 0 so large that, for 8 > fy, 73 < € and Pp, (Y7 = s) > e 2B(E(s)=E(sm))
for any m € SO\N® and s € 9TV (m), the latter being possible by Lemma 3.3.3. Then for any
such m and s, we infer P, (Y7 = s) > e~ provided that additionally E(s) < E(s,,) + ¢ holds
true. If m € N@ | then P,,(Y; = 5) > e 27 for any s € S such that E(z) < E(s) + ¢ for some
x € V(s)NN(m), for

Pr(Yi =5) > Pp(Xe, =2) = p(m,z) > e AEE-Em) 435),

Y

60



5.2 ACCORDANCE OF PATH-DEPENDENT AND PATH-INDEPENDENT MB

(b) Pick again fy so large that v < ¢ for all B > fBy. Then, by definition of 7,

Pn(Y1 #5s) > Z p(m, x)

€N (m),z¢V (s)

> 3 exp (— B((E () — B(m))* +75))
2N ()2 @V (), B(z) <B(m)-+e

> 1 exp(—2f¢).

(¢) Fix By so large that P,,(Y; = z) > e~ 28(E@)=E(sm)) for any x € 91V (m) and § > By. In the
very same way as in part (b), we get for all § > [y, by definition of 72,

P (Y1 #5) > > Pa(Wi=2)

z€0TV (m),x#s

> 3 exp (— 26(B() — E(sn))
z€0+tV (m),x#s,E(x)<E(sm)+e
> (n2 — 1) exp(—2p¢).

5.2. ACCORDANCE OF PATH-DEPENDENT
AND PATH-INDEPENDENT MB

The above result motivates that in the case of high connectivity the probability to revisit a particular
valley within a fixed time 7" is quite small, or in other words, the probability for the AAC to jump
along a selfavoiding path is quite high. This is the main step towards the announced theorem and
stated below. The observation time 1" of course has to be small compared to the cover time of the
process.

LEMMA 5.2.1. Let € > 0 and 1 < i < n with connectivity parameters defined in (5.1). Writing Y
for Yk(z) and V(m) for V@O (m), m € SO, define

()

\;(m) = inf{k > 1|V, = m}.

Then the following assertions hold true for all sufficiently large (5:

(a) For any0 <d<1—Py,(Yo=m) and 1 <T <T(m,B)+1,

Po (7 > T) = 4,

where
Ind

T(m, f) = In( ming,zp, Ppr (Y1 # m)(1 = Lpgney 6, 8)))

and
5(m',B) = max Z E(x,m', 2z, ).

eV(m/
eV (m') z€dtV(m')

In particular, if § < ((m A (n2 — 2))6_258)T for some T' >0, then T'(m,B3) > T.
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(b) For each k > 1 and mo € S¥,

k-1
o IIPw(Vi=mir) > [ Amslre >

mi,...,mp j=0

where summation ranges over all pairwise distinct my,...,my € S(i)\{mo} and for N € N we
write [N]p := N(N —1)-...- (N —k+1).

It should be noticed that Pm(T‘(/i()m) > 1) =1 (the AAC never stays put) and

Pon(rty > T) < Bn(rify >2) = 1= Bpu(Yy) = m)

for every T' > 2 with equality holding only if 7' = 2. We thus see that Pm(’i"(;()m) > T) > 0 entails
d < 1—"P,(Yy = m), the latter being typically large. Furthermore, the bound on the number of
self-avoiding path of length k is very crude and can be improved when knowing more about the
spatial arrangement of the metastable states.

Proof: (a) Recall from the first part of the proof of Proposition 3.2.3 that

Pm(Yn-l-l 7& Z‘Yn = ancrn = LIZ‘) > Py(Yl ?é Z) 1- ]l{ygN(i)} Z Pr('rr < Ty)
redtV(y)

> Py(}/l 752) 1_]]‘{y¢N(’i)} Z 5(%3/#35)
red+V(y)

Py(Y1 # 2) (1 = Lenay 5(1/7@)

v

holds true for all 4,z € S, z € V(y) and 8 > 0. Putting m(z) := m/ if z € V(m/) for m’ € SO, we
obtain for 1" > 2, by using the above bound repeatedly,

P, (T‘(/izm) > T) = Pou(Yi % my, Y £ m)

T—2
B 2 Pon(Xoy = 1) [ [ Pin(Xopyy = 21| Xo, = 2p, Vi = m(z))
Zl,...,IET71¢V(i)(m) k=1

X P, (Yr #m| Xy, |, =a7-1,Yr—1 =m(zp_1))

Vv

T-2
Yo PulXe =a1) [] Pl = okl Xo, = 2k, Vi = m(ay))
J?l,...7$T,1§éV<i) (m) k=1

X ( min (IP’mf(Y1 # m)(1 = Ly 0(m’, 5))))

m/#m

T—1
> min (Pm/(Yl #m)(1— Lyenen 5(m/75))) :

m/#m

But this establishes the asserted inequality when finally observing that the last expression is > ¢ if
and only if T < T'(m, ) + 1.
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5.2 ACCORDANCE OF PATH-DEPENDENT AND PATH-INDEPENDENT MB

Having just said that 7'(m, 5) > T holds if and only if
. / T
min (B (Y 7 m)(1 =1 gy 60’ 5))) > 4,

it suffices to note that, as § — oo, 6(m/, 3) — 0 holds true if m’ € SO\NO giving
N2 —2

n2—1

for sufficiently large 8. Together with Lemma 5.1.2 (b), this further yields

1—8(m',8) >

min (B (Vi # m)(1— Loy 50m'.3)) = ((m A G —2))e )"

m/#m

and then the assertion.
(b) Here it suffices to notice that, by Lemma 5.1.2 (a), [n2Ans]x forms a lower bound for the number
of self-avoiding paths (m,...,m) such that Pp, (Y1 = m;11) > e~25¢ for each j =0,...,k — 1. O

For € = 0, we have a similar result for the asymptotic jump chain.

LEMMA 5.2.2. Let e =0 and 1 < i < n with connectivity parameters defined in (5.1). Writing }A’k
for }/}k(l) and V(m) for V@ (m), m € S©, define

70 = inf{k > 1|V, = m}.

Then the following assertions hold true:
(a) For any 0 < d < 1—Pm(172 =m)and 1 <T <T(m)+1,
P, (?(i) > T) > 4,

where
Ind

ln( minm/;ém Pm/(i}l 7é m)) '

In particular, if § < ((m A (n2 — 2)) min, .50, )50 P(7; s))T for some T >0, then T'(m) > T.

T(m) = T(m,o0) :=

(b) For each k> 1 and mg € SO,

k1
Z HIP’mj(Y1=mj+1) > [ Anslk  min  p(r, )"

. ,5:p(1,5)>0
mi,...,mp j=0 TSp(T 5)

where summation ranges over all pairwise distinct my,...,mp € SO\{mg}.

Proof: (a) In perfect analogy to the previous proof we obtain

. - ~ - T-1
pm(#%) > T) = Pn(Yy #m,....Yr #m) > I?;H (me(Yl # m)) ;
which is bounded below by ¢ if and only if 7" < T'(m) + 1. Furthermore,
~ T T
in (P, (Y, > A2 —1 in  p(r, ;
ﬁ%( (Y1 %m)) > ((771 (12 ))ns%gbop(r 8))

which yields the assertions.
(b) Again, it suffices to notice that [n2 A n3]j forms a lower bound for the number of self-avoiding
paths (my,...,my) such that p(m;,m;41) > 0 for each j =0,....,k — 1. O
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5 COMPARISON WITH PATH-DEPENDENT DEFINITION

We proceed with the announced result about the relation between path-dependent and path-
independent MB. To this end we fix T' = o for some K € N. Let V; for £ = 1,...,v denote the
random MB obtained from X,..., X7 as defined in the Introduction. For z € S, we further let V(z)
denote the MB Vj, containing = and put V(z) := () if no such MB exists which is the case if and only
if x ¢ {X(),...,XT}.

THEOREM 5.2.3. Let ¢ > 0 and suppose that X has MB of order € at level i with connectivity
parameters defined in (5.1). Fix K € N, T =0k and 0 < 3§ < ((m A (2 — 1) — 1)6*255)K. Then,
for each 0 < k < K and mg € S, there exists By > 0 such that for all B > [y

(a) with VI (s) = {s} if s € N®

Py (VO (Vi) CV(YV)) > 1 5 2
(P evon) 2 1o max sn) (| mas Vel +2).

and the right-hand side goes to 1 as  — 0.
(b) Pro(V(Y;) CVIO(Y)), 0 < j < k) > 1= k(max,,cson v 6(m, ) + (1= 49)).
(c) If g2 Amz > K — 1, then

K-1
Py (V(Y;) C V(i)(Yj)’() <J<K—-1) > [mAnlk (1 — H(lf;ti( . 5(m,,6’)) e 2B,
meSW\NU

We conclude that the inner part of the path-independent MB is a.a.s. part of the path-dependent
one and the probability of the path-dependent MB to be part of the path-independent ones is high
whenever the connectivity is high and ¢ is small according to 8. Namely, for the occurring bounds to
be significant, two requirements must be met. First, K must be small compared to the cover time of
the AAC and € must be small compared to 5y to ensure exp(—23¢) > 0. Second, the connectivity
must be high to ensure 1 — ¢ < 1 and [n2 A n3] e 257 > 0.

Typically, the inclusions in parts (b) and (c) are strict because of high energy states within a
valley that will probably be missed during one simulation run and therefore not belong to any path-
dependent MB. On the other hand, since our approach strives to cover the state space as completely
as possible by valleys, the latter comprise such high energy states whenever they are assignable in
the sense described in Chapter 1.

Further note that there is obviously an analog statement for ¢ = 0 where only e~2%¢ has to be

replaced by min, g5 )50 P(7, ) and e 2KPe by (minm:ﬁ(r’sbo p(r, s))K. We omit stating it here.

Proof: With i being fixed, let us write as earlier V' (m) for V() (m), and also V. (m) for V<i) (m).
(a) For a given 0 < k < K, define

Ay = {or <7y, < 0opqr},
By, = { for every x € V(m) there exists 1y, <[, < o}, such that X; =z},

Cp = {Xl =Y} for some max 7, <Il< O'k},
zeV(Yy)

as the events that, first, during a visit of a valley its ground state is visited, second, every element of
V< (m) is visited after visiting the ground state and before leaving the valley, and third, the ground
state is again visited after the whole inner part V. (m) is visited and before the valley is left. With
d(m, ) as defined in Lemma 5.2.1 and using

P, m) < c(x,m, Yy, < 5 = Omax 2
(01 < 7im) >, E@mmyp) < max 5(m.p) = (5:2)
yedtV (m)
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5.2 ACCORDANCE OF PATH-DEPENDENT AND PATH-INDEPENDENT MB

for z € V(m), m € SO\N® we obtain

P

/N

vE v cvm))
Pmo (Ak N B N Ck)

Z [Pmﬂ({XUk :T}ﬁAkﬁBkﬂCk)
meS® reV (m)

> Puy(Xoy, = 1P (Ak|Xo, = 1) Py (B N Cul{ Xo, =7} N Ap)
meS® reV(m)

= Z Prio (X, = 7)Pr (T < 01)
meSW reV(m)

v

X Pro (70 < 01 for every z € V(m), Xj = m for some max 7, <l <o)

€V (m)
Z Ping (XUk =7)(1 = dmax)
meS® reV (m)

v

X P (1 < 01 for every x € V(m), X; = m for some max 7, <[l <oq)
€V (m)

= (1= 6max) Y Puy(Yi =m) (5.3)
meS®)

X Py, (1, < o1 for every x € V- (m), X; = m for some max 7, <[ < oq).
€V (m)

Thus, in order to show that with high probability a path-dependent MB comprises the inner part
of a valley, we show that with high probability, when starting in its minimum, the whole inner part
will be visited and the process will return to the minimum once more before the valley is left. This

is trivial if m € N® and thus V<(i) (m) = {m}, for then

P,, <7‘x < o1 for every © € Vo(m), X; = m for some max 7, <I< 01> = 1.
€V (m)

More needs to be done if m € SO\N® | where

Py, | 72 < o1 for every x € Vo (m), X; = m for some max 7, <[l <oy
€V (m)

> 1—P,, (12 > o1 for some x € V. (m)) — P, (Xl #m for each max 7, <I[l< 01> )
€V (m)

The second probability in the preceding line can further be bounded with the help of (5.2), viz.
P (X; # m for each max 7, <[ <oy)
€V (m)

= P max T, =T,, X;# m forevery max 7, <I[<o
Z m(z6V<(m) P =T X7 yx€V<(m) = )

yeV(m)
< P, = Ty )Py (Tin, >
Z (xen‘}i%n)T 7y) Py (7 o1)
yeV<(m)
S 5maX
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5 COMPARISON WITH PATH-DEPENDENT DEFINITION

For the first probability, we obtain with the help of Theorem 2.1.1

P, (1o > o1 for some x € Vo (m)) < Z Pp(o1 < 72)
€V (m)

Z Z Py (7y < T2)

€V (m) yed+V(m)

Z Z e(m,z,y,B), (5.4)

€V (m)yedtV(m)

IN

IN

because E(z*(m,y)) > E(z*(m,xz)) for x € Vo(m) and y € 9"V (m). The latter can be seen as
follows: It has been shown in the proof of Theorem 2.1.2 that E(z*(z,m)) < E(z*(z,y)). Hence,

E(z(z,m)) < E(z%(z,y)) < E('(z,m))V E(z"(y,m)) = E(z"(y,m)),

as asserted. Next, we infer

E(z (z,y)) < E(z"(z,m))V E(Z"(m,y)) < E(z"(z,m))V E(Z"(z,y)) = E(z"(2,y)),

thus E(z*(z,y)) = E(z*(m,y)). Recalling the definition of £(m,z,y, §), the last equality implies
e(m,x,y,B) = e(x,m,y, ), which will now be used to further bound the expression in (5.4), namely

Z Z e(m,z,y,B) = Z Z e(x,m,y, )

€V (m)yedtV(m) €V (m) yedtV(m)

= Z Z 5($7m7y76)

€V (m) yedtV(m)

§ ’V< (m)‘ 6max
< V. 5max~
< meﬁ§§N(i)| <(m)]

Together with (5.3), this yields, as asserted,

Py (V) (V) © V(YD)
> (1 - 5Inax) Z ]P)mo (Yk = m)

meS®)
X P (12 < 01 for every x € V(m), X; = m for some max 7, <1< o0q)
€V (m)

> (1 — dpmax) <1 — ( max |Vo(m)|+ 1) 5max>
meSHO\N ()

> 11— ( max |V (m)| +2) Omax.

meSH\N®)
(b) According to Lemma 5.2.1, choose fy > 0 such that

max Py, (() <K> < 1-90 (5.5)
mes® V(m)
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5.2 ACCORDANCE OF PATH-DEPENDENT AND PATH-INDEPENDENT MB

for each > py. By using (5.5) and (5.2), we now infer

P (Y7 =Yy, for some k+1 <1 < K)

= Z]P’mo(yl =Y}, for some k +1 <[ < K, X, =)
SES

TV (vo)

< meo(xok:s)(uv( () <K —k X; =m(s) for some 0 < j < o)

seS

(4)

IN

> Prng (X, = 8) P (7 3
s€S s¢ NG

S 1 _5+(5H13X7

+ g Pal(riilyy) < K =k, X; # m(s) for all 0 < j < 01)>
<K

+ Z Pm()(Xak = S) ]P’S(Jl < Tm(8)>

and finally
k—1
Py (V(Y;) CVO(Y)), 0S5 <k) > Py | (V£ Y5 +1 <1< K}
§=0
k—1

> 1= Ppy(Y; =Y for some j+1 <1< K)

j=0
> 1 — k(Omax + (1 — ).

(c) In the following calculation, let ro = my, ij

pairwise distinct components in S®\{mg} and, for each k < K, let 3

Tl Tk

range over all K-vectors (mi,...,

mK) with

(r1,...,r) such that r; € V(m;) for each j = 1,..., k. As in part (b), use (5.2) repeatedly to infer

P (V(Y;) CVIO(Y)), 0<j < K — 1)

ZZ Z P ﬂ{Y mj, Xo; =7, Tm; < 011} N{YK = mg}

My Tl TK—1

K-2
- Z Z HPT]' (Yb:mjaXol = Tj+15 Tm; <Ul)

mji T1,...,TKk—1 j=0

X ]PTK—I (TmK—l < 01) ]P)mel(}/l

K—2
Z Z H Pr (YO =mj, Xoy = Tj41, Tm; < 01)

m; T1,...,TKk—1 j=0

v

x (1

K-3
= (1= 6max) Z Z H Py, (Yo =myj, Xo, = 1jt1, Tm; < 01)

mj T1,..,TKk—2 j=0

X ]P)TK_Q ()/0 = mK*27)/1 = mK*lu T’I’)’LK_Q < Ul) PmK_l(}/l

K-3
= (1 - 5max) Z Z H ]P)T]' (YE] = mjaXol =Tj4+1, Tmy < J1)

mji T1,...,TKk—2 j=0

x P

:mK)

:mK)

TK—2 (Yi =MEK-1, Tmg_o < 0'1) ]P)mel(Yl =mr

- 5max)PmK,1 (YI =MmgKg

)

)

range over all k-vectors
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5 COMPARISON WITH PATH-DEPENDENT DEFINITION

K-3
> (1 — Omax) Z Z H Prj (Yb =mj, Xoy = Tjt1, Tm; < 01)

mj T1,...,TKk—2 j=0

X ]PmK—Q (Yl = mel) ]P)TK—z (TmK—Q < 01) ]P)mK_1 (Yl = mK)

K-3
> (1 - 5max)2 Z Z H Prj (Yb = mj7X0'1 = Tj+15 Tm; < 01)

mj T1,...,T k-2 j=0

X Py (Y1 =mg 1) Py, (Y1 = m)

K-1
> (]— - 6max)K_1 Z H ij (Yl = mj+1)

my j=0

> (1 - 5max)K_1 {7}2 A 773]K 6_2K657

the last line following from Lemma 5.2.1.
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6. COMPARISON OF MIXING TIMES

In this chapter, we want to compare the mizing times of the original process and its aggregated
versions to show in particular that the relaxation (i.e. convergence to the equilibrium) of X can be
mapped by the relaxation of Y. For a Markov chain M with stationary distribution 7 the mixing
time for € > 0 is defined as
™ (¢) = inf{n > 0|supdpy (PM* 7)) < e for every k > n},
xX

where dpy (-, -) denotes the total variation (distance) of two measures. In computer simulations, the
mixing time is an important characteristic of a Markov chain, as it allows sampling from a distribution
arbitrary close to the stationary distribution. This is used in many applications, for example in [63],
where the author (in joint work with ALSMEYER and the theoretical chemists HEUER and RUBNER)
studies the number of feasible states in the hard core model with a fixed number of particles using
the so called Widom-method.

For finite Markov chains, there are several methods to specify the mixing time, one of the most
popular ones working with the eigenvalues of the transition matrix. Analytically, with these eigenval-
ues the exact rate of convergence to the stationary distribution can be calculated, but unfortunately
there is no probabilistic explanation. We draw on various well known facts from the theory of spectral
analysis of finite Markov chains and refer to the excellent textbook by LEVIN, PERES & WILMER
[39] for the general picture. The basic definitions are:

DEFINITION 6.0.4. Let P be a finite stochastic matrix with stationary distribution 7. If 7 is also
reversible for P, we call (P, ) a reversible pair. If p(x,z) > % for every x € S, we call P lazy. For
every reversible pair (P, ) we define

(a) the spectral gap as v := 1 — Ao, where

A2 = max{A | A is eigenvalue of P and A < 1},

(b) the absolute spectral gap as v, := 1 — A, where

A = max{|A| | A is eigenvalue of P and \ < 1},

(c) the relazation time as t,¢ := vl

(d) the Dirichlet form for any real function f as

E(f) == 5 ) (f@) = f) m(x)p(z,y).
zAY

As we use some results various times, a toolbox on how these parameters are related with the mixing
time of the Markov chain, most notably the variational characterization, is given in the Appendix,
Section A.2.
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6 COMPARISON OF MIXING TIMES

6.1. MIXING TIME OF THE ORIGINAL CHAIN
AND SOME FUNCTIONALS

6.1.1. THE ORIGINAL CHAIN

We start the investigation of the different mixing times by calculating the (absolute) spectral gap =
of the original process, depending of course on . Since the holding probabilities of X are at least %
the spectral gap and the absolute spectral gap of X coincide.

THEOREM 6.1.1. Let A := E(z*(m®) m®)) — E(m®=V) be the depth of the second deepest
valley and v the spectral gap of X. Then

lirgo 3 ln( ) = —A.

This is known for continuous-time processes on compact connected manifolds [31, Theorem 1.14|
and smooth bounded domains in R, n € N, [44, Theorem 2|, as well as for a specific discrete-time
Metropolis-process on a finite state space, where the proposal chain is symmetric and independent of
£ 130, Theorem 2.1]. We use the same technique as HOLLEY & STROOCK in [30] to extend this result
to the perturbed Metropolis-algorithm of our chain and later also for several functionals of X. That
the exponential rate of the spectral gap is given by the depth of the second deepest valley can be
explained heuristically as follows: As [ tends to infinity, the stationary distribution tends to d _ ().
Thus, the crucial time for mixing in the worst case is given by the time needed to enter y (1) ( ),
which again is given by the time needed to leave V=D (m®=1) (and not to leave V=1 (mM)).

(‘
n

Proof: We want to derive a lower bound of v with the variational characterization by the Dirichlet
form. Therefore, let f : S — R be some function with Var,(f) # 0. This variance can be bounded
by

2
Vary(f) = Z <f(8) — Zf(ﬂ”(ﬂ) m(s)

S

2
- Z(Z(f(s)—f(r))wm) "(s) 1)
< ZZ(f(S) — f(r))27r(r)7r(s),

using Jensen’s Inequality. Now let v = (y0,..., ) € ['*(r,s) with k := k(r,s) := |y| be a minimal
path from r to s. Note that, using again Jensen’s Inequality,

(f:az)Q < nfjag

i=1

for every sequence (ay,...,a,) € R", and therefore

k 2
(f(s) = f(r)?*m(r)m(s) = <Zf(%)—f(%_1)> m(r)m(s)

IN

kz F(rim1))? m(r)m(s) (6.2)

m(r)m(s)
(i) A (1)

IN

S| Z (f(vi) = F(im1))? (w () A (i)
i=1
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6.1 MIXING TIME OF THE ORIGINAL CHAIN AND SOME FUNCTIONALS

Since by Lemma 1.1.2,

. R V= E(m®™
m(yi) Am(ie1) = min w(y) > min 5 AB() = E(m™)+2IShs)

L BB (r,s)— Em™)+2|S|s)

= Ee 7
we obtain, again using Lemma 1.1.2,
(r)m(s) e~ BE()—E(m™)=2|S|vs) o, —B(E(s)— E(m™)-2|S|s)
m(vi) Am(vie1) T e PEG ()= E (™) +2iShy)
= |3|e—ﬁ(E(T)+E(S)—E(Z*(Tﬂs))—E(m(“))—GIS\Wa) (6.3)

< max |S|ePEE (rs)=B(r)—E(s)+ Em™)=6|S]5)

The above maximum is attained for r = m® and s = m®~1) or vice versa (in the case of m®™ = m(1),

m®=1 should denote an arbitrary state; in this case A = 0): For E(z*(r,s)) — E(r) — E(s) to be
positive, 7, s ¢ z*(r, s) and thus, for maximization, they have to be in different valleys. Among the
local minima, m®™ and m®~Y provide the highest value.

Furthermore, for E(vy;) > E(v;-1),

m(y) A(yiey) < e PEO)=Em)=2She) A o=BE(-1)~Em™)-2|S]ys)
o BBG)-Em™)=21S]s)
BB G-~ E(m™)421Slv) o~ BE(0)— E(vi—1) +75) 58I s
< S| (yi1)p (i1, 7:)e>17, (6.4)
and analogously for E(v;) < E(vi—1),
T(3) Am(yim1) < IS|m()p(yis ie1)e10e.
Combining Equations (6.1), (6.2), (6.3), and (6.4), we conclude

Vars(f) < 3257 (F(s) = £ wl(r)m(s)

k(r,s

)
N v N2 (1 () A (v ERGLONE
< ZSIZ;IS! 2 (f(vi) = f(vim1))* (m(7i) A(7im1) ) A E D
k(r,s)
<O YD () = (i) ISP A58
s or o g=1
X (1 (Yim)P(vi-1, %) Lm0 > By + TP Yim1) LB <B(vi_1)})
< 2|S[*E(f)ePAIShe),

and therefore, recalling Proposition A.2.1 (d),

Finally,
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6 COMPARISON OF MIXING TIMES

For the upper bound, we have to distinguish two cases, A > 0 and A = 0. If A > 0, define

A = {x e S‘E(z*(m@*l),x)) < E(z*(m(“),x))} .

E(z*(m(n—1)7m(n—1))) — E(m(n—l)) < A—i—E(m(”_l)) _ E(z*(m("),m(“_l))%

(1) and is therefore not empty. Due to a similar equation, namely

A comprises m
E(z*<m(n)7m(n))) — E(m(n)) < E(m(n—l)) < E(z*(m("),m(“_l))),
we see furthermore that m™ ¢ A. Now let z € A, y ¢ A, x ~ y. Then

E(z*(m™ Y 2)) < B (m™,z)) < B m®™,m™D) v EGE (m Y, 5)
= B(z"(m™,mV)),

and thus
E(*(m Y, m™)) < B (m0,y) v B(z*(m™, y))
= BE(z*(m" Y, y))
< Bz (m" Y, x) v B(z*(z,y))
= E(z"(m Y 2) v E@) VvV E(®)
= E(z*(m"™Y,2)) v E(y)
= E(y).

In particular E(z) < E(y). We obtain for the Dirichlet form of f =14

£(14) = 337 (1ae) ~ La@)Pa(hplay) = Y w(@)plev),

THyY Tz€AD Y

and for the variance

2
Vary(14) = Z (ﬂA(ﬂf) —Z]IA(y)W(y)> m(z)
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6.1 MIXING TIME OF THE ORIGINAL CHAIN AND SOME FUNCTIONALS

Therefore, using Equation (6.5),

E(La)
— Varg(1y)
m(z)p(z,y)
Z 7(mM)r(m-1))

IN

z€AFy
3 o BE@)=E(m™)=2|S|ys+(E(y)~E(x)) T —ys—E(m"~ D)+ BE(mM)~2|S|ys)
z€AFy

Z o BEY)—Em=1)=5(S|ys)

z€AFy

< |S[2eBEE" mO=1 m ™)) = B(m=1)=5|S|7s)

IN

IN

|S|2e=A(A—5IShs)
where of course the sum ranges over those = ¢ A 3 y with p(z,y) > 0. This gives the upper bound

1
limsup = In(y) < —A

B—00 B

in the considered case.
If A =0 and the set A from above is empty, define the set

B = {x € S|E(x) = m;}XE(y)} .

Note that m®™ ¢ B and let s € B be arbitrary. In the same manner as above,

E(lp)
Var,(1p)
3 m(z)p(z, y)
A T )(s)
Z o BE(@)=E(m™)=2|S|ys+(E(y)~E(x)) T —v5—E(s)+E(m™)~2|S|ys)
x¢ B3y
< Z e~ BE(Y)—E(s)=5|S|vs)
¢ B>y
< ‘8|2655|3|m’

IN

IN

where again the sum ranges over those ¢ B 3 y with p(z,y) > 0. We conclude the upper bound
i 1
limsup ~In(y) < 0 = A
B—o0

in this case as well. O

We state the results in the following subsections as corollaries of this theorem, not because they
all are straight forward consequences of it, but because the used techniques are basically the same.
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6 COMPARISON OF MIXING TIMES

6.1.2. THE RESTRICTED CHAIN

DEFINITION 6.1.2. Let V = V() (m) be a valley of some order 1 <4 < n around some metastable
m € SO\N . Then the restricted chain X |v is a Markov chain on V' with transition probabilities

ey = JP@y), zFy
p|V( 7y) {p(x,x) + ZZ¢VP($7 Z)7 r=y

for z,y e V.

In the same manner as for S (in Subsection 1.2.1), we identify the local minima mg/l),..., mge) inV,

ordered by increasing stability, and the depth Ay := E(z*(mgffl), mgf))) - E(mgfl)) of the second
deepest (sub-)valley in V.

COROLLARY 6.1.3. Let V. = V@O (m) by a valley of some order 1 < i < n around some metastable
m € S(i)\N(i) and m%}),...,mg) the local minima in 'V, ordered by increasing stability. Let vy be
the spectral gap of Xy and Ay := E(z*(mgf_l), mgf))) - E(mgf_l)) the depth of the second deepest
(sub-)valley. Then

lim ;ln('yv) = —Ay.

B—o0

This statement is a direct consequence of Theorem 6.1.1, as the restricted chain acts on V in the
same way as X acts on §. In virtue of this corollary, the restricted chains mix exponentially faster
than the original one, for the subvalleys are always less deep than the second deepest valley, that is,
Ay < A for every valley of order i < n. This is another definition of metastability (see [45]) since it
entails a slow motion between the subsets compared to the motion within these subsets. Mimicking
the proof from above, we see that for Ay > 0

3 m(@)p(z,y) _ S Ao 21 (B B )

r¢ Ay W(m(k_l)) - r¢Ady
< Z o BE@)VE(y)—E(m*=1)=3|S|ys)
¢ Ady
_ Z e—B(E(z*(m(’ﬁl),m(k)))—E(m(’“*1))—3\3|75) (6.6)
¢ Ady

< |V|2€—5(Av—3|5\%8)’

with
A = {x e V‘E(z*(m(k_l),x)) < E(z*(m(k),x))} .

We will use this later.

6.1.3. MIXING TO QUASI-STATIONARITY

The above corollary, most notably Equation (6.6), entails the following result on the convergence
rate towards the quasi-stationary distribution on a valley V. As in Section 2.3, we denote the
quasi-stationary distribution by v and the second larges eigenvalue of (p(z,y))zyev by A(V).

COROLLARY 6.1.4. Let V =V ® (m) be a valley of some order 1 < i < n around some metastable
m € SO\NO with E(s;,) — E(m’) > Ay > 0 for the second most stable minimum m' in'V (after
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6.1 MIXING TIME OF THE ORIGINAL CHAIN AND SOME FUNCTIONALS

m). Let |Xo(V')| be the modulus of the (in terms of moduli) second largest eigenvalue of (p(x,y))zyev
and k the highest multiplicity of all eigenvalues with modulus equal to |Ao(V')|. Then

1
1 n
lim —In (1 — lim (maXdTV(P§”<°>",y)> ) = —Ay.

B—oo B n—oo \ zeV

1
As v =1—lim, .0 (maxxes drv (Pf", 7r)) 7 this is the analog of the previous result. It reveals

that, when comparing with the restricted chain, the draining of mass does not affect the rate of
convergence against the quasi-stationary distribution whenever E(s;,) — E(m') > Ay. We will see
in the proof that this assumption causes the draining to be of a sufficiently small rate.

Proof: In [17, Section 4], DARROCH & SENETA argue that for every initial distribution u, z € V' and

noree Pu(Xn =2lG >n) = v(z)+0O <nk_1 (’1‘2((‘2))”) |

Therefore, for every z € V,

and

1
m i Xalo>n )" ) = i 2 A2(V))]
AR (“J:H;O (maparve29>00)" ) = i g (1- 5,

if the limit exists. The rest of the proof is dedicated to the estimation of the ratio and the deter-
mination of the limit. The proof is rather long but based on a simple idea: For the lower bound,
we use the Courant-Fischer-Theorem (see e.g. Theorem 4.2.12 in [32]), whereas for the upper bound
we mimic the characterization of the second largest eigenvalue of an ergodic, reversible Markovian
transition matrix by its Dirichlet form. We will end up with the left-hand side of Equation (6.6).

Let @ := (p(x,y))zyev and d be a right eigenfunction of @ to the eigenvalue A(V') > [A2(V)|. By
the Perron-Frobenius Theorem ([57, Theorem 1.1], original from 1912 in [25]), all entries of d are
strictly positive, and we further assume Y, d(z)?m(z) = 1. Then define D := diag(r(z),z € V)
and

A = DYPQDIV?, a(wy) = w(x)2p(a,y)n(y)2, zyeV.

From the reversibility of (P, ) we obtain

m(z)p(z,y)  w(y)ply, )

Ty @)

a(:c,y) =

that is A is symmetric. Due to the spectral theorem for symmetric matrices (see for example [11, Ch.
7.6, Corollary 5]), all eigenvalues (A;)1<;j<|v| are real and there is an orthonormal basis (¢;)1<;j<|v|
of (RM, (-, >) given by the eigenfunctions of A. As

A(DY*d) = DY?Qd = MV)(DY?*d), and (DY?d,DY?d) = > r(x)d(z)* = 1,

xT

we fix ¢1 = D,lr/2d and A\ = A(V). On the other hand, with f; :=d = D;1/2¢1 and f; := D;lﬂqu
for j > 2, we have

Qfi = (DF'PAD)(D;V2)) = DIVPAg; = DIVPN¢; = Ay,
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6 COMPARISON OF MIXING TIMES

Therefore, (f;)1<;<|v| are eigenfunctions of @ to the eigenvalues (\;)i<;<|v|- In particular, Ay(V) =
Ao is real. As P is lazy, that is, p(x,z) > 1 for every x € S, (2QQ — I) is substochastic and still
aperiodic. Hence, all eigenvalues of () = 1[ + (2Q I) are nonnegative and Ao > \; for every j > 2.

For the lower bound, by the Courant- Flscher Theorem [32, Theorem 4.2.12],

Ay = min , Ay).
zeRIVI o;«syeRlVl,ylw lull= 1<y d

But A = DY*QD;""* = DY*(P\y — (I — D))D:"? with D = diag(p(z,V),z € V), and 7y =
m/m(V') is the stationary distribution of Xy,. Therefore,

(v, Ay) = (y, D" Py D '/? >—<y,D3/2(I—D)D;1/2y>

7'("\/ 7'("\/
1/2 1/2
S <y7D7T‘/VP‘ ‘Dﬂ"v/ >

In the same manner as before, it can be shown that D,lrl/gPWD,er/ is symmetric with the same

eigenvalues as Py, which are positive and the second largest of which is given by 1 — ;.. Therefore,

Ay = 1min max (y, Ay)
z€RIVI 0£yeRIV]y La,||y|=1
< min max {y, D}r‘/‘g \VDW‘%,/Q ) (6.7)

zeRIVI 0£yeRIV]y La,||y[|=1

= 1=y
_ o BAvo(1)

as 3 — oo.
For the upper bound, define a scalar product (-,-); on RV by

= Y f@)g(a)n(a)

zeV

With respect to this scalar product, the eigenfunctions ( fj)lgjg\w are orthonormal, for

zg - <¢27¢j> - <D71r/2fl7D}r/2f]> = <fi7fj>7r

for every 1 <i,j < [V|]. Furthermore, since (¢;)i<j<|v| is a basis, so is (fj)i1<j<j|- Now we define
the Dirichlet form of (@, ), though 7 is not stationary for ). For any function f: V — R let

Solf) = 5 3 (F@) ~ fu) r(@ala,)

z,yeV

= 2| X r@raepey + Y fwlrepey) | - X i@ @@ y)

z,yeV z,yeV z,yeVv

= > f@)Pa@)p@, V) = Y f@)(Qf)(@)r(x)

zeV zeV

<fan>7r_<fan>7r
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6.1 MIXING TIME OF THE ORIGINAL CHAIN AND SOME FUNCTIONALS

In particular, for f = Z‘j‘ﬁl a;fj, a; € R, 1 < j <|V|, with (f, fi)r =0 (that is a; = 0), this yields

EQ(f) = <f)Df>7r_<f7Qf>7r

Vi

= (f,Df)x Z% (f,Qf)n

IVI
(f,Df)x Zag {f, i) (6.8)
IVI
(f,Df), Za2)\
V]
> (f,Df)x =) _d}
j=2

= <f7Df>7T_)\2<f7f>ﬂ"
Let as before f := 1 4 with

A = {xGV!E(z*(m%f_l),x))<E( (mgf),x))}

(1) (k) (k—1)

Again, my,’,...,my,” are the local minima in V, ordered by increasing stability. Note that m,, €
A, mgf) ¢ A> for Ay > 0. Since (f, fi)x # 0 in general, define
_ f _ <fa f1>7r
<1a f1>7r7
which satisfies
<f7 fl)ﬂ'
g7f17r - f7f1 T 1,f17r = 0.
{9, 1) {(fs fi)m =« ><17f1>7r

Equation (6.8) applied to f resp. g yields

Eq(f) = &q(g9) = (9,Dg)r — A2(9,9)x

or, equivalently,

Elf) o 4 {99

(9, Dg)r — (9. Dg)x

A simple calculation shows that

e = rtten) (1= (752)) + 3 s (G55)

eV\A
. 0=\, (L))
(w(A) A7 (VAA)) minp(z, V) <<1— <17f1>7r> * <<1,f1>7r> )

v

(m(4) Am(V\A)) min p(z, v)é

i (m(vk_l)) o (m(vk)» mingey p(z, V)

2
k—1 IninmEV p($7 ! )
= T (m‘(r )> B —

Y

v
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6 COMPARISON OF MIXING TIMES

Here we used the fact that (1—z)*+22 =2 (3 — a:)2 + 5 > 1 forany x € [0,1], and that f; is strictly
positive, which yields (f, fi)r = > ca J1(@)m(x) < > oy fi(z)m(x) = (1, f1)x. Now we conclude
that min,gey p(z, V) tends to 1 as 3 tends to infinity, so that, using Equation (6.6),

L 9.9)x Eq(f)
! /\2<g,Dg>w = (9, Dg)r

< -m (6.9)
m(z)p(z, y)
= 4m£yﬂ (mpgc_lz)/)

IN

4|V|26—5(Av—3|5\%3)_

We further infer

2 2 7 (mV =1
e = (- Gif) e () 2 T

and, using g(z) € [—1,1], for (f, fi)x < (1, fi)x,

(9. Dg)x = (9,9)x — (9. (I — D)g)x
= (9, 9)x — Y, g(a)’m(z)p(x, NV

xedV

> (9,9)r — Z W(:U)p(x,N(i))
xedV

> (g > > e PE@-BmO)HEQ)-EE) o)
mE@VyeN(i)nyx

> (g, g) — e PE(sm)=Em)+o(1))

since E(y) V E(z) = E(y) > E(sy,) for every z € 9V, y € 9TV with 2 ~ y. A combination of both
estimates yields

(9.Dg)r | e PEEm B voV)

(9, 9)x m(m*=1)
> 1 — 9= BB(sm)=B(m™)=E(m*=1)+ E(m(™)+o(1)) (6.10)

— 1 _ o BE(sm)—Em*)+o(1))
Via Insertion of Equation (6.10) in Equation (6.9) we obtain

A2

v

(1 _ e*ﬁ(AerO(l))) (1 _ e—ﬁ(E(smrE(m“ﬂ-U>+o(1>>)

— 1 _ ¢ BAv+o(1)) (1 — ¢ BE(sm)=Bm*E=D)to(1)) | e—ﬁ(E(Sm)—E(m(k‘1>)—Av+0(1)))
= 1 — e PAvHe)(1 4 (1)),

as by assumption Ay < E(s,,) — E(m(* 1), Together with Equation (6.7) we infer

Ao = 1— e PV (1 4 (1)).
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Using now that A(V) = 1 — e~ AEEm)=E(m)+o()) by Proposition 2.3.3, this yields

A2 (V) 1_ 1 — e=BAv+e) (1 4 o(1))
A(V) 1 — e—B(E(sm)—E(m)+o(1))
(1+ o(l))e—ﬁ(Av+o(1)) o= B(E(sm)—E(m)+o(1))
1 = e~ BEGm) - Emo(D)
o—B(By+o(1)) (L +0(1)) — e—B(E(sm)—E(m)—Av+o(1))
1 — e B(E(sm)—E(m)+o(1)) ;

and therefore, as asserted,

1
1 n
lim Eln (1 — lim (maxdTV(IP’§"CO>”,I/)> )

proo n—oo \ zeV
im P\z(V)\>
= lim —In(1-
—B(E(sm)—E(m)—Ay+o
= lim l1n e~ B(Av+o(1)) (14 o(1)) — e~ AE(sm)=E(m)=Ay+o(1))
= —Ay
since E(sp) — E(m) > E(sy,) — E(m®*~Y) > Ay by assumption. )

6.1.4. THE HiT CHAIN

Another interesting process derived from X is the hit chain on S, which will be used later for the
comparison of the mixing times of X and Y.

DEFINITION 6.1.5. The hit chain Z on S has the transition matrix

psiy(m,m') = P (X =m'), m,m eS8,

Ts(i)

Recall that by definition 74 > 1. Due to holding probabilities of at least %, the absolute spectral
gap and the spectral gap coincide for Z as well. We will prove that the asymptotic behavior of the
convergence rate as a function of 3 is the same for Z and X. This indicates that the relaxation time
of X is dominated by the mass-transport between valleys, given by the AC, and not within valleys.

COROLLARY 6.1.6. Let A be defined as in Theorem 6.1.1, satisfying A > 0, and denote the spectral
gap of Z by ~*. Then

L7y
ﬁll_)n;ogln(’y ) = —A.

As already mentioned, the denotation as a corollary is justified by being proved basically with the
same argument as Theorem 6.1.1.

Proof: First, we cite Lemma A.2.4 to see that mgq) = (7(x)/m(SW)),cs0) is reversible for Z and
that ¥4 > ~. Thus,
1 —
liminf = In(y%) > —A.

B—o0

Using the same argument as before, define

A = {m € SVIE(z*(m™ Y, m)) < E(Z*(m(n)’m))}'
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6 COMPARISON OF MIXING TIMES

Then m®=1 € A, m(™ ¢ A. Now let m € A, n € S\ A and note that

E(mM Y m)) < EE*m™,m)) < B m®™,mMD) v B (m® Y, m))
= E(z*(m™,my).

Thus,

E(z*(m® D mM)) < B*m™ Y n)) v EG (m™,n) = E(z*(m" Y, n))
< E(z*(m™ Y m)) Vv E(z*(m,n)) = E(z*(m,n)), (6.11)

and E(m) < E(z*(m™ Y m)) < E(z*(m™, m"1)) < E(z*(m,n)). We conclude that m ¢
z*(m,n) and therefore, for this choice of m and n,

psi(m,n) = Pm(XTS(i) =n) < Pp(m <7m)
< e BEE"(mn))—E(m)+o(1))
< o BEE MY mM))—E(m)+o(1))
In the by now familiar manner,
7 < Esi(La)
Varz (1)
< Z T (M)psa (m, n)
 meagn TS® (m™M)m g (mt=1)
< Z m(m)psa (m, n)
B meAFIn W(m(“))ﬂ'(m(“*l))
< Z o BEmM)—E(m™M)+E(z* (m"=1 m™))~E(m)—E(m®~D)+E(m™)+o(1))
meAFn
< Z o BEE* (m=D,m))—E(m(*= ) +o0(1))
meAFn

< ‘8|267ﬁ(A+0(1))7

from which we conclude

1 —
limsup = In(v?) < —A,
B—o0 B

and thus, together with the lower bound, the assertion. O

6.1.5. A MARKOVIAN MACROSCOPIC PROCESS

As a last functional, we regard the Markov chain given by the transition probabilities of the AC
in the stationary regime, and show that it mixes asymptotically with the same rate as X, too. In
addition to the previous subsections, this is another indication for Y describing the long-range part
of X in an appropriate way.

COROLLARY 6.1.7. Let A as defined in Theorem 6.1.1 be positive and 1 < i < n some fized
aggregation level. Write V(m) := V@ (m) for every m € S®. Let

1
g(m,n) = =V (m)) Z Z m(2)p(z,y)

z€V(m) yeV(n)
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be the transition probabilities of the AC in the stationary regime with spectral gap vq. Then (Q,T)
with 7(+) :== w(V (-)) is a reversible pair and

lim Eln(’yQ) = —A.

B—r00

Proof: The reversibility is a consequence of the obvious symmetry of - cy () ZyEV(n) 7(x)p(z,y)
in m and n. For the second assertion, let f : S — R be some function Wthh is constant on every

V(m), m € S®, and &g the Dirichlet form with respect to (Q, 7). Then

E(f) = Y (f(m) = f(n))*T(m)q(m,n)

m#n
= D> (fm)=fm)?* > > w(@)plzy
m#n zeV(m)yeV(n)

= > > > U (y))*m(x)p(z, y)

m#n zeV(m) yeV(n)

= &(f)
and
2
Varz(f) == > f(m)—Zf(n)Tr(n)> 7(m)
2
= " fm)*w(m) - (Z f<n>w<n>>
2
= 3 f)m(a) - (Z f<x>w<x>>
zeS zeS
= Vary(f)
Therefore,
. &) _ e ED)
@ £:80 SR Var=(f)20 Varz(f) £:80 SR Vare ()20 Vary(f)
> in &
T fi8oRVara(£)£0 Varg(f)
=7
and )
liﬁrggfgln(m) > ILH;OBIH( v) = —A.

Furthermore, define again
A= {m € SDIB(*(m™, m)) < B(z*(m™, m))} .

We know already by Equation (6.11) that E(z*(m™=D, m®)) < E(z*(m,n)) form € A, n € SO\ A.
In addition, if g(m,n) > 0, then at least one of the two states is non-assigned and by Lemma 1.3.10,

E(z"(m,n)) = E(m)V E(n) < E(x) V E(y)
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6 COMPARISON OF MIXING TIMES

for every two states 2 € VW (m) and y € V¥ (n). We obtain

E(1La)
< _Z\7A)
e = Varz(1,)
m(m)g(m, n)
< X
- T N7 (m=1)
meAFn ﬂ(m(“ )ﬂ.(m " )
p(z,y)
OPNPErCE
meAPnzeV(m)yeV(n
Y—E(mM)+(E(y)—E(x))T—Em® D)+ Em)+0(1))
< Z Z Z (y)—E(x)) )+E(m™)+o(1)
meAFnzeV(m)yeV(n)
m,n Em®=1)40(1
< Z Z Z z"(m,n))—E( )+o(1))

meAFnzeV(m)yeV(n)
< |S[2emBEG () anl®)) =B ) o(1)

S [2e— (A +o(1)

)

where the sum of course ranges over those n ¢ A > m with g(m,n) > 0. This proves

1
limsupgln(vQ) < —A

[B—00

and thus, together with the lower bound, the assertion. ]

6.2. THE GENERAL PROBLEM

The basic idea for the derivation of a relation between the mixing times of X and Y (the precise
definition of the mixing time of Y is given below) is to study the hit chain Z on S and its embedded
jump chain Z: As we can relate the spectral gaps of X and Z as well as the mixing times of Y and
Z due to the fact that both chains converge to the same Markov chain, it remains to compare the
mixing times or gaps of Z and Z. This is a special case of the following

GENERAL PROBLEM: Given a finite Markov chain and a decelerated version of it (for the exact
definition see below), are there relations between the two associated mixing times?

In the literature, there are some results on comparisons of Markov chains in terms of their spectral
gaps, most notably by DIACONIS & SALOFF-COSTE in [20] and [21]. We can use them in the case
where the decelerated version is again Markovian to obtain catchy relations between the spectral
gaps. We will also study this natural problem in the case where the slowed version is only semi-
Markovian. The final outcome will be formulas for the mixing time of Y in terms of the mixing time
of X in Section 6.5.

DEFINITION 6.2.1. Let M be an irreducible finite Markov chain with transition matrix P. With
the jump epochs og = 0 and 0,41 := inf{k > 0,| My # Mj_1}, n > 0, we define the embedded jump
chain M of M by M, := M,,, n > 0.

The embedded jump chain is again Markovian with transition matrix P given by

) = P a) play) = 28Ny,

= 1—p(x, )
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6.3 MARKOVIAN DECELERATED CHAINS

and p(x,z) = 0, that is,

o 1 5 p(z,z)
P = dlag(l—p(a;,x)’x68>P dzag(l_p(x’x),xG‘S’).

Conversely, given a finite Markov chain M with transition matrix P and a sequence of sojourn
times (7},)n>0 on Nsg, we can define a decelerated version: M visits the same states as M but stays
in the k-th state for T} time units, k£ > 0.

DEFINITION 6.2.2. Let M be an irreducible finite Markov chain on § with transition matrix P and
(T)n>0 a sequence of random variables on Nsg. We define the (by (T},)n>0) decelerated version M
of M as the random process given by

n
M, = ZMk]l{ToJr...Jer,l§n<To+...+Tk}~
k=0
Let Geo(p) be the geometric distribution on N+ with parameter p € [0, 1]. Due to the memoryless
property of this distribution, the decelerated process is Markovian if

P((Th)nso € -|M) = [[P(Tn €M) = [] Geo(1 - pu,)
n>0 n>0

for some (ps)zes € [0,1]°. Note that in particular the different sojourn times at a given state x are
independent and identically distributed whenever this state is reached by M. Thus, in the Markovian
case it suffices to specify those geometric distributions as (7})zes. The transition matrix P of M is
then given by

p(x,z) = P(T, > 1)+ P(l T = 1)p(37,33) = pz + (1 —pa)p(z, 2), (6.12)

1)
To(x,y) - p(.’E,y P(T:c = ) - p(xay)(l_pz)7 .I';éy,
that is

P = diag(1 —py,x € S)P + diag (pz,x € S).

For Markov chains M and M with p(x,z) = 0 for every 2 € S we have: M is the embedded jump
chain of M if and only if M is a decelerated chain of M. Of course, M can have more than one
decelerated Markov chain (by varying the holding parameters (p;).ecs), as well as different Markov
chains can have the same embedded jump chain.

6.3. MARKOVIAN DECELERATED CHAINS

In this section, we focus on the case where M is a Markovian decelerated version of a finite Markov
chain M. Before we give first statements on relations between the spectral gaps of a M and M, we
want to illustrate why deceleration not always increases the mixing time as one would expect at first
glance.

EXAMPLE 6.3.1. Let M be a random walk on a complete graph without loops on n > 3 vertices
and M a decelerated version with geometric sojourn times such that M is the random walk with
loops and probability p € (0, 1) to stay put in any vertex. Let

n—1

-
-

_1

n—1

o . L —

P = n_ . n:_l resp. P = pI+ (1—-p)P

|

‘H
‘H
o
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|
1
1P

s}
3=

Figure 6.1.: Plot of the second largest eigenvalue (in modulus) of the decelerated transition matrix
P in Example 6.3.1 as a function of the holding probability p.

be the transition matrices of M resp. M. Then

v =

(o 1
B P R |

= —1
Un—1 <n—1’ "n—1’ ’n—1>

are left eigenvectors of P to the eigenvalue n;—ll Furthermore, they are linearly independent, which
can be seen by an inductive argument (see Lemma A.3.1 in the Appendix). In particular, A = n_—_ll

is an (n — 1)-fold eigenvalue. Another eigenvector is given by v, = (1,...,1) with eigenvalue 1. Thus,
)\* — 1

n—1-
Since P = pI + (1 — p)P, every eigenvector of P with eigenvalue X is also an eigenvector of P with
eigenvalue p + A\(1 — p). Therefore, the set of eigenvalues of P is given by {1,p — %} with

—_
—_
[

_ 1— np — 1
A*:'p_ p':|p |

n—1 n—1"

Depending on the sojourn distribution, that is, on p, the absolute value of the second largest eigen-
value thus can be both: arbitrarily close to 1 as well as to 0. It is not even monotone in p, see Figure
6.1. In fact, in the case p = %, the transition matrix is given by

3=
S|=

?::'..57

1
n

Sl= -

which equilibrates within one step. The crux in this example is that A9 is negative and the absolute
value of the average p-1+ (1 — p) - Ag is less than |A2] when choosing p properly.

PROPOSITION 6.3.2. Let M and M be two finite Markov chains satisfying (6.12) (for evample M
is the embedded jump chain of M ).

(a) 7 is stationary for M < (7(2))ges = (&7 (z)(1 —px))xes is stationary for M, where N :=
Y. T(x)(1 = py) is the normalization constant.

(b) M is reversible with respect to ™ < M is reversible with respect to .
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6.3 MARKOVIAN DECELERATED CHAINS

(c¢) If both chains are reversible with respect to T reps. m, then

v <

Y . _
= — < < — e —
min(l —pg)y < 7 < max(l —pg)y i, E(T,) =

max, E(T;) x =

Proof: The proof of the reversibility and stationarity just requires an easy calculation. For every

r#y,

w(@)p(z,y) — w(x)(]lv —pm)z;(f,;/j _ W(l‘)%x,y).

We infer that the left-hand side is symmetric in « and y if and only if the right-hand side is symmetric.
Furthermore, for every y,

N> w@)pla,y) = Y 7 (@)@, y) + 7)1 - py)py, v)
P ay

= Y w(@)p(x,y) + 7 () By, y) — py)
TH#Y

— Zf(x)ﬁ(w, y) — T(y)py-

xT

Therefore,
Y ow@ple,y) = wy) < Y F(@)p(x,y) -7 (y)py = 7)1 -py)
& > m@)pa,y) = 7(y).

For part (c) let £ and &£ be the Dirichlet forms of M and M. Then we obtain for every f:S — R

E(f) = ;%(f@)—f(y))%(x)p(:c,y) = Qﬁvgﬂm—ﬂy))%(w)p(m,y) = SED.

Thus, with Lemma A.2.3, we obtain

_ 1 N7w(z) 1
— max —— = max
TN F@ A=) P .

7

and, using NE(f) = E(f) for every f and the same lemma,

#2)(1 - py
7y < ngva = mgx(l—px)’y.

We note the following special case:

COROLLARY 6.3.3. Let M and M be two reversible finite Markov chains satisfying (6.12) and
pe = p for every x € S. Then

(I—=py = 7.
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6 COMPARISON OF MIXING TIMES

Hence, the deceleration of a reversible finite Markov chain to a Markov chain by independent geo-
metric sojourn times (T}),cs decreases the spectral gap, in fact by at most the factor (max, E(T})) ™"
and at least the factor (min, E(7})) . This result would be even more satisfactory, if it held for
the relaxation times as well. But unfortunately, all statements above are made for the spectral gap
(or equivalently for A\2), and do not generally hold for the absolute spectral gap (or equivalently A,)
which defines the relaxation and mixing time. Moreover, the ergodicity (in particular the aperiodic-
ity) of M carries not necessarily over to M. On the other hand, if p(x,z) > % for every x € S, we
obtain results for the absolute spectral gap without additional work.

THEOREM 6.3.4. Let M and M be two reversible finite Markov chains satisfying (6.12) with
p(z,x) > % for every x € S. Then
min(l —pz) e < 7, (6.13)

If additionally p(x,x) > % for every x € S, then

Vo < max(l—pg)n < %

Proof: These bounds follow directly from Proposition 6.3.2 by observing v, =1 -, <1—X2 =y in
1

general, and vy, = 7 if min, p(z,z) > 5 as well as 7, = 7 if min, p(z, z) > % (Proposition A.2.1). O
REMARK 6.3.5. (a) Obviously, the above theorem provides also a statement for two different decel-
erated Markovian versions of the same reversible finite Markov chain M: Let (T,)zes and (Sg)zes
be to two different families of waiting times with T, <y S, for every = € S, that is, pL < p2 for

every x € §. Denote the two decelerated versions by M° and MT, and
P —pr px 1-p; . E(T)

= =1- = .
P 1 _pz 1 _pg ]E(Sz)

The transition probabilities satisfy
T Py — Dy pe—pr\ (1 T

pe+ (1 =p)p (z,0) = — + (12— ) (mp + (1 —p;)p(z, 7))
1 _p:p
= (0} —pr) (1 =plz,2)) +pi (1 = p(z, 2)) + p(z, )
= py (1= p(z,2)) + p(x, 2)
= i + (1 —pd)p(x, z)
= 7°(z,2)

—pr — (1 —pD)p(z,2)) + pi + (1 —pl)p(x, z)

for every x € S, and

- ) = (1-E22E) (- pen) = (1=pdhple) = Plo)

for x # y. Thus, M is a decelerated version of M. . If pl(z,x) > % and p°(z,z) > % for every
r € S, then

, E(T})
ingrgyte = min(l—p)y < 0 < max(l-pe)y = maxgenas < %

As the two decelerated chains are ergodic due to the positive holding probabilities, this yields that
—T . =95
M~ mixes faster than M.
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6.3 MARKOVIAN DECELERATED CHAINS

(b) In the special case where p, = p for every x, Equation (6.13) (even without assuming holding
probabilities of at least 1/2) is also a consequence of the convexity of A\, = A,(P) as a function of P,
giving the second largest eigenvalue in terms of moduli (see [14]). Namely,

A = M@ =pP+pI) < 1-pA(P)+p = (1—pA+p
= F,=1-A>1-(1-ph-p = (1-pA-X\) = (1-p)n

The assumption on M having holding probabilities of at least 0.5 is way more restrictive than
the same assumption for M because it completely rules out the case where M is the embedded
jump chain. The main problem with bounding =, from below by 7, without this assumption is the
possibility of P having negative eigenvalues and A, = |\,|. This can stand in any relation to A,
for example given by (1 — p)A\2 + p in the special case p, = p > 0.5. With a trick, we can handle
this problem by passing over to the (2n)th product P?" for an appropriate n. This squared matrix
has only positive eigenvalues so that the absolute spectral gap equals the spectral gap, which in turn
can be related to the spectral gap of P via Dirichlet forms. This relation can be pulled back to the
original absolute spectral gap.

LEMMA 6.3.6. Let M be the embedded jump chain of a reversible, ergodic finite Markov chain M
with stationary distribution T and p(z,x) = p > % for every x € §. Furthermore, let n be the well
defined natural number

n := min {m e N|p®™ (z,y) > 0 for every & # y with p(z,y) > O}
and denote by E2™) the Dirichlet form of P2*. Then

1 (2n)
N min P (:U,y)f*'

2n(1 = p) aypey)>0 p(x,y)

Proof: In order to determine the Dirichlet form 2™, we have to identify the associated stationary

distribution. Obviously, if (P,7) is a reversible pair, so is (P,7), by Proposition 6.3.2, and therefore
also (P?", 7). Proceeding to the Dirichlet forms, define the system parameter

(2n)
C = min pi(x, y)
ayp(zy)>0  p(T,y)

)

which is positive due to the finiteness of S and the positivity of p(2%) (x,y) for all x # y with
p(x,y) > 0. With this, the Dirichlet form £2") can be bounded via

M) = 3 3(F(@) — F)PR@pt (@, )
TH£Y

1 - P (z, y)
S ). (f@) = f@)* 7 (2)p(x,y)
2 s (1 =p)p(z,y) (6.14)

1 P C
9 ;y(f(l") - f(y))QW(JU)p(%?/)ﬂ

= €N,

for any f:S — R. Thus, as before,

v

Y

n n C _ c _
79)2’7(2)2 v = Ve
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6 COMPARISON OF MIXING TIMES

since P?" and P have only positive eigenvalues. It remains to relate 7£2n) to 4. For this we use the

fact that /\izn) = A2"_and therefore

1— A\ 1 (2n) C
’Y*—l—/\*—mZ%% > —

O]

Using Remark 6.3.5 (a), we can extend Lemma 6.3.6 to a Markov chain M and its embedded
jump chain M, where p(x, z) is not constant. We will reduce this problem to the just solved one by

comparing M with a decelerated version M of M with constant holding probabilities p < min, p(z, x).

THEOREM 6.3.7. Let M be the embedded jump chain of a reversible finite chain M with stationary
distribution 7™ and p(x,x) > % for every x € §. Furthermore, define

n := min {m e N[p®™) (z,4) > 0 for every x # y with p(x,y) > 0} ,

(2n)
C o omm  P(@y)
a#yp(zy)>0  p(x,y)

and let £ be the Dirichlet form of P2™ . Then, with p := min, p(z,x) > %, it holds true that

C
Ve 2

Proof: Let M be the decelerated version of M with holding probabilities p and 7, its absolute spectral
gap. Then, by Lemma 6.3.6,

c

> —7,. 6.15
With a look at the holding probabilities, we see that p < p(x, x) for every x, which ensures according
to Remark 6.3.5 (a) that 7, > 7,. This leads in combination with (6.15) to

C

> 7.
T )

O
The inequality may be strict when the constant C' in the above theorem is too small. This is the

case in Example 6.3.1 with n = 3 and p = % There, 7 =1 — A\ = %, No=1—)\ = % and C' = %,
min {m € N|p(m)

—~

z,y) > 0 for every @ # y with p(z,y) > 0} = 1. In this case Theorem 6.3.7 only
1

3 .3_3
21 8"

v

ensures (l :) Ix

2 4

N[

6.4. SEMI-MARKOVIAN DECELERATED CHAINS

In this section, we study decelerated versions M7 := M not necessarily Markovian but still semi-
Markovian (compare Definition 3.2.1). Note that here (unlike Definition 3.2.1) T, is not the sojourn
time in the state M,,_; but in M,. Hence, we assume the sojourn times to be still conditionally
independent given M and T, to depend on M only via M, and M, .
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6.4 SEMI-MARKOVIAN DECELERATED CHAINS

6.4.1. INDEPENDENT SOJOURN TIMES

Since the above concepts lose their applicability, we start from scratch in the special case of sojourn
times being independent of M, i.e. (1y)n>0 is a family of i.i.d. random variables. We launch this
subsection by verifying that with M also M7 has a stationary distribution to which it converges in
total variation whenever [ETy < oo. To this end we bound the total variation in terms of the tails of
the number of jumps up to time n.

DEFINITION 6.4.1. For a family (7},),>0 of random variables on N+, define for any n > 0
NT(n) = inf{k >0/To+ ...+ T >n} = sup{k >0|To+ ... + Tp_1 <n}, supd = 0.

If MT := M is a by (T},)n>0 decelerated version of a finite Markov chain M, than N7T(n) is the
number of jumps of MT up to time n.

Although M7 is not Markovian, we are able to define a mixing time with respect to the limiting
distribution 7 by
MT . M
Toix (€) = inf{n > 0|supdpy (P * ,7) < e for every k > n}, &> 0.
€T
LEMMA 6.4.2. Let M be an ergodic finite Markov chain with respect to w, M™ a decelerated version

with i.i.d. sojourn times independent of M, and N (n) the number of jumps of M™ up to timen > 0.
Then 7 is also stationary for M and

(a) maXdTv(]P’iV[*?,w) < maxdpy (PY%, 1) + P, (NT(n) < K) for every 0 < K < n.
xT €T

(b) Tk

mix

(e) for every e > 0 if E(Tp) < oc.

mix

(2) < I[*3(€To)7_M

Proof: First, we note that, by the assumed independence, the n-step transition probabilities of M7
are given by

Pp (M) =y) = Y Pp(My=y,N'(n)=k) = Y Po(Mp=y)P(N"(n)=k). (6.16)
k=0 k=0

Pr (M) =y) = > w(@)Py (M) =y) = Y > w(@)P, (M =y)P(N"(n)=k) = =(y),

T z k=0

and thus, the stationarity of .
(a) With this characterization of the transition probabilities, we observe

max dTv(]P)iV[E,T(‘) = max % Z \IP’;D(ME =y) — W(y)’
= mg?x%z > Po(My = y)P(NT(n) = k) — 7(y)
Yy k=0
= max o 37|30 B (M = ) — () BN () = B)
Yy k=0

IA
<5
"

I
=
87
S

|
N

|
2
E
=
=
3
=

I
=
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6 COMPARISON OF MIXING TIMES

Finally noting that, for every n > 0,
dTV(Piwn*—luﬂ_) S dTV(]P);]gwn7 71'),

we infer
max dry (PM7 1) < P(NT(n) < K) + max dpy (PM< )

for every K < n.
(b) In particular, for K = 7 (¢) < n we find
E<T0+.--+TTM 7) M
7Y Tl
n

)

MNWM<K):P@hk”+ﬂM

mix

(e)-1~ ") =

which is less than or equal to some ¢ € (0, 1], if

Thus, for such n,

MM (o

max dry (PMe 1) < P(NT(n) < 7M_(¢)) + max dpy (By ™ 1) < 2e,
xX xX

which finishes the proof. O

In particular, this proves that the total variation of Pi\/[g and 7 vanishes as n goes to co. This
first bound is yet very rough and we can give a better one making use of the coupling method. For
the existence of a maximal coupling of two random processes X and Y with dTV(IP’f",]P’;/") — 0
as n — oo see |27, Theorem 3.3] or [28, Theorem 4|. If a maximal coupling is given by a bivariate
process (X!, X?2), then its coupling time is defined as

inf {n > 0|X]} = X2 for every m > n}.

PROPOSITION 6.4.3. Let M be a reversible, ergodic finite Markov chain with respect to w and
MT o decelerated version with i.i.d. sojourn times independent of M. Then, for every x € S,
there exists a mazimal coupling of PM and 7% with coupling time T, éi( M) Every coupling time
T&M%max, x €S8, has a finite second moment and

,max’

MT E(To) (_u z 2
Tmix (5) < c (Tmix(g) + Ina‘(ch \/EE(TC(M),maX) )

for every e > 0.

Note that

Tnj‘ﬁx(e) + max \/EE(Tg‘(M),max)Q = TA{X(E) +o(1)
as ¢ — 0.

Proof: Since M is ergodic, A, is bounded away from 1. Therefore, there exists € > 0 with A, +¢ < 1
and N € N such that

xe

<ma§( dpy (PMn, 7T)> < Ate
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6.4 SEMI-MARKOVIAN DECELERATED CHAINS

for every n > N. This further implies

E((Tg‘(M),max)Q) = Z(Qn + 1)P(Tg‘(M),rnax > TL)
n>0

= _(@n+ Ddry (PY, )

n>0
N-1

< > @n+ Ddry (PY )+ > 2n+1)(A +2)"
n=0 n>N

< o0

by the generalized ratio test. For the decelerated process, the bound
dry (P, 7) < P(TEr) > 1)

holds true for every coupling of P} " and 7 with coupling time Tg( MT): We choose the following
one: the waiting times of the two marginals are exactly the same ones (distributed like Tp) and the
coupling of the visited states is the maximal coupling of Py and 7 above. More precisely, let Q.
be the maximal coupling of PM and 7°°, that is,

(yn)nZO)

Qz({(yn)n>0} x SN) = Py(M
M (Zn)nZO)

ch(SN X {(zn)n>0}) = Px(

for each {(yn)n>0}, {(zn)n>0} € SY. Then the described coupling of PM" and 7 is a measure Q7
with

Qr ({y} < {z}) = Qo (¥} x {='}) " P((Tn)nzo = 1) L=y

for every

Y= (Y0r s Y0 s Ylseeor YL see )y 2 = (Z04eeey 20y Z1yeeey Z1 -0
—_— — —— N —

to times t1 times Sp times s1 times

with induced jumps ¥ = (y0,41,---), 2’ = (20,21,...) and sojourn times t = (tg, t1,...) and s = (s, 81,-.)-
Because of the assumed independence, QI satisfies

Qa:cp({y} X SN) = P (M = y,)P((Tn)nZO =t) = Po(Mp=yn, T =tn,n >0) = Pw(MT =y)
and

QL(SN x {2}) = Po(M = 2)P((Ty)n>0 = 8) = Pu(M,, = 20, Tpy = sp,n > 0) = P (MT = 2).

Thus, it is a coupling of PM " and 7. Its coupling time Tg( MT) is given by
Tg(M),maxil
Teamy = >, T as (6.17)

=0
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6 COMPARISON OF MIXING TIMES

Therefore, again using the independence, we can bound the total variation by

Té"(h{),maxil

T
dTv(Py”,ﬂ') < Z T >n

N
=

IN

Written in terms of the mixing time, this gives

E(T;
e < O

(6.18)

mfx E(Tg’(M),max) :

The remainder of the proof is to express the right-hand side of Equation (6.18), that is, the moments
of TEpp) max> i terms of the mixing time of M. By the formulas derived in [51, Equation (10)]
and already used in Section 2.2, we can bound the tail probabilities of the coupling time for n <

E(Tg‘(M),max) by

ETE 0 ma)”

dTV(]pzjz\:Jnv 7T) = P(Tg(M),maX >n) >

which is larger than some ¢ > 0 if

IE(,‘Z—g"(M),max) - \/8E(Tg’(M)7maX)2 > n.

This yields

Tnj\14ix<€) 2 E(Tg’(M),max) - \/EE(T:CE’(M),HI&X)Q

for every € > 0 and every z. Via insertion in equation (6.18), we obtain

. E(Tp i E(Tp -
n]\14'1x ( ) < (8 ) mzaXE(TC(M),max) < (6 ) (lei\ljix(g) + Hlan \/EE(TC(M),max)Q)
for every e > 0. O

The above proof can not be generalized to waiting times depending on M due to the unavailability
of this specific coupling. When the waiting times of the two marginals have different distributions,
the jumps occur at different times. Equation (6.17) (or a sufficient version with “<” instead of “="),
which is the main ingredient of the proof, would no longer be valid. A typical trajectory of the
coupling process (X, X’) would look like in Figure 6.2 where the embedded jump chain couples at
time 1, but the decelerated version couples at time sy 4+ s1, which is larger than both sojourn times
in the initial states.
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T
to to+ti So So+ 581 8o+ S1+s2
=tg+1t1 +1t2

Figure 6.2.: Typical trajectory of a coupling process (X, X') with different sojourn times (tg, t1,...
and s, $1,...) in the two marginals.

Nor did we find a corresponding coupling for the other direction, that is, starting with a maximal
coupling of PY " and 7 with coupling time T (p7) max: & coupling of PM and 7 with coupling
time Tg( M) that satisfies

IEJ%’(M)ET’O < IE,‘ZEE’(MT),max7

the integrated version of Equation (6.17).

As mentioned before, the concepts of the previous section can not be applied without further ado.
Nevertheless, the spectrum of (Py(M, = y)),, is still linked with the mixing time as we will see.
Again, we restrict ourselves to embedded processes with A, = Ao > 0 for the same reasons as before,
once more illustrated by an example later on.

PROPOSITION 6.4.4. Let M be an ergodic, reversible finite Markov chain with respect to m that
satisfies Ay = g > 0 and M™T a decelerated version with i.i.d. sojourn times independent of M. Then
m(z)Pr(MI = y) = 7(y)Py (ML = z) for every x,y and each n > 0. Moreover, define

A = max {|A| < 1|\ is eigenvalue of (P, (M = Yy} -

n

(a) For every n > 0 with P(Th <n) >0,

)\T,n T )\T,n
a < maxdpy (Pi\/[" ,m) < x ,
z Tmin

where Tin = ming w(x). That is, if lim, s v/ )\f’n exists and s less than 1, then it is the
geometric rate of convergence of the law of M towards its stationary distribution as n — oc.

(b) For every n >0,
A — gANT™y > an

That is, 1/ )\Z’,n > A, which is the rate of convergence of the law of M towards its stationary
distribution.
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6 COMPARISON OF MIXING TIMES

Proof: The reversibility is an easy consequence of equation (6.16), namely

n

m(@)Pe (M) =y) = > w(2)Pu(My = y)P(N" (n) = k)
k=0

= Y w(y)Py(My, = 2)P(N" (n) = k)
k=0

= w(y)Py (M,

. =).

(a) Fix n > 0 with P(Tp < n) > 0 and define the transition matrix
Q = (Pﬂc(Mg =Y))ay-
Tn

It is reversible with respect to 7 and has second largest eigenvalue (in modulus) A,*". Furthermore, it
is irreducible and aperiodic. For this to see, choose, first, k € N with P, (M = y) > 0 for every k' > k
and any x,y (which exists by the ergodicity of M) and, second, m := max{m’ < n|P(Ty = m') > 0}.
Then n = k”"m + 1 for some k” > 1 and [ < m, and

Q(k )(%y) = Z Pw(Ml;f“mH = xl)Pm(Mg”m-s-l =2T2) " ... 'Pmkr,l(Mg"mH =)
Ty Tpt _q

Z Z ]P)(IT(M]C” - xl)]P):Dl (Mk” - xQ) et ]P)$k/,1(Mk” = y) . ]PJ(TO — m)k/(k’”‘i‘l)

Tl Tpr _q
> Po(Mupr = y)B(Tp = m)F ¢+
> 0
for every k' > k and any x,y. Hence, any pair x,y is connected and returns to any z are possible

at times k, k + 1,..., ensuring the ergodicity. Now part (a) is a consequence of results from Chapter
12.2 in [39]. There,

o

and A, < max) [P(z,y) — p(y)|
Yy

Pmin

is proved for every reversible and ergodic finite Markov chain with transition matrix P, stationary
distribution p, second largest eigenvalue A, (in modulus) and each z,y. Applying this to Q, the first
assertion follows by

dTV(]P)M’? ™) = Z m(y) Q) — 1] < max Qz,y) -1 < A
v F(y) B Y 7T(y) T Tmin
y:Q(z,y)>m(y)

for any z € S, and the second by

AL 1 T
o < gmax ) |Q(w,y) — w(y)| = maxdyy (P, 7).
Y

For part (b), we have seen in (6.16) that the matrix (P, (M,] = y)),, can be written as a weighted
sum of powers of P with (P(NT(n) = k)o<k<n) being the weights. Thus, if A is an eigenvalue of P,
then

STP(NT(n) = k)AF = EQNT™)
k=0
is an eigenvalue of (P, (Ml = y)),,. By assumption, A\, = Xg > 0, and therefore the second largest

eigenvalue of this matrix is E(AivT(n)), which is larger than A7 since N7(n) < n a.s. O
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For the special case of almost surely constant sojourn times we obtain:

COROLLARY 6.4.5. Let M be an ergodic, reversible finite Markov chain with respect to w that
satisfies A\ = Ao > 0 and M7 a decelerated version with sojourn times T,, = k a.s. for every n > 0
and some k € N. Then N*(n) = || a.s., and therefore AL = AR g

n e
(maXdTV(IP’yg,W)) e \UE,

So in fact, just as in Section 6.3, the mixing performance of the decelerated process is decelerated
when A, = Ay, for example, if M is lazy. Compared with Example 6.3.1, we have good general insight

in this necessary condition here, as without it we would lose control of AL = maxy£1 ‘E()\N T(”))‘.

EXAMPLE 6.4.6. We take another look at the Markovian case. The sojourn times are independent
Geo(1 — p) variables, so that Tp + ...+ Ty — (k+1) ~ NB(k+ 1,1 — p), k > 1. This yields

P(N'(n) =0) = P(Tp >n) = p",
and for 1 < k <n,
P(NT(n)=k) = P(To+ ...+ Ty <n<To+...+T)

n
= ZIP’(TO+...+Tk_1:i,Tk>n—z‘)
i=k

=Y P(Th+ ...+ Tey = i)P(Ty > n — i)
i=k

n

= (j B ,1) (1 —p)p~Fp"™

i=k

= nff <Z i Iz - 1)(1 —p)Fpk

= (Z) (1—p)"p" ",

where the last equality can be proved via induction for n > k. This proves N7 (n) ~ B(n,1 — p),
with moment generating function

EAN ™) = (A(1-p) +p)"

Therefore, A, = {/ A" = maxy«1(A(1 = p) + p), where the maximum ranges over the eigenvalues of
M. As in Example 6.3.1, we observe that, given \,, p has to be suitably chosen to for A\, > A,.

In order to give bounds on the mixing time, we have to bound the limit of the rates { )\Im, the
existence of which is not clear in general. The above example disproves this rates to converge against
ALETO) 3y general.

PROPOSITION 6.4.7. Let M be an ergodic, reversible finite Markov chain with respect to 7 that sat-

isfies Ay = Ao > 0 and M a decelerated version with i.i.d. and integrable sojourn times independent
of M.
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6 COMPARISON OF MIXING TIMES

(a) It holds true that

.. on/\Tn ]E(;“ ) . M (¢)
Lminf A/ A" > A0 and liminf % > E(Ty).
n—00 e—0 Tnlix(g)

(b) If E(a™) < oo for some a > 1 with E(aT0"ET0)/(1=0)) < X\ for some & € (0,1), then

MT

E(To)
limsup (/A" < AITVED) g Jimsyp Dmix () < )
n—)oop s—>0p TI%X(E) - 1-9
Proof: We note for both parts that, by Proposition A.2.1 (b),

—4(N)

AL < max dry (P, mE < AL

for any n > N and some §(N) such that §(N) — 0 as N — oco. Thus, for n > N,

- ' In(e) 1
dr PV 1) < A=) o g s :
Hl;i.X TV( T 77T) — =& "= ln(A*) 1_6(N)7
In(e) 1

max dpy (PM 1) > N T )

= In(A) 146(N)

Note that for any € > 0 there is some N; := Nj(g) such that

In(e) 1
. > N
() (1+6N)) =
and Ni(g) — oo as € — 0. This yields for e — 0
In(e) 1
M = In(\,) 1-0(Ni(e)) _ In(e) 1 1
Tmzx(g) ln(a) . 1 - 111()\*) 1+ 0(1) . (6 9)
— In(\) 1+5(Ni(e))
Turning to (a), it is known from renewal theory that
n T0++TNT(n)
< E(Tt S.
N S N e
n T[) + P + TNT(n)fl
> E(Tt S.
NT(n) = NT(n) = E(To) as,
and thus 2N7(n) — E(Tp)~! a.s. as n — oco. Using this, a lower bound on liminf, s { AL s

given by an application of Jensen’s Inequality and Fatou’s Lemma, viz.

1
lirr_1>inf T\L/@ lim inf | (n) lim inf E(\ ()/n) > AF0 5 .

n—00 n—00 -
Now, for any € > 0,

In(2¢)

(1)

1
max dry (PMn | 7) > g > if P(Th<n)>0andn <
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6.4 SEMI-MARKOVIAN DECELERATED CHAINS

by Proposition 6.4.4. Therefore, denote by Ny := Na(e) the smallest n € N violating this, that is,

In(2¢)
In < \ AI’”)

T
which is finite since max, dTV(PiV[” ,m) — 0 as n — oo. Choose § := J(¢) large enough to ensure

Nf/ ANz > )\QH)/E(TO), and observe that d(¢) tends to 0 as € tends to 0. Then

Ny :== min¢n>1|P(Th <n)>0, and n >

M7 In(2¢) In(2¢) E(To) In(2e)
Tmix \& > Ny > > = :
( ) 1n < Ni/)\Z“7N2) hl <)\;El(;§)) 1 + (5 ln()\*)
E(To) m
pu— . 1 1 1
U2 @1+ (1) +O(1)
and therefore,
MT
o Tinix ()
mix > X
e =

Part (b) can be proved by giving an upper bound for the limes superior of the sequence of roots
of eigenvalues. But first we prove the following technical assertion which we will need thereafter:
If (an)n>0 and (by)n>0 are two positive sequences with limsup,,_,., /a, < a,limsup,_,., Vb, < a,
then lim sup,,_,o, vV an + by, < a. To see this, take some arbitrary € > 0 and N € N large enough to
ensure {/a, < (14 ¢)a and /b, < (1+ ¢)a for any n > N. Then it holds true for n > N that

Van +b, < V21 +¢e)a — (1+¢€)a

as n — oo. For the lower bound, take € < 0.
Writing
n(l— 5)J
Cn) = |———=|,
™ = |

under the given assumptions, we obtain with the exponential Chebychev Inequality

E (aT1+'~~+TC(n))

an

P (T1 + ...+ TC(n) > TL) < < E (aTo)C(n) 0"

and

n To %O(n) -1
VP (T4 o+ Ty >n) < E ()" a

noe o (aTO)(1—5)/]E(T0) ot

- F <aTO—E(T0)/(1—6)> (1-6)/E(To)

< \(1=0)/E(T)

* .

NG/ _ 3 (1-8)/E(To)

Furthermore, limsup,, .., Thus, using the special structure of N7 (n), we
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6 COMPARISON OF MIXING TIMES

obtain

T(n . n T(n T(n
limsup {/E (Aiv ( )) = limsup \/E (Aiv Nt y<cmy A )]1{NT<n)zc(n>}>

n—oo n—oo

< limsup T\L/IF’ (NT(n) < C(n)) + A

n—oo

= limsup 7\Z/IP> (Tl—i—...—l—TC(n) >n) +)\f(n)

n—oo

_ A(-0)/E(m),

Similar to part (a), for any given € > 0,

Lin In(emmin,)
<e if P(To<n)>0andn>

Therefore, denote now by N3 := N3(e) the largest n € N violating this inequality, that is,

max dry (]P’ﬁ/[g, m) <
€T

In(7mine)
In ( { Af’”)

Since 1/ A" is bounded away form 1 and 0 as n — oo, the above set is nonempty for sufficiently small

¢ and the maximum exists. Choose dy := d2(¢) large enough to ensure Nf/ AN < Ailfé*éQ)/E(TO)
and observe that da(e) tends to 0 as € tends to 0. Then

N3 = max{n>1|P(Th <n)>0, and n <

)

ln(ﬂ'mmé)
In ()\976752)/1[-3(%))

ln(ﬂ'mmé‘)

In ( N )\I’N3>

+1

M) < Ny+1 <

mix

IN

+1

E(To) In(mmine)

S 15-6 W)
- anﬂﬁx(e)(Ho(l)Hou),

and therefore, proving the remaining part of (b),

MT
Timix (5) < E(TO)

lim sup < .
0 M (e) 1-9

O]

Again regarding the special case of almost surely constant sojourn times equal to k € N, we find
with the same arguments that
MT
Timix (6)
e—0 Tnj\ﬁx(g)

If the condition Ay = Ay > 0 is violated, one can still hope for M T being also a decelerated version
of some M, where M is a decelerated version of M and Markovian, satisfying the condition above -
for example M being a lazy version of M. Then a combination of the above proposition and Theorem
6.3.7 provides a relation between the mixing times of M and M7,

In other cases, a simplification may be achieved by changing the family of sojourn times for the
deceleration. How this affects the spectral gap is content of the following easy corollary.
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6.4 SEMI-MARKOVIAN DECELERATED CHAINS

COROLLARY 6.4.8. Let M be an ergodic, reversible finite Markov chain with respect to m that
satisfies A = Ao > 0. If (Ty)n>0 and (Sp)n>0 are two families of waiting times, both independent of
M with Ty <g Sp, then

An < (S

Thus, the process decelerated by the stochastically smaller waiting times mixes faster than the
process decelerated by the stochastically larger waiting time.

Proof: Via standard calculations (see e.g. Corollary A.2 in [2]) we obtain

AP = BN ™)
= 1—(1=X))_MPWNT(n) > k)

k>0

= 1= (1=X))_MP(T)+ ...+ T < n)
k>0

< 1= (1=X)D _ MP(Sp + ... + Sk <)
k>0

= \9n,

6.4.2. GENERAL SOJOURN TIMES

Having studied sojourn times independent of the jump chain to some extent so far, we want to
proceed with the more general case when the sojourn times depend on M in such a way that M7
is a semi-Markov chain. Providing M is ergodic, M7 is aperiodic and the sojourn times have finite

moments, there is still a convergence to a distribution 77,

m(y)Ey (To)
EW(TO) ’

=3 rl(y) =

=
s
<
!
I
=
3

(6.20)

where E-(Tp) = >, cs 7(2)E.(To) is the normalization constant (see |6, Chapter 4]). This limiting
distribution is no longer stationary, that is,

M7 T
Pr # 7, n>1

in general. Es a simple example, regard the random walk M on {1,2,3} without loops and sojourn
times T; = i for the states i € {1,2,3}. But, as (M, Ty + ... + TNt () — M)n>0 is a homogeneous
Markov chain with stationary distribution u(z,s) = 77 (2)P,(To > s)/Ex(Tp), z € S, s > 1 (see
Lemma A.3.2),

T
]P’ﬁ/[" = 7l for every n > 0.

This reveals that stationarity can only be achieved when specifying also the residual sojourn times
To+...+Tnr(n) —n. The distribution of this residual sojourn time must equal the biased distribution
of TNT (n)-

For every fixed y, the convergence in Equation 6.20 is a consequence of Blackwell’s renewal theorem
for delayed renewal processes (see |1, Theorem 2.4.1]), applied to the renewal process which counts
the occurrences of the state y € S (resp. the Markov Renewal Theorem |1, Theorem 9.2.6]). In
[41, Chapter II. (p. 30)|, LINDVALL argues that the convergence in Blackwell’s renewal theorem is
exponentially fast with rate at most p < 1 if for the i.i.d. renewal times (S,)n>1, the delay waiting
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time Sp and a random variable S, with the biased distribution P(S}, = k) = E(lsl)]P)(Sl > k), k>0,
the respective exponential moments

E (pfsl) , E (pfso) and E <p756)

are finite. For the specific delayed renewal process used for the convergence of the distribution of
M7, the ii.d. renewal times are given by the recurrence times of the fixed state y and the delay
waiting time equals the time needed to reach y from the initial state x. Therefore, we conclude the
following conditions for geometric ergodicity of MT.

PROPOSITION 6.4.9. Let MT be an irreducible and aperiodic semi-Markov chain with ergodic em-
bedded Markov chain M. For every x € S define

e = inf{n > 1M, =z} and 7. = To+..+Ts 1.

If max, s, (p_TO\Ml = 5) < oo for some p <1 and E, (maxr,s E,.(p~T0|M; = S)Ty) < 0o for every
x,y €S8, then

for every x,y € S.

Proof: Fix x,y € S and let HyT be a random variable on Ny with the size biased distribution of TyT
that is given by P(Hg =k)= IP’(TyT > k)/E(TyT), k > 0. In view of the previous remarks, it remains
to show that the hitting times TyT under P, (delay), the hitting times TyT under P, (renewal times),
and the biased version HyT under P, have finite exponential moments, that is,

1
E. <p_TyT>\/Ey <p_TyT> < oo and K, (p_9§> = g p_kE (TT)IP’y (Tf>k) < 0.
y\ly

Assuming for the moment the existence of the exponential moment of TyT under PPy, its first moment
is finite as well. Furthermore,

-1 -1 1
D2 Ry (ry =0) = ) %Py (ry =1)
1>1 k=0 =17
possesses the summable majorant f(I) = p~'P, (Tf = l) [(p~t = 1), as
—1
p r_pn - 1 ( _TT)
;pl—lpy(Ty_l)_pl—lEy p v ) < oo
We conclude that
-1
oo > ZZp_ku (TyT = l) = ZZp_ku (7‘5 = l) = Zp‘k}P’y (TyT > k:) .
1>1 k=0 k>0 1>k k>0

But the assumed existence of the exponential moment of TyT under P, and P, is easily proved by

E, <p—TyT) = E, (]Ez <p—(To+.A.+TTy,1)|M))
Ty—1
= E. | [ E: (0 "M, Miya)
=0
< E, (maXEr(p_TﬂMl = s)Ty)
T,8

< 00,

where z is either x or y. O
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Hence, there is geometric ergodicity if the sojourn distributions are suitably chosen, but the ob-
tained rate is far from being optimal. Nevertheless, in analogy to Corollary 6.4.8, for two families of
sojourn times (73,)n>0 an (Sp)n>0 with P,(To < n|M; = y) > P, (So < n|M; = y) for every z,y € S,

E.(p~0|My = y) < Eu(p *°|M; =y)

for every z,y € S and p < 1. Thus, the finiteness of these moments for the sojourn times (Sy,)n>0
ensures the finiteness of these moments for the sojourn times (7},)n>0. Moreover, it ensures the
geometric ergodicity of M7 as well as an upper bound for the rate of this convergence, given the
aperiodicity of M7 and E, (max,,. E,(p~%|M; = 2)™) < oo for every z,y € S.

In addition to the above convergence performance which hearkens back on Blackwells renewal
theorem, we can also use the Markov chain (M, Ty + ... +Tn7(n) —1)n>0 to obtain convergence rate
results.

LEMMA 6.4.10. Let M7 be a semi-Markov chain with integrable sojourn times (T},)n>0, limiting
distribution 71 and embedded Markov chain M with stationary distribution 7. Let as before pu(z,s) =
7l ()P (Ty > 8)/Eu(Tp), € S, s > 1, and write poz = 0p ® Plo 2 € S, as well as S, :=
To+ ...+ Tyr(y), n = 0. Then, for every n >0,

T _—
dTV(Pyn’TrT) < dTV(PLJ[\)/{;“S" n)"u).

Proof: Specifying the remaining sojourn time S,, — n for every n > 0 yields

()
E,(To)

1
dry (P, 7T) = 52 > Pu(M) =y, Sy—n=s)- Po(To = s)
v

s>1

IN

5SS [P (M = 2,5, —n = 5) — (e, 5)

r s>1

= dpy (P57 ).

MO,z

6.5. AGGREGATED PROCESSES

We return to our model and the problem of relating the mixing time of the original chain X and the

aggregated resp. accelerated aggregated chains Y(i) resp. Y. Tt is intuitively clear that the mixing
time is not much affected by aggregating only very few states. So, for small 7, we expect the processes

?(i) and X to have almost the same mixing times. But by aggregating more and more states, this
strong relation will decrease until at aggregation level ¢ = n the mixing time of ?(n)
the behavior of the mixing time to depend strongly on i.

In the following, fix some 1 < i < n and write Y := Y Y := Y@ and V(m) == V@ (m) for
m € S for ease of notation.

is 1. This proves

6.5.1. THE AAC

We start by giving explicit bounds on the mixing time of the AAC in terms of the mixing time of X,
the first being expected to be smaller than the latter because the time is accelerated. As explained
at the beginning of this chapter, we want to use that Y and the embedded jump chain Z of the hit
chain Z on 8@ do not differ much for large 3. We formalize this as follows:
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6 COMPARISON OF MIXING TIMES

LEMMA 6.5.1. For every ¢ > 0 and every n > 1, there exists some 3 large enough such that
maxmes(i) dTv(P%",Pg{L) S g

Proof: To bound the total variation, we first bound the difference between the transition probabilities
of Y and Z. By Theorem 2.1.3,

P (Y1 =s,00 <75) < Z Py(o1 < 75) ﬁjo 0
eV (s)
for every r, s € S®. Furthermore,
PUZLAY) = 3 Pe(Xe, = 0)Pal01 < Tie) 5 0

zEN(r)\N®
for r € N and P,(Z; # Y1) = 0 for r € SO\N®. Therefore,

P.(Y1=35) = P.(Y1 =s,00 <75) +Pr(Y] = 5,09 > 75)
< o(1)+P.(Z =),

IPT(Zl = S) = Pr(Zl =85 = Yl) + ]P’T(Zl =S 7é Yl)
< P(Y1=95)+P.(Z1 #Y1)

P.(Y1 = s) + o(1),

as [ tends to infinity. Using the results of Section 3.2, we further infer

P (Y =s|Yy1=1r) = Z m (Y = | Xo, ): m(Xoy_, )

zeV(r) P <Yk 1 )
_ (P (Y1 = ) + o(1))P(Xo,_, = )
a xe;(r) P (Ye—1 =1)

= P.(Y1 =s)+o(1)
= P.(Z1 =5) +0(1)

as 3 — oo for every m,s € S, k > 1 and r € S with P,,,(Y,_1 = r) > 0. Hence, there exists some
B large enough such that

P (Y = s|Yi1=7) —P.(Z1 = 5)] < (6.21)
for any 1 < k < n. This yields

P (Y = s|Yi—1 = P.(Z1 = < =
(5 2PV = sl¥iy =) —Pe(Zi=9) <

for every 1 < k < n and f large enough (depending on ¢ and n). With this and in consideration of
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P, (Yi—1 =) > 0 if and only if P,,(Z;—1 = r) > 0, we find
dry (PYF, P7F)

— 7211@ Yi = 8) — Pp(Z1, = s)|
= 5 Z ’ Z Pm(Yk = S|Yk_1 = T)Pm(Yk_l = ’I”)

s Py (Ye_1=r)>0

- ]P’m(Zk = S‘Zk,1 = T)Pm(Zk,1 = 7”)

IN

1
3 > D Pp(Vi = s|Yio1 = 1) P (Vie1 = 1) = Po(Zp—y =7)|
T:Pm(ykflzT)>0 s
1
+3 Yo D PulZiey = 1)[Pi(Zk = 8 Zk—1 = 1) — Pra(Yi = s[Vie1 = 1)
PP (Ye_1=r)>0 8
1
<3 > P (Y1 =7) = Prn(Zg—1 = 1)
7P (Yi_1=r)>0

1
+§7‘Pm }gzaf(TwZ’p Zy = 8|Zk—1=71) = Pp(Yy = s|Yp—1 =1)|

< dTV( Yk 1 ]P)Zk 1)_|_%

for any 1 < k£ < n. In conclusion,

m T m

dpy (PYe PZn) < dpy (Yot P21y 1 & < | < ¢
n

for every m € SM. Ll

Since the processes Y and Z behave quite similar as 8 — oo, so do the limiting distributions.
For results on the mixing time, we identify these limiting distributions and specify their distance.
Let 7* be the stationary distribution of Z, which is an irreducible Markov chain and aperiodic if
P (Z2 = m') > 0 for every pair (m, m') with P,,,(Z; = m') > 0. This ensures the existence of and
convergence to 7*. From Lemma A.2.4 we know that 7(-)/7(S®) is the stationary distribution of
7, and thus, by Proposition 6.3.2 (a),

w*(m) = Eﬂ(m) (1 —Pn(Z; = m)) ., med8W,

where K is the normalization constant. More precisely, we have for m € N®

m(m) (1 = Pm(Z1 =m)) = n(m)(1—p(m,m)—R(m)),
where

R(m) = Py, <X1 € V(m') for some m’' € SO\ND 7, > (o, X¢y = m) — 0
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as 3 — oo, and for m € SO\N®

w(m)(l—P( — m))
)

= 7(m

)+ Z Z Z m(m)p(m,z1) - ... - p(xn, T)

n>lxy,..,xn €V (m)\{m} ze N

= ﬂ'(m)p(m, N(z)) + Z Z Z p(xnaxn—l) BEEEE p(a:l,m)ﬂ(xn)p(xn,az)

nZlzi,..,xn€V(m)\{m} zeN®

= w(m)p(m, N9) + Z sz'(fo > Ty =) Z 7(z")p(a’, x)

z'€dV (m)n>1 zeN(®)

= 7(m)p(m, NV) + Z Py (Co > Tm > D)z )p(a!, N@)
z'edV (m)

= D> PulG>m)r@@)p, NO).

z'€dV (m)

PROPOSITION 6.5.2. Let P, (Zy = m') > 0 for every pair (m,m’) with P,,(Zy = m') > 0. For
every m,m’ € S,

S

PV =m') "% S (@)1 - ple, V),
xedV (m’)

where K' is a normalization constant.

The assumption may seem quite unintuitive but it ensures the ergodicity of the Markov chains
(Xo,, )n>0 (needed in the proof) as well as the ergodicity of Z. Furthermore, in view of an application
of Theorem 6.3.7, this precise assumptions appears to be more convenient than the ergodicity of the
two chains

Proof: In this proof, if not otherwise specified, = and y are elements of N or OV (m) for some
m € SO\N® that is, possible values of (X,,)n>0, and m(z) := m if # € OV (m). Since the
assumption ensures the ergodicity of (X, )n>0, it suffices to prove that {7 () (1 —p(x,V (m(x))))},
is stationary for (Xs, )n>0. Then the normalized version is the unique limiting distribution and

Pu(Vo=m) = 3 Pu(X,, =2) 2 % S @)1 - plw, Vm))).

z€dV (m') z€dV (m')

For the stationarity, first, let y ¢ N (©) Then

Pz(Xm = y) =

for z € N and zero otherwise. Thereby,

SRl = )L pleVim) = 3 P9 1 pla,a)

) 1- p(xv ':U)

= m(y)p(y, N
) (= p (V).
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For y € N observe first that

Z Py (Xoy = y)m(z)(1 — p(z, V(m(z))))

xg N (@)
- (W@)p@’y)p(m’N(i’HZ > w(sc)p(x,xl)-...-p<xn,y>p<x,zv(”>>

g N n>1zy,...,zn €V (m(z))

= > (W(y)p(y,rv)p(x,N(“)

g N @)

+> > m(y)p(y, 2" )p(a', xn-1) - ... - p(x1, z)p(x, w”))
n>lxy,...xp_1,2' €V (m(x))
INGN(i)

= 7(y) Y p(ya) (Px’(CO =1)+> Pu(Go=n+ 1))

x' g N (@)
= m(y)(1 = ply, N)).
This provides the announced stationarity, for

Z Py (Xo, = y)m(2)(1 — p(z, V(m(z))))
= Y peyn@)+ Y Pu(Xo = y)m(2)(1 - plz, V(m())))

2€NO\{y} zg N @)

= m(y)ply, NO\{y}) + 7(y)(1 - p(y, ND))
= 7)1 =y, y))-

O

Hence, though Y is in general not Markovian, it has a limiting distribution, denoted by 7¥ here-
after. Therefore, we are able to define a mixing time

mix

Y. (e) = inf {k: > 0| maxdry (PX», 7¥) < ¢ for every n > k} .

m
Next, we show that for every € > 0 there exists some 3 large enough such that dpy (7%, 7Y) < e.
PROPOSITION 6.5.3. For the limiting distributions 7 and 7 of Z and Y it holds true that
dry(n*, 7)) = 0 as S — oo.

Proof: For m € N,

7 (m) — ¥ (m) = _
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and for m € SU\N®

Yy = Y P> mr@p@NO) s~ @l NO)

7 (m) — % 7
z€dV (m) z€dV (m)
i P.(¢o > 70 1
= Z 7(z)p(z, NO) <(0K) - K’> .
z€dV (m)
Therefore,
dry (r*,7") = S Z |7 (m) — =¥ (m))|

mES(Z

5 > > w@) (- pla,V(m(z))))

meS(i) xedV (m)

IN

1—p(m,m) 1 ]PCE(CO > 7'791) 1
>< —_— —_
T en o K K| mestnne | K K
€AV (m)
1 K (1- =) K'Pa(6y > )
= —max{ max — 1], max —" -1
2 meN () K meSO\N® K
z€dV(m)
But we see for every m € N,
R(m)
K/ (1 B l_p(;‘l’m)) 1l < KI -1 + 5/ R(m)
K - K

K 1—p(m,m)
—_————

—0 as f—0

since p*(m,m) < 1 and R(m) — 0 as 3 — oo for every m € N@. In a similar vein, for every
m e SI\NO ¢ e aV(m),

K/]P) C0>T

' ’—4+P@<&y
K S—————

—0 as f—o0

We are left with the proof of K'/K — 1 as 8 — oo. This is a consequence of

K' - K = Z w(m)R(m) + Z Z p(z, V(m)))Pa(Co < 770)

meN () meSO\N @) zedV (m)

(m) Py(Go < 7m)
< K- vV 22380 > Tm)
B (mfg% 1 —p(m,m) — R(m) meSN® Py(Co > 790)
z€dV (m)
and
K’ K - K R(m) P, (Co < 79)
K Ko (mrgf%f“ 1 —p(m,m) — R(m)> meSONNG Pg(Co > 79))
redV (m)
as f — oo O
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The next proposition summarizes the above results. It is preliminary to the main result, stated in
Theorem 6.5.5, but also of interest on its own right.

PROPOSITION 6.5.4. Given the previous notation, let P, (Zo = m') > 0 whenever Pp,(Zy = m’) >
0, and let the parameter A in Theorem 6.1.1 be positive.

(a) Then 2(1751’)7*2 > ~Z > X where
C = — =
min {Pm(zl )

p = minP,,(Z; =m).
m

m#m' Py (Zy =m') > 0}

(b) Furthermore, in the low-temperature limit,

. 1 : = 1 7z .1
limsup — In (mnlln(l — P (2 = m))’y*Z) < ﬁh_)rgo —In (’yf) = lim —In ('yf()

and ]
Bh_)ngo 3 In (r%n(l —Pn(Z; = m))) = — meé?iz)%iimi) (E(sm) — E(m)).

(c) Finally, let ,6 > 0. For every (n,B) with dry(7*,7¥) < &, max,, dry (PX»,PZr) < § and
n = TnZ@iw(E)f
max dpy (PYr, 7¥) < e + 2.
m

For every (n, B) with dry (7*,7Y) < §, max, dpy (PY»,PZr) <§ and n > 1Y, (¢),
max dpy (P2, 1) < € 4 26.
m
Proof: The first inequality in part (a) is a consequence of Theorem 6.3.7 above, for the second we
refer to Lemma A.2.4. The first inequality in part (b) follows from Theorem 6.3.4. In all these parts
we used the fact that X and Z have holding probabilities of at least % in every state. The remaining

equality in the first part of (b) is a combination of Theorem 6.1.1 and Corollary 6.1.6. For the second
line in (b), note that for m € N,

1- IP)’m(Zl - m) =1 _p(mvm) - R(m)v
which converges to a positive limit, whereas for m € § (i)\N @),
1-Pn(Z1=m) = Pp(lo < m),

which converges to zero. Therefore, as 5 — oo,

min (1 —P,(Z1 =m)) = min = P, (o <) = min e AEm)=Em)to(1))
meSH) meSH\N ) meSH\N®)
_ e—ﬁ(maxmesu)w(i)(E(Sm)—E(m)HO(l))_
To prove part (c¢), Lemma 6.5.1 and Proposition 6.5.3 yield for every n > TgiX(E) and [ large

enough (depending on n and 9),
max dpy (Pr, 7¥) < maxdpy (PXr, PZ0) + max dpy (PZr, n*) + dpy (7%, 7)) < e +26
m m m

Y
Tinix

and analogously for n > (¢) and S large enough, again depending on n and ¢,

max dry (PZr 7)< maxdpy (P2, PZn) + max dpy (PXr, 7)) + dpy (7, 7%) < e+ 20.
m m m
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6 COMPARISON OF MIXING TIMES

THEOREM 6.5.5. Given the previous notation, let Pp,(Zo = m’) > 0 whenever P, (Z1 = m’) > 0,
and let the parameter A in Theorem 6.1.1 be positive. Then

(a) maxdry (PYr, 7*) < e+ 26 for every £,6 > 0 and any (n, ) such that

n > In <€minxlﬂ ( X (e )+1> 2(10—)
) < 6.

dry (1%, 7)) < 8, and max,, dry (PXr, PZn

(b) If n and B both tend to infinity in such a way that dry (7Y, 7*) < max,, dry (PXr, 7)) and
t

max,, dry (PXn, PZn) < max,, dry (P2, 7¥) for each pair (n,3), then

1
lim sup — In (1 — 7\1/mauxalTV(IP’nY{L, 7rY)> < —A+ max (E(spm)— E(m)).
n,B—0c0 m meSH\N ()

Proof: (a) The statement is a combination of Proposition 6.5.4 and Proposition A.2.1 (c). Namely,
by Proposition 6.5.4 (c), the statement holds true for n > 72, () and

Tuix(€) < In <M> vlz
= (6 minxlﬂ*(l’)) s
= (emincclﬂ*(x)) 2(61'7_*)(]))
)

<ln (11)751(1)((5) + 1) 2(10—27).

3maxdTV(]P%",7rY) > maXdTV(IP’xf,Pi") + maxdTV(]P’};f, 7TY) + dTv(T('*,ﬂ'Y)

1
< ln< .
€ ming 7 (x)

(b) Under the given assumptions,

> max dpy (P2, 1*)
m

so that

l
lim sup — <1 — \/maXdTv( Py 7TY)>
n,B—00 6

1
= limsupgln (1 - T\L/S maxdTv(PnY{L,wy))
m

n,B—00

1
< limsup — In (1 - T\L/maxdTv(IP’g{L,w*)>
n,B—o00 B m
1
= limsup — —\
B—00 B ( *)
1
= limsup = In (77
B—00 B ( *)
< — lim lln (min(l —Pn(Z1 = m))> + lim lln ()
- B—o0 3 m m B—oo 3 *
< —A+ max (E(sp)— E(m)).

meSO\N )
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6.5 AGGREGATED PROCESSES

Here is an informal interpretation of this theoretic result under the assumption that the above
bound is significant, that is, A —max,,c s\ n6) (E(sm) — E(m)) > 0: By the above, as n and /3 tend
to infinity, max,, dry (PY», 7¥) is approximately bounded below by

(1 o BBmax, ) ) (E(Sm)—E(m))+o(1))>” _

Hence, as ¢ — 0 and n, 8 — oo,

In(e)

Y

Tmiz\€ >

( ) n (1 _ e*ﬁ(Afmaxmes(i)\N(i) (E(Sm)fE(m))Jro(l)))

In(e)
_e*ﬁ(A*maXmes(i)\Nm (BE(sm)—E(m))+o(1))
—In(e)
e BBToD) max, e s o €2
—1In(e)
Y max,, e s v Em(Co)
Timia (€) In(e)

maXmeS(i)\N(i) Em(CO) ‘ ln(gﬂ-min) )

%

((E(sm)—E(m))+o(1))

>

That is, the mixing time of X is at most the mixing time of Y times the maximal expected sojourn
time in a metastable state. If, otherwise, A — max,, c s\ n0) (E(sm) — E(m)) < 0, the bound
Tre(E) > 1 > — ln(E)eﬁ(A_maXmGS“)\N(i) (B(sm)=E(m))+o(1)

m

is trivially true for every fixed € > 0 and § — oc.

6.5.2. THE AC

Much is known on how to relate the mixing time of a Markov chain with the mixing time of its
restriction to given subsets and of certain Markov chains representing the transitions between those
subsets (see e.g. [42], [43], [21] or [22]). For example, let M be an ergodic, reversible Markov
chain with stationary distribution 7 and Si,...,S; such a partition of the state space that Y, :=
ka:l kl{ar,esey> m > 0, is again Markovian (in this case M is called lumpable and Zyesj p(z,y) =
Zyesj p(2’,y) for every z, 2’ € Sk, 1 < k <) with transition probabilities ¢(k,j) = Zyesj p(z,y)
for some x € Si. The ergodicity and reversibility of M ensure the ergodicity and reversibility
of Y with respect to w(k) := 7(Sg), 1 < k < [. Furthermore, easy calculations show for the
corresponding Dirichlet forms and variances that £y/(g) = &(f) and Varz(g) = Varz(f) for any
function f : {1,....0} - Rand g:S — R, g(z) := 22:1 f(k)1izes,y- Thus, for the corresponding
spectral gaps (M) and (Y it holds true that v(M) < y(Y).

But since the chains studied in the above-mentioned works do not coincide with the AC, the letter
not being Markovian in general, relations of X and Y apparently have not yet been studied. We
begin with an example where the total variation distance is calculated numerically to illustrate the
general picture.

EXAMPLE 6.5.6. (a) Let M a birth and death chain on S := {1,....N} with

p(i,i+1) = p(N,N) = p for1<i<N-1,
p(i,i—1) = p(1,1) = 1—p for2<i<N.
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. 1O gy, o aggregated, [ = 2
g 05 o aggregated, | =3
g : o aggregated, [ =5
eS s aggregated, [ = 10
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Figure 6.3.: Total variation distance between the distribution of the Markov chain with transition
probabilities given in Example 6.5.6 (a) and its stationary distribution (squares) as well
as the total variation distance between the aggregated chains for [ = 2 (diamond), [ = 3
(circle), I = 5 (pentagon) and [ = 10 (triangle) and their limiting distributions. Grey
lines mark the height 0.2 and the length 49 resp. 65.

For [ € N, N/l € N, define subsets (Sk)i1<k<; of S by S = {%N +1, %N} ,1 <k <1. On these
segments, we can define the aggregated chain Y, := ka:l kl¢x,ecs,y with limiting distribution
(m(Sk))1<k<i- For N = 30, p = 0.25 and initial distribution A = éy, Figure 6.3 shows the total
variation distance between the original chain resp. the aggregated chains (for [ € {2,3,5,10}) and
their limiting distributions evolving with n. The reader should notice that the higher the level of
aggregation (that is, the smaller 1), the faster the convergence.

(b) In part (a) there is a constant drift towards one end of the state space. Now we introduce on
every segment a drift towards its center by changing some of the transition probabilities, namely

p(ii+1) = 1—p and p(i—1) = p(1,1) = p

for i = %N +5,1<kE<I[1<j< QEZ Then the aggregated chain is still mixing faster but
the difference is very small compared to the mixing time in total. In Figure 6.4 we see, again for
N = 30, p = 0.25 and initial distribution A = dp, the total variation distance between the original
chain resp. the aggregated chain for [ = 3 and their limiting distributions. Regarding for example
e = 0.2, we have in the original chain a mixing time of 2054 and in the aggregated chain of 1857,
giving a relative difference of 0.1. Without drift we have for [ = 3 and € = 0.2 a relative difference of
(65—49)/65 = 0.25. Heuristically, this can be explained by the following: If we had two independent
versions of the process starting in different states, due to the drift it would take quite a while for the
corresponding ACs to meet. But once they meet, the original processes would comparably fast fall
down to the center of that S; and meet as well.

We want to record the obvious observation that Y is stationary under P, where 7 is the stationary
distribution of X.

LEMMA 6.5.7. For every n > 0 and m € SO the distribution of Y,, under Py is given by
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Figure 6.4.: Total variation distance between the distribution of the Markov chain with transition
probabilities given in Example 6.5.6 (b) and its stationary distribution (solid line) as well
as the total variation distance between the aggregated chain for [ = 3 and its limiting
distribution (dashed line). Grey lines mark the height 0.2 and the length 1857 resp. 2054.

So both processes converge towards some equilibrium distribution and the following lemma shows
that the mixing time of the AC is smaller than the mixing time of the original process.

LEMMA 6.5.8. For every initial state x € S, the total variation satisfies
dry (Py",7) < dpy(Py",m).

Proof: We just need the maximum-notation of the total variation to show

dry (P, %) = max [P, (V, € A) —7(A)]
ACS®)
= max |P, | X, € Vim)| —7 Vim
Acs® ( mLGJA ( )) <mL€JA ( )>‘
< —
< max|Ps(Xn € A) —7(4)]

= dTv(PxX",W).
O

In addition to this analytic proof, Lemma 6.5.8 can be verified by a coupling argument, as a

coupling of PX and PX induces a coupling of P} and PY, the coupling time of the former being
almost surely larger than the coupling time of the latter.

Consequently, if X is equilibrated up to some € > 0, then Y is equilibrated up to € as well. The
converse is not that obvious since the stationarity of Y does not lead to a stationarity of X. This is
illustrated in the following example, where it is also seen that at least in some cases it takes not that
much more time for X to equilibrate once Y is equilibrated.

EXAMPLE 6.5.9. Let M be a Birth and Death Process on {1,2,3,4} with

p(i,i+1) = p(4,4) = p forl<i<3,
p(i,i—1) = p(1,1) = 1—p for2<i<4.

The stationary distribution 7 for which (P, 7) is a reversible pair is proportional to
p
() , 1<i<4.
L—=p

111



6 COMPARISON OF MIXING TIMES

We partition this state space into Sy := {1,2} and S := {3,4}. Furthermore, let A be some initial
distribution with

A1) = an(81), A2) = A—a)n(S1), AB) = bn(S2), A(4) = (1-b)7(S).

p \° bp
1-pAB) = (1 pbr(S) = <1—p>b( ) "(S) = (s

2
PA2) = p(l—a)n(S) = p(1—a) (1‘p) r(sy) = A== (g,

Furthermore,

Pyx(M1 =2) = pA(1)+ (1 —p)A(3) = (a + %) pr(S1)

PA(My=3) = pA(2)+ (1 - p)A() = (Wﬂ—zy) (1 - pr(S)

Py(My =4) = pA(3) +pA(4) = pr(S2).

That is, P\(M,, € Sk) = 7(Sk), k € {1,2}, for any n > 0, if and only if b = (1 — a)(1 — p)/p. Hence,
with this parameter in the initial distribution, the aggregated chain is in its equilibrium ab initio,
whereas the original chain is not. We want to study how long it takes for the original chain to reach
equilibrium. As
p
PAA =1) = (- p(S) = (1= p)r+72) = (=) (x()+ 2n ) = #(0),
Py(M1=2) = n(8S1) —7n(1) = 7(2),
p
PAM =3) = (1= () = (1= p)r) +7(0) = (1= 1) (x(3)+ 2n)) = 7(3),
PA(My =4) = 7(82) —7(3) = n(4),

we can conclude for this example that once the aggregated chain is in its equilibrium, it takes at
most one more step for the original chain to reach its equilibrium.

Via the following method, it is possible to derive an upper bound on the mixing time of X in
terms of the mixing time of Y for every € > 0. Let more generally M be an irreducible, ergodic finite
Markov chain on a set § = Zﬁc:l Sy, with stationary distribution 7. Then

l
w(s) = 7P (s)  wi k() = m(s) s
@) = Somrte) it w6) = St

for every 1 < k <1, and 7y = 7(Sg) = limy,—00 P2 (M,, € Si) for every z € S. A similar result holds
true for the distribution of M at time n, namely

l l
Pp(My=5) = Y Po(M,=5M, €S) = > Po(M, = s|M, € S)Ps(M, € Sy)
k=1 k=1
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for every x € § and n > 0 with P,(M,, € S;) > 0. Given this decomposition and the aggregated
chain Y, := 22:1 k1{rr,es,), n > 0, we can write the total variation distance between PMe n > |S|,
and 7 as

(B ,m) = LS R0L = 5) (o)
seS
l
N % > (Pz(Yn = k)Po (M, = s|M, € S;) — W”(k)(s)>‘
seS k=1
l
< lz Z ‘Px(yn = k)Px(Mn = S|Mn S Sk) — ﬁkw(k)(s)‘ (6,22)
seS k=1
l
1 _
<3 >0 ( |Po(Yy = k) — 7| Po(M,, = s|M,, € Sg)
seS k=1

47 )wUf)(s) — P, (M, = s|M,, € sk)‘ )
l

= drv(PY", (Tr)r<k<t) + E Tpdpy (PMnIMn €Sk (k)
k=1

— Yo (7 My |Mn€Sy, (k)

drv (P a(Wk)lskgz)ﬂrggédTv(Px , ).

Therefore, we can give a bound on the mixing time of M in terms of the mixing times of Y and
P, (M, € -|[Mp € Sg)p>(s) for 1 <k <1, x €S. More precisely:

PROPOSITION 6.5.10. Let M an irreducible, ergodic finite Markov chain on a set S = 22:1 Sk
with stationary distribution w, and Y ,, := Eﬁc:l klia,es,y, n>0. Lete > 0,6 > 0.

dTv(Py",Tr) < e+

for x € S and every n > max{\8| 7V (£), maxy, T ;AZCMMnGSk)"NS'(é)}.

The above estimation

dry (PY 7)< dpy(BY (Wk)1<k;<z)+1I£l]?§ldTv(PM”‘M"eS’“ 7)) (6.23)

is similar to the one obtain by MADRAS & RANDALL in [42], resp. MARTIN & RANDALL [43]:

THEOREM 6.5.11 (Theorem 4.1 in [43]). In the above notation, let P|s, for every 1 <k <1 be the
restricted Markov chain on Sy, (in canonical extension of Definition 6.1.2) with spectral gap s, and
Q be the limiting transition probabilities of Y with spectral gap vq as in Corollary 6.1.7. Then

1

v 2 >Q M s,

1<k<l

Note that in the case where Y itself is again Markovian (that is P is lumpable with respect to
S1,--481), 7 is the spectral gap of Y.

In terms of the variation distance, with A\g =1 — g, A5, = 1 — s, this theorem of MARTIN &
RANDALL states that

IN

max dry (PMn )
T

<(1 +0(1)) (1 - %VQ 13%317'5’“))”

1+ o(1)\" "
= <2> <1 + Mg + max )\|S - g 1121?§l)\|8k)
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as n — o0o. Furthermore, since

1 1
5(1+a+b—ab) = 5(1+a)(1—b)+b > b
for every 0 < a < b <1, we find
1 " n
(1+ o(1)) (2(1+a—|—b—ab)> > (1+ o))" = <1+Zn> = b+ a”

for n sufficiently large. Therefore,

(1 +20(1)

n n
1 _

> ((/\Q)" + <max A|Sk>n> (1+o(1))" !

1<k<l

_ n (= n (k)
(mgxdTV (02Q", (Th)1<kst) + max max dry <5IP\Sk77T )) (L+0(1))

as n — 00 whenever A\ # maxj<y<; Ais,. In our situation, as f — 00, A\g =1 — e~AA+o()) differs
from this maximum, as A5, =1 — e~ PAv+o)) whenever Sy = V := V(m) for some m € SU\N®
and \g, := 0 for S = {s} withs € N (). To compare this with our result, recall that @ contains the

limiting transition probabilities of Y and, furthermore, the restricted transition probabilities Ps,
equal in the same sense the limiting transition probabilities of P, (M, € -|M,, € Sk). Namely, for n
sufficiently large,

Py(My—1 =1, M, =s)
ot = e - 3B
res z n k

Z Px(Mn,l = 7“) Px(Mn,1 € Sk) (r s)
Py(Mn_y € Sp) Po(M, €Sp) 1

reSk\{s}
Px(Mn—l = 3) ]Pa:(Mn—l S Sk)
T B (M, €8, Pu(M, €8y) M)

Pa:(Mn—l = 3) ]P)x(Mn—l = y) ]P)z(Mn—l € Sk)

T B (M1 €S 2= Py(My 1 = s) Pu(M, €Sy "WYY
Y¢Sk
= Y Pu(My1 = 1| My 1 € S)pa" (1 5),
reSg
where
(z,n) o Px(Mnfl € Sk:) Px(Mnfl = y)
p|3k (T’ 8) - Px(Mn c Sk;) (T7 ‘9) + Z Pz(Mnfl _ S)p(yv S)]l{rzs} , T8 € Sk

Since M converges in distribution,

e (r8) "2 plr,s) + (s, S msy = Pys, (1,)
for every r,s € Sk. Thus, the result of MARTIN & RANDALL coincides with ours whenever the
processes Y and P, (M, € -|M,, € Sk)nz S| are Markovian and gives the analogous statement for the
limiting Markov chains.

Regarding again Equation (6.23) and recalling Lemma 6.5.8, for the author it seems reasonable
that Y mixes asymptotically with the same rate as X (on a logarithmic scale) because of several
reasons:
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Figure 6.5.: Total variation distance between the distribution of the Markov chain with transition
probabilities given in Example 6.5.6 (b) and its stationary distribution (solid, light gray
line); the total variation distance between the aggregated chain for [ = 3 and its station-
ary distribution (dashed, light gray line), and the total variation distance between the
process conditioned on being in {1,...10} (dotted) resp. in {1,...,20} (dashed) and their
conditional stationary distribution.

LIMITING CHAINS: According to Corollary 6.1.7, the limiting Markov chain of Y mixes with the same
rate as X. According to Corollary 6.1.3, the limiting Markov chain of P, (M, € - |M,, € Sy),>|s
mixes with a rate smaller than the one of X.

TIME-INHOMOGENEOUS CHAINS: We can understand P, (M, € - |M,, € Sk)nz\$| as the distribution
of a time-inhomogeneous Markov chain (whose transition probabilities depend also on x). In
this case there are bounds on the mixing rates in terms of the mixing rate of the limiting chain
(see e.g. the Main Theorem in [33]). This precise bound is to rough for our situation but can
be improved at least in special cases.

VARIATIONAL CHARACTERIZATION: Recall the proof of Theorem 6.1.1, where the function f which
minimizes the ratio of Dirichlet form and variance (and therefore specifies the spectral gap) is
constant on every valley. Hence, only pairs of states from different valleys contribute to the
spectral gap. This indicates that the mixing between valleys is slower than the mixing within
valleys.

We conclude with the example form above, studied in regard of the mixing performance of the
distribution Py (My, € - |My, € Sk)n>|s)-

EXAMPLE 6.5.12. Regard again Example 6.5.6 (b). For N = 30 and [ = 3 we have three sub-
spaces, each consisting of a birth and death process with drift towards the center of the sub-
space. Due to this drift, in terms of energies the subspaces are valleys around local minima.
Figure 6.5 shows the total variation distance between the original resp. the aggregated chain and
their limiting distributions (compare Figure 6.4) and, most notably, the variation distance between
Py (X, € - | Xy € {1,...,10})p>21 resp. Py (X, € -|X,, € {1,...,20}),>11 and their limiting distribu-
tions. What should be noticed is that, first, the process conditioned on one subvalley mixes much
faster than the aggregated chain and, second, even the process conditioned on the union of two
subvalleys mixes faster than the aggregated process.
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7. COMPARISON OF HITTING AND COVER TIMES

7.1. CoVvER TIME
Another characterizing quantity is the cover time of a process, defined by

Teov = inf{n > 0[{Xo,..., X} =S} = ma§<7's.
se

As usual, fix 1 <i < n and write Y := v and V(m) := V@ (m) for every m € S®. Defining the

cover times 72, and 7.

~ ., for the processes X and Y, we obviously have

since by the time every state has been visited, every valley must have been visited.

Now we want to show that, nevertheless, the cover time of Y is of the same order as the cover time
of X. Obviously, if there is a valley V(m) containing some state s with an energy higher than the
energy barrier arising from the MB-definition, then this state will most likely not be visited during a
stay in V(m). Thus, the above conjecture can only hold true if the valleys coincide with their inner
part V.. As every finite trajectory stays most likely beyond the energy level given by the trap model,
it is no big restriction to assume the energy landscape to satisfy

(A) V(m)=V-(m) for every m € S,
Recall that for m € SO,
T‘(/Z()m) = inf{k; > 1y = m}

THEOREM 7.1.1. Let the energy function satisfy (A). Let my be a metastable state with the deepest
valley at level i and let it be unique. Define, for m € S@,

B,, = [ for every s € V(m), there exists some o0 iy <n <o g such that X, = s
TV (m) v (m)
B := () Bm.
meS®)

Then P,(B) — 1 as f — oo for every initial state x € S, and

E, (TX ]lB) B Ey (Tc?ov]lB)

cov

B()  E(%)  E (L)
() 1) _ 2Ty =m) o)
Ep ( (700 — Teow ) 1B P, YTY =mi )+ o(1
E, (73, B (YTY #m1) +o(1) "
as B — oo.
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Since in most energy landscapes the numerator of the right-hand side of (7.1) is close to 0 and
therefore the denominator is close to 1, this confirms the following heuristic: Regard the event that
during the first visit of every valley it is completely sampled. Then the difference between the two
cover times is in average smaller than the cover time of Y and the fraction becomes very small when
B is large. The proof relies on the fact that, first, with high probability all states in a given valley
are visited during the stay in this valley and that, second, once every valley is visited, for X to cover
the whole state space it just has to scan the last valley. But scanning this valley needs less time than
leaving it and scanning all the previous valleys needs more time than leaving the deepest of them.
Both expected times can be expressed with the help of Theorem 2.2.2.

Proof: The first part uses the well known fact that P,.(74 > 01) — 0 as f — oo for every r and s in
the same valley. Thus,

P.(B) > rr‘ii(n )}P’T (1s < o1 for every s € V(m)) — 1.
rev(m

For the second part, let ma be the metastable state with the second deepest valley at level 7. Notice
that, as § — oo,

E, (25 =) 1s) = Y. Eo (8 — 7o) 18l¥ iy, =m) Bo(Y 5 =m)

meS @
< max E P.(Y v+ =m
- meS® TGV()T;) (71 Teou )
— B(E(sm)—E(m)+o(1)) = N Teow
B Z - ) TR (Y iy = m) + Z 1 —p(m,m
meSO\N®) meN ()

IN

65(1'3(sm1)—E(ml)+0(1))[p>96(?T7 =my)
+ eP(Blsmy)=Em2)to)p (Y o £ m,)
by use of Theorem 2.2.2. Analogously,

IEJ?(T7

cov

) > BEGm)-Bm)to)p (V' £ my) 4 BEGm)~Ema)top (V' — m,).

TCO’U
Combining these two estimates and using the abbreviations
a = eﬂ(E(sml)_E(ml)"‘o(l))

— B(E(smy)—E(m2)+o(1))
p = P, <?TZW = m1>
1 —p = I[Dx (77.7 #m1> )

we obtain

X Y
. ( (7 — ) 1) _pat(1-pb _pt(-pg

E, (72) = (I-pa+pb  1—p4+pl’
Since g — 0 as § — oo, this gives for large
b () ) ey B (T mm) o)
E,; (TZU) T l-p+o(l) P, (7%7% # m1> —|—0(1).

118



7.2 HiTTING TIME

7.2. HITTING TIME

The same intuition holds true for the hitting time of the over all minimum m®™. By the time X
hits this state, Y as well had hit it, thus, Tn‘)f(n> > Tn};m a.s. By the first time the valley around this

minimum is visited, it just needs another few steps for X to decline to m™. Of course X may have
to cross several sub-valleys which may take some time, but leaving a sub-valley is exponentially faster
than leaving the valleys visited before since the depth is smaller.

Before giving a result similar to the above one for the cover time, we want to note the following:

PROPOSITION 7.2.1. For every x € S it holds true that

X Y
]P)J; (7' (n) — T

m m() > Ui) — 0
as 8 — oo, where o} should denote the time spend in V(m(“)).

This proposition of course is an easy consequence of the fact that starting anywhere in the valley,
the minimum will be reach a.a.s. earlier than the valley is left again.

THEOREM 7.2.2. Define
B = {E(Xk) < E(z*(Xn,m(”))) for every TZ(n) <n<k< Tn)f(n)} )

and let m* be the deepest sub-valley in V(m™) and D(m) the depth E(sp)—E(m) of a valley V(m).
Then P, (B) — 1 as  — oo for every initial state x € S, and

X Y X Y
E,; (Tm(n)]lB> B E,. <Tm<n>]lB> . E, ((Tm(n> — Tm(n)> ]13)

E, (77w E, (7o) B, (7))

with -
Ex (7 — 7o) 1)
E,. (TZ(“)>

as  — oo as long as
liﬁnl)ioréf]?’x (D(?n) > D(m*) + ¢ for some 0 <n < Tz(n)) > 0

for some € > 0.

Proof: B is the event that once the valley around m(™ is visited, the process will not visit states
with higher energy than necessary to reach m®. Similar to the proof of Theorem 2.1.2, it holds true
that

P,(B¢) < Z P, <E(Xk) > E(z*(r,m("))) for some 0 < k < Tm(n)>

rEV(m(“))

= Z P, <TS < T,,m for some s with E(s) > E(z"(r, m("))))
rEV(m(“))

— 0

as # — oo, and thus B occurs a.a.s.
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7 COMPARISON OF HITTING AND COVER TIMES

To estimate the time needed to decline to m(™ once V(m™) is entered, let ro be the state via
which this valley is entered at time 7'1};(“). For any r € V(m(“)) we write r <>p 70 if, on the
set B, r is reachable from rg and rg is reachable from r. That is r <>p rg, if there is a path
v = (30, ) € D(ro,7) with E(v;) < E(z*(7;,m")) for every 0 < 4,5 < k. With this, let

Sry = {r e V(im™)|r g 7“0}

be the set of states which, on B, can be reached from rg and from which ry can be reached. Observe

that in particular
E(z*(r,r)) < E(z*(r,m™)) A E(z*(ro,m™))

and
E(z*(r,m(“))) SE(Z*<T’,S))\/E(z*(8,m(n)>) _ E(z*(s,m(“))) < E(Z*(T,m(n)))

holds true for every 7, s € S,,. Thus, E(z*(r,m™)) = E(z*(s,m™)) for every r, s € S,,. The process
samples Sy, until some 1 ¢ S, is reached. But r ¢ S,, provides E(z*(ro,71)) > E(z*(r1, m™)).
In this case

E(z*(r1,m™))

IN A
& &

IN A
N*

~—~ Y~ o~~~
=
=
=

I
&

for every r € Sy,. Thus, once reaching r; ¢ S,,, on the set B the set S, will not be visited again.
Starting the above procedure again in rq, inductively we decent down to r, = m®™ in a finite number
k of steps. For determining E,, (Tn)f(n)]l p) we therefore have to determine the expected time the
process spends in every S, defined above. We have to distinguish two different types of sets .S,:

(1) E(r) = E(r;) for every r € S,.,
(2) there is some r € S,, with E(r) < E(r;).

In the first case, for every r € S, there is a non-increasing path leaving S,, in some ;41 ¢ Sy, with
E(2*(ris1,m™)) < E(z*(r;,m™)). Therefore, the expected residence time in S,, converges to a
finite constant when [ tends to oco.

The second case is more complicated. When there are local minima in S, then there are subvalleys
which must be left and whose residence times converge to co. In the following we will argue that
nevertheless the residence time in S, is at most exp(S8(E(sm+) — E(m*) 4+ o(1))), what should not
be surprising.

To this end, define on S,.,\z*(r;, m™) the relation

7oy, s e E(2(rys)) < E(z*(ri,m(”))).

Since E(r) < E(z*(r;,m™)) for r € S,.\z*(r;,m™) the relation ~,. is reflexive. Obviously it is
symmetric and the transience arises from

E(z*(r,2)) < E(z"(r,s))V E(z"(s,2)) < E(z*(ri,m(")))

for r ~y, s ~, z. Thus, S,.\z*(r;, m™) separates into equivalence classes of ~,, with E(z*(r,s)) =
E(z*(r;,m™)) for r and s in different equivalence classes. Every such equivalence class [m] is a
subvalley of V (m™) of some order I(m), centered around its minimum m, with the essential saddles
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7.2 HiTTING TIME

between them being all of the height E(z*(r;,m™)). Thus, I(m) can chosen to be the same level
for every equivalence class in S, \z*(r;, m™) but varies with ;. Since the essential saddle between
these subvalleys is of the same hight as the essential saddle to m™, the AAC Y (™) will leave this
set of minima and saddles almost surely in a finite time whose expectation is bounded. Therefore,
as  — oo, the time needed for X to leave S, is bounded above by the time Y Um) peeds to leave
this set times the maximal time to leave a single subvalley which is neglected by Y (™) That is
why the expected time for the descent from ro to m™ on the set B can be bounded by

X v < . Um)y < B(E(sm=)—E(m*)+o(1))
E’"°<<Tm“’) Tm(“)) 13) < o) mev(mrﬁ?)}i{mw}Em(Jl =

as 8 — oo. Define, for € > 0,
C = Cle) := {D(?n) > D(m*) + ¢ for some 0 < n < TZ(M} :
As in the previous theorem, we obtain

E, (ng(n)) > eﬁ(D(m*)+€+o(l))]P>z(C) + B(D(m)+o(1)) (1 -=Py\(C)),

where m/ is the valley with the lowest depth. Hence, we have for the quotient

Ky ((7}),5(“) - TZ(H)) ]lB) - eB(D(m*)+o(1))
£, (77,) = ORI, (C) + FDETFI (1 — Py (C))
- 1
= eBleto)P,(C) 4 eBD(m)=D(m*)+o(1)) (1 — P, (C))
— 0
as # — oo as long as liminfg_, P, (C(e)) > 0 for some € > 0. O
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A. AUXILIARY RESULTS AND TOOLS

A.1. AUXILIARIES FOR CHAPTER 2

LEMMA A.1.1. Let (P,m) be a reversible pair on S. For any one-dimensional subgraph A =
(Wo,-ywi) of S and corresponding transition matriz P = P|a, we have

k

—1
~ T
Py (Two > Twy) = Puo(Twy > Tw,) = (ZW - 1)> .
1y M —

=1

Proof: We just prove the second inequality, as its proof (unlike that of the first inequality) is not
given in [12]. The restricted process P is a birth-and-death process whose transition probabilities are
given by

Plwi,wit1) = plwi,wit1), 0<i<k-—1,
(wuwz 1) = plwi,wi-1), 1<i<k,
wi) = 1 —p(wi,wit1) — pwi,wi—1), 1<i<k-—-1, (A1)
p(wo,wo) = 1 —p(wo,wr),
)

plwr,wr) = 1 — plwk, wk—1).

wZ? (2

It is a well-known fact in Markov chain theory and can be verified easily that it has stationary
measure

T(wo) = 1 and 7(w;) = If(wo’wl) o ']j(wi_hwi) for 1 <i<k,
P(wl,wo) Cees 'P(wi7wz'—1
and further satisfies
Fw) = "W)ook (A.2)
m(wo)

Furthermore, the probability of hitting wy before wy when starting in w; may explicitly be calculated
by solving the system of linear equations given by

Pwi (TBk < 7—20) = ﬁ(wiawi)Pwi (Tgk < TBO) +ﬁ(wivwi+l)Pwi+1 (7—8 < TO )

k wo
+ ﬁ(wia wi—l)PwFl (Tgk < TBO)

for 1 <i<k—1and Py (7, <75,)=0,Py (73, <73)=1 One gets

-1
P Plwo,w
Poor (Two > Tu,) = P"Jl(T(S() >Tf8k - <1+Z7'r o )> .

Ww Wi41
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A AUXILIARY RESULTS AND TOOLS

Using that (P, ) is a reversible pair, we now obtain

Pug (Twy > Twy,) = ﬁ(wO,Wl)@m Two > Tuwy,)
k

(
1 —~  plwo,wi) B
Plwo, wi) (1 i Pt ﬁ(wi)ﬁ(wuwiﬂ)))

where (A.1) and (A.2) have been utilized for the last identity.
PROPOSITION A.1.2 (see Corollary 1.6 in [12]). Given I C S and distinct x,z € S\I,

Py(r: < TIU{x})

Pm z =
(T < TI) PZ‘(TIU{Z} < Tm)

holds true.

Proof: We first show that, for all u € [0, 1],

ZUth(Tz:t<TI) I_Zuspx(TIZSSTIU{Z}) = Zutpm('rz:t<7_]u{x})a

>0 $>0 t>0

which in fact follows directly from
Z u'te Px(Tx =s< TIU{z})Pm(Tz =t< 77)
s,t>0
= Zut (PI(TZ =t<7r) =Pyl =t< T[U{x})) .

>0

To see the latter, we compute
Z WP (1, = 5 < Trugzy) Pu(me =t < 77)
5,620

= Y u'Y Pulr=t—s<7)Pu(re =5 < Trugy)

>0  s<t

(A.3)

(A.4)

= Zut ZPJC(TZ =1t < T[|Tx =s5< T[U{z})Pm(Tx =s5< TIU{Z})

>0  s<t
= ZutZPI(S:Tx <1, =t<7y)
>0  s<t
= ZutP;p(Tx <t =t<Ty),
>0
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A.2 TOOLBOX FOR SPECTRAL GAP ANALYSIS

which proves (A.4), for
Pu(r, =t <7) = Pu(me =t < Tpugay) = Pu(me <=t <1p).

Upon choosing v = 1 in (A.3), we obtain for the left-hand side

ZJP’J;(T,Z =t<177) 1— pr(Tm =t<1iugzy) | = Paulme <) (1 —Pu(1s < T]U{Z}))
t>0 t>0

= Pu(7e < 71) Pulme > Trug2))s
while the right-hand side equals
ZPI(TZ =t < TIU{LB}) = PI(TZ < Tlu{m})-
>0

Since Py (72 > T7ug-)) must be positive, the assertion follows. O]

A.2. TOOLBOX FOR SPECTRAL GAP ANALYSIS

PROPOSITION A.2.1. Let (P, ) be a reversible pair of a finite Markov chain M.

(a) Is p(z,x) > % for every x, then all eigenvalues of P are positive and Ay = M.
1
(b) Is M ergodic, then (max, dry (PMm, 7)) — A, as n — oo.

(c) Is M ergodic and A\, > 0, then (t.e; — 1)log (i) < Tmix(g) < log (ﬁ) tre for every e > 0,

where Ty 1= ming 7(zx).

(d) v = miny #,{()f)’ where Varg(f) == Y (f(s) = >, f(r)x(r))?n(s) and the minimum ranges
over all functions f : S — R with Var,(f) # 0 (variational characterization).

Whereas (a) is trivial (P can be written as %15 + 11, for the transition matrix P = 2P — ]) for the
proof of the remaining parts we just give references: (b) is Corollary 12.6, (c) is Theorem 12.3 and
Theorem 12.4 in [39]. (d) is Lemma 13.12 ibidem.

There is the following generalization of part (b) for non-reversible Markov chains by Fill:

PROPOSITION A.2.2 (Theorem 2.1 in [23|). Let M be an ergodic finite Markov chain with transition
matriz P and stationary distribution w. Then all eigenvalues of the multiplicative reversiblization
>o.p(x, 2)p(y, 2)m(y)/m(2), x,2 € S, are positive, the second largest of which we denote by p. Fur-

n/2
thermore, dpy (PXn, 7r) < L— for every x € S and n > 0.

Furthermore, with the Dirichlet form a comparison of the gaps of two chains is possible. Again, a
proof can be found in [39, Lemma 13.22].

LEMMA A.2.3 (see Lemma 13.22 in [39]). Let M and M be two reversible finite Markov chains on
S with stationary distributions m and 7. If E(f) < cE(f) for every f, then

- 7(x)
v < 7-cmax .
z  7(x)

LEMMA A.2.4 (see Theorem 13.20 in [39]). Let M be a reversible finite Markov chain on S with
stationary distribution ® and spectral gap . Let A C S be non-empty and let v4 be the spectral
gap of the hit chain on A with transition probabilities pa(z,y) = Py(M;, = y), xz,y € A. Then
(Pa,(m(-NA))/m(A)) is a reversible pair and v4 > 7.
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A.3. AUXILIARIES FOR CHAPTER 6

LEMMA A.3.1. Forn > 3, the vectors

_ (0 1
e n—1""n -1

Vo =

are linearly independent.

Proof: We use an inductive argument: For n = 3 it is an easy calculation that (—1, %, %) and (%, -1, %)
are linearly independent. Thus, assume the independence to hold true for some n > 3. In particular
the system of linear equations

B 1 1 1 T
-1 n—1 n—1 n—1 0
1 1 1
n—1 -1 n—1 n—1 0
1 1 1
n—1 n—1 -1 n—1 0
. n many (A5)
1 1 1
n—1 n—-1 n—1 —1 0
11 1 1|y
L n—1 n—1 n—1 n—1 . )

n — 1 many

exhibits only the trivial solution. Passing over to n + 1, the system of linear equations in question is

_ 1 1 1
1 n n n 0
1 _ 1 1
TR w |0
1 1 1
oo 1 w |0
X . n + 1 many
1 1 1
woowom —-110
1 1 1 1
L & 7 = w10
n many
and changes to
B 1 1 1 7 r 1 1 1 7
Lo a D - x| 0
1-n nt1 n+t1 _ 1 1
0 n? n? ) n? 0 0 1 n—1 n—1 0
n+1 1-—n n+1 0 1 -1 1 0
2 2 2 1 n—1
n n n n n
n many
n+l n+l 1-—n? 1 1 “1 10
n2 n2 n2 n—1 n—1
n+1 n+1 n+1 1 1 1 0
L n? n? n? J L n—1 n—1 n—1 |
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when, first, adding n~! times the first row to all other rows and, second, multiplying those other
2
rows with —="—. Neglecting the first row and column, this is the system in (A.5), of which we know

1-n2"
that it has only the trivial solution. Thus, the whole system itself exhibits just the trivial solution,
and the eigenvectors are linearly independent. O

LEMMA A.3.2. Let MT be a semi-Markov chain on S with sojourn times (T),)n>0 and embedded
Markov chain M whose transition matriz we denote by P. Write Sy := To + ... + Ty, n > 0.
Then the process (Mg, Sy, — n)p>0 is a homogeneous Markov chain with transition matric

]l{w:y,t:sfl}a s>1

l(@,5), (4.1)) = {p@,y)m(%:w, o

and stationary distribution p(z, k) = 71 (2)Py(Ty > k) /Ee(Ty), z € S, k > 1.

Proof: Let mo,...,mu11 € S and so,..., $p_1,5,t € N. If S, —n =5 > 1, then NT(n+1) = NT(n)
and therefore,

P (MnT+1 = Mpi1, Snp1 — (n+ 1) =t|M =my,.... M =mp, S, —n=s,..,5 —0= so)
=P (MNT(n) = Mnp+1, Sn - (n + 1) == t|MNT(n) = Mp, Sn —n = S)

= ]l{m,,Hl:mn,t:sfl}‘

If S, —n=s=1,then N'(n+1) = NT(n) + 1 and
P (ML =mpi1, Sp1 — (n+ 1) = t|M,] = my,ee, Mg =mo, S —n=1,..., S — 0 = s0)
= P (MNT(n)+1 = Mn+1, 50 + Inty41 — (N + 1) = {Myr(py = My, Sy —n = 1)
=P (MNT(n)_;’_l = Mpt1, TNt ()41 = M7 () = My Sp — 1 = 1)
= P (Myr(yer = st Ty = HMygr(y = m)

= p(mn, mn+1)Pmn+1(T0 = t)'

It remains to show the stationarity of u, which is obtained by

Z Z q((z,8), (y, 1)) pu(z,s) = Z Z ]l{m:y,t:s—l}u(gca s) + Zp(l', y)Py(TO = t)u(z,1)

T s>1 T

1
]Ew (TO)

= ply,t+1)+ > pla,y)Py(Ty = t)m(2)Py(Tp > 1)

_ ! <7r(y)[P’y(To >4 1) +Py(To=1) Y plz, y)ﬂ(fﬂ))

]ET(' TO)

(
- Eii%)Py(To > 1),
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Bn)n>0 a proper annealing schedule, page 37

I3 system-parameter representing the inverse temperature, page 11

A depth of the second deepest valley of E, page 70

Ay depth of the second deepest (sub)-valley in V', page 74

M e connectivity parameter, page 60

12, connectivity parameter, page 60

73, connectivity parameter, page 60

y spectral gap, page 69

L(r,s) set of finite self-avoiding paths from r to s having positive probability, page 13

r*(r,s) set of minimal paths from r to s, page 13

77 spectral gap of Z, page 79

Yg system-parameter, page 11

"N spectral gap of the (to a valley V') restricted chain, page 74

Vi absolute spectral gap, page 69

A(V) Perron-Frobenius eigenvalue of (p(z,y))sycv, Page 33

A convergence rate of the by 7" decelerated chain, page 93

Ao second largest eigenvalue of a stochastic matrix, page 69

Ax in terms of moduli second largest eigenvalue of a stochastic matrix, page 69

E(h) Dirichlet form of h, page 25

S state space of the AAC and AC consisting of the metastable states which are not
attracted until level ¢ and the non-assigned states at level i, page 36

Vn path-dependent MB, page 3

n umber of metastable states at level 1, page 13

v quasi-stationary distribution, page 33

M decelerated version of the Markov chain M, page 83

Y(i) aggregated chain at level ¢, page 36

A hit chain on S, page 79

oV @ (m) inner boundary of the valley V) (m), page 20

otV (m) outer boundary of the valley V®)(m), page 20

Py transition matrix of the (to a valley V') restricted chain, page 74

Psi transition matrix of Z, page 79

e limiting distribution of the semi-Markov chain M”, page 99

U,(f ) sojourn times of the aggregated chain at level i, page 36

TA recurrence time (> 1) of the set A, page 7

4 recurrence time (> 0) of the set A, page 7

™™ (¢) mixing time of the Markov chain M, page 69

Teow cover time, page 117
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(2)
TV (m)
5(1;7 y? z? ﬁ)
e(z,y,z,B)
(1)
p(r,s)
)
P
o

(4)

trel
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recurrence time (> 1) of the AAC, page 61

bound for the probability to reach z before y when starting in z, page 23
bound for the probability to reach z before y when starting in x, page 23
recurrence time (> 1) of the asymptotic jump chain, page 63

transition probabilities of the asymptotic jump chain, page 38
asymptotic jump chain, page 40

transition matrix of the Markov chain restricted to some subgraph A, page 23
entrance times, page 28

exit times, page 28

maximum of a and b, page 7

minimum of a and b, page 7

energy function, page 11

cumulative activation energy, page 22

cumulative activation energy along the path si,..., s,, page 22

minimal level at which m® becomes attracted, page 14

set of metastable states at level i, page 13

mo and m; are connected via an uphill-downhill-path, page 46

number of jumps of the decelerated chain up to time n, page 89

set of non-assigned states at level i, page 15

limiting transition probabilities, page 11

s is attracted by m, page 14

set of minimal states on the outer boundary of the valley V(i)(m), page 28
relaxation time, page 69

valley of order i containing m € M page 15

valley of order i containing s € S®, page 36

inner part of the valley of order i around m, page 14

to a valley V restricted chain, page 74

accelerated aggregated chain at level ¢, page 36

essential saddle between r and s, page 13

asymptotically almost surely, page 37
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