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Abstract

Metastability is a phenomenon where a dynamical system can move between different states that are
not its global equilibrium state. On short time scales the system can find itself equilibrized in a certain
region of its state space (a local equilibrium), whereas on a long time scale it will make quick tran-
sitions between new, different regions of its state space. These local equilibria are referred to as the
metastable states.

One of the uses of metastability is for model reduction. In this thesis we will restrict ourselves to
Markovian processes and consider the networks associated to the transitions of the Markov chains.
Instead of considering a Markov process on a very large state space, one can look at the process on a
reduced state space representing these metastable states. The idea is that this coarse-grained network
"mimics" the behaviour of the original network. We shall give two different mathematical definitions
for metastability of Markov chains.

In most cases where metastability is studied, limiting asymptotics are wielded. One must think of
taking limits of large volume or low temperature. However in the paper [1] by Avena, Castell, Gaudil-
liere and Mélot a new framework is introduced by which to describe "metastability" without the use of
these limits. The network of transitions of a given Markov process is coarse-grained to a state space
that represents probability measures which focus on different regions of the original finite state space
(the local equilibria). It does so through the use of intertwining dualities. We say that a n x n-matrix
A is intertwined with a m x m-matrix C with respect to a m X n-matrix B if

BA = CB.

For our discussion we are given a Markov process on a finite state space with an associated transition
matrix P in order to find another Markov process on a smaller state space with transition matrix P
and a matrix A such that

AP =PA

where the rows of A are probability measures on the original state space (representing the local equi-
libria).

In this thesis we will explore this framework based on intertwining on a toy model consisting of three
nodes that we want to reduce to a network of two nodes.

The goal is to illustrate the method in [1] in this explicit model and explore which evolutions among
the local equilibria can be described; how this relates to the spectrum of the transition matrix P of the
Markov chain in this model; and its implications on the mixing time.

ii



iv



Outline of the thesis

The goal of this thesis is to test and explore on a simple toy model a novel framework, introduced in
[1], to describe the evolution of local equilibria of Markov processes on finite state spaces.

The outline of the thesis is as follows:

In Chapter 1 we present a brief introduction to metastability theory. In particular we shall explore the
development of metastability theory and discuss metastability in the context of Markov chains.

Chapter 2 contains a presentation of the framework of [1] and the main results that we use for the
thesis.

Chapters 3 and 4 contain original material.

In Chapter 3 we see how this framework applies to a toy model consisting of a network with three
nodes. Even though the model is simple, the phenomenology that arises is very rich and is explored
in Section 3.4.

We then continue our exploration of the framework in Chapter 4, where we consider a random walk
on the same model, but now a walk consisting of a fixed number T € IN steps instead of solely one
step.
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Chapter 1

Introduction to metastability

A dynamical system tends to have an equilibrium at its state of least energy. Eventually the system will
converge to this stable equilibrium state. However, it could be that the system has other quasi-stable
states. On different time scales the system can move between such quasi-equilibria under influence of
noisy dynamics before it finally settles in its true equilibrium.

For a very big state space it can find itself equilibrized within a certain region of that state space on
very short time scales, whereas on very big time scales the system can encounter a different, new
region of the space that serves as quasi-equilibrium through very fast transitions.

The phenomenon described here is known as metastability and these quasi-equilibria are called metastable
states.

Metastability is encountered in many natural occurrences, be they physical, chemical, economical,
biological or other.

¢ Phase transitions such as the freezing of water are examples of this in physics. Here water will
still be in the metastable state of the liquid phase even though its temperature is below zero
degrees Celsius, before quickly freezing to the stable state of ice.

¢ In chemistry two compounds that react can first remain in a metastable state before transitioning
to the stable state. For example we observe this when carbon dioxide and water form bicarbon-
ate. This reaction is very slow, so the carbon dioxide and water stay in a mixture before the
application of a catalytic enzyme triggers the transition to bicarbonate.

¢ In computational neuroscience metastability, where brain signals can persist for a long time in
metastable states that are not the equilibrium state, is used to analyze how the brain responds to
random environmental cues.

We shall describe metastability from the point of view of statistical mechanics. Statistical mechanics
uses probabilistic techniques in order to describe systems of many particles and to demonstrate the
relation between concepts of the macroscopic view and the description of microscopic behaviour.

In equilibrium statistical mechanics the Gibbs measure is used. This is a probability measure on a config-
uration space and is given by Boltzmann weight factors that are based on interaction Hamiltonians. A
first-order phase transition is a transition of certain internal properties in a system due to a change in
external variables such as temperature or pressure. This transition as a function of these external vari-
ables is discontinuous. As this variable is changed, the system stays for a long and unpredictable time
in the old phase (the metastable state) before quickly transitioning to the true equilibrium. So metasta-
bility falls under non-equilibrium statistical mechanics, which is occupied with the dynamical properties
of the system whereas the equilibrium statistical mechanics is occupied with the static properties.

In this chapter we shall first consider a few informative examples that highlight the basic characteristics
of metastability, after which we present some simple mathematical models for metastability and the
further development of this subject. We follow the discussion in Chapters 1 and 2 of [2]. Then we
present a mathematical description of metastability on Markov chains [18]. Finally we give an outline
of this thesis.



1.1  Some informative examples

The example we consider now is the formation of rain.
The transition from water vapour to liquid is determined by the free energy of the system. When the
free energy of the gas-phase is greater than that of the liquid-phase, the water molecules will aggregate
and form a rain droplet. The effective free energy AG(r) of a droplet (depending on its radius r) is
the sum of the interfacial energy cr?~! between the two phases (where ¢ > 0 is this effect per unit
surface) and the difference between the bulk free energies —67 of the two phases (where & > 0 is this
effect per unit volume):

AG(r) = or*=1 — o517 (1.1)

This function is shown below:

interfacial energy

AG(r)

difference bulk free energies

Figure 1.1: Effective free energy AG(r) as a function of its radius r. [2]

We can see that the effective free energy of the droplet increases with the radius r until a critical radius
r*, after which it only decreases. If a droplet of radius larger than the critical one is formed, then this
radius will tend to grow. Those smaller will evaporate.

In order to grow larger than r*, the system must temporarily violate the laws of thermodynamics and
increase the free energy. These thermal fluctuations can produce supercritical droplets, however if r* is
very large, they will do so only rarely.

Thus we find a quick transition from the metastable gas-phase (which persists for a long time) to the
stable liquid-phase after many failed attempts at the formation of a supercritical droplet.

Another example where we can see the formation of a supercritical droplet is the kinetic Ising model
[3]. In the figure below we see a spin system that starts with all spins aligned minus and then, after
the appearance of a critical droplet, transitions to the equilibrium state where all spins are aligned plus.

- F R

Figure 1.2: The Ising model starts out in the metastable minus phase where it stays for a long time
until a supercritical droplet is formed. After that it quickly transitions to the equilibrium of all plus.

[3]



The first three pictures are taken at times 471, 7482 and 13403 and represent the metastable state of
the minus phase. After many unsuccessful attempts, a supercritical droplet is finally formed after a
long time at time 14674. The system then quickly transitions to the stable state of the plus phase. The
following pictures are taken at times 15194, 15432, 15892, 16558, 17328, 23645 and 40048 respectively.

1.2 Models for metastability

We discuss now two toy models that clearly describe metastability, namely the Kramers model for Brown-
ian motion in a double-well and the finite-state Markov process with exponentially small transition probabilities.

One of the earliest mathematical descriptions of metastability was developed by van ‘'t Hoff[4] in 1884
and refined by Arrhenius[5] in 1889, with the Arrhenius equation for temperature dependence of the
rate constant R associated with a chemical reaction:

R =Aexp (_kBET) (1.2)

where A is the amplitude, E the activation energy of the reaction, kp the Boltzmann constant and T
the temperature.
Before the molecules can react they must achieve an energy E. The fraction of molecules that have

that energy at temperature T is proportional to exp (— kBLT) , so the probability of a single collision to

cause a reaction is exp (—k%) We can see A as the average number of collisions per unit time, R as

the average number of collisions per unit time that causes a reaction and 1/R as the average reaction
time. The exponential captures the leading asymptotic behaviour.

The Arrhenius equation (1.2) turns out to be a very good formula for the average metastable crossover
time of many models with stochastic dynamics in small volumes at low temperatures.

In 1940 Kramers[6] developed a toy model to mathematically verify equation (1.2) that replaces the
microscopic collisions by a Brownian motion in a mesoscopic system. The model describes Brownian
motion in a double-well potential using the one-dimensional diffusion equation

dX; = b(Xy)dt + /2edB;, (1.3)
where X; is the particle’s position at time ¢ in a drift field b = —W/, W : R — R is a double-well

potential (a function with two local minima and two steep walls) and By is the position of the standard
Brownian motion at time ¢.

W(x)

Figure 1.3: The double-well potential which has two wells at # and v. [2]

We see an example of a double-well potential above, where we have a local minimum at u, a global
minimum at v and a saddle point at z*.



The Kramers formula for average transition time from local minimum u to global minimum v through
saddle point z* is given by

27
V=W ()W (u)

Notice the similarity with equation (1.2), where now we have activation energy E = W(u) — W(z*),

i = 27 i A1 i
amplitude A = T and inverse temperature . Furthermore, the leading order

€
asymptotics are exponential as we have

Eyu[t] = [1+0(1)]

exp[(W(z") = W(u))/el. (1.4)

eInEy,[w] = [14+0(1)](W(z") — W(u)) (1.5)

asel 0.
A multi-dimensional generalisation of equation (1.4) was found by Eyring[7] and is called the Eyring-
Kramers formula. We shall not present it here.

Seeing as the particle in the Kramers model spends most of the time near the two minima, the model
can be simplified further to a system of two states u and v, the wells in the potential. The particle then
jumps from u to v after approximately a time Ty, the first hitting time of v starting from u. Similarly it
jumps from v to u after approximately 7. In the limit € | 0, it holds that 7, and 7, tend to exponentially
distributed random variables. Hence we can approximate the Kramers model by a continuous-time
Markov process on the state space with two states # and v. The transition rates are given by

c(u,v) =exp(—r(u,v)/e), r(u,0v)=W(z")—-W(u), (1.6)
c(v,u) =exp(—r(v,u)/e), r(v,u)=W(z")—W(v). ’
c(u,v)
u v
c(vyu)

Figure 1.4: The Markov chain showing transitions between the two states u and v. [2]

The average crossover times [E, [7,] = 1/¢(u,v) and E,[1,] = 1/c(v, u) give us the same leading order
asymptotics as in (1.5).

Of course a system can have more than two metastable states[8]. In that case we can generalize this
system to a continuous-time Markov chain on a finite state space {mj, ..., m,} with transition rates
c(m;,mj) = exp(—r(m;,m;)/e) for i,j = 1,...,n. The theory of metastability then has the objective to
find these transition rates.

1.3 Further development of metastability theory

After the Kramers model in 1940 further developments in the theory of metastability were made.
These in turn led to what is known as the pathwise approach to metastability, proposed by Freidlin
and Wentzell[8] in the 1960’s and 1970’s. They suggested that metastability is determined by large
deviations of the random processes that govern the dynamics of the system. This theory consists of
minimizing the large deviation rate function in path space in order to find the most likely path between
metastable states. With that knowledge, one can ascertain the crossover time and obtain information
about the system before and after the crossover. One main disadvantage of this theory however is the
general difficulty with which one can discern this rate function.



A rigorous theory for metastability for particle systems was developed by Penrose and Lebowitz[g] in
1971. They identified the following three characteristics which a metastable state must possess:

1. there is only one stable state in the system,
2. the metastable state persists for a very long time,

3. the decay time from a metastable state to the stable one is much smaller than the return time
from stable to metastable.

In the 1980’s Davies ([10] to [14]) demonstrated that if the spectrum of the generator of a reversible
Markov process contains a set of real eigenvalues that are very small and separated by a large gap from
the other eigenvalues, then the system displays metastable behaviour. This spectral approach has as dis-
advantage that the assumptions on the spectrum made by Davies are generally difficult to substantiate.

In 2001 a new approach to metastability was suggested by Bovier, Eckhoff, Gayrard and Klein[15].
This potential-theoretic approach considers the analogy of equilibrium potentials and capacities of elec-
tric networks instead of Markov processes. In this analogy, we treat the configurations of the system
as vertices in the electric network; transitions between configurations as edges; and transition proba-
bilities as conductances of their respective edges.

In that case the hitting probability of a set of certain configurations as function of a starting configu-
ration is viewed as the equilibrium potential where the potential is set to 1 on the target set and 0 on
the vertex associated to the starting configuration. The average hitting time for metastable sets is the
inverse of the capacity.

The powerful insight in this theory is that variational principles and renewal equations can be used to
estimate and bound these capacities.

1.4 Maetastability as model reduction

Let us now turn our attention to metastability in the context of Markov processes. Motivated by a
specific example we will study how we can describe the evolution of a Markov chain by simpler dy-
namics, in particular one where the state space is smaller than the original yet still exhibiting the same
main features of the original chain. The discussion is based on the theory presented by Landim in [18].

Define for N > 1 the set Ay = {1,...,N}2 and Ej,N, 0 < j < 3, be copies of Ay. Then we see in
the figure below that the set Ey is the union of these four squares, where each pair of neighbouring
squares share exactly one point.

Eo N

Figure 1.5: The set En. [18]



Let 77y /(t) be the continuous-time, irreducible Markov chain that takes values in Ey by waiting at point
in Ey with mean-one exponential time and then jumping uniformly to one of the neighbours. The
projection Yy : Ey — {0,1,2,3} given by

3
yN(U) = Z kXEklN (;7)’
k=0

where x4 is the indicator of a set A C Ey;, helps us define the evolution of the reduced model

Yn(t) = Yn(n(t)).

It is known that the symmetric continuous-time random walk on Ay has mixing time of order N? and
time that is needed to hit a point at distance N of order ay = N?log N. Using this knowledge we can
consider the time that is needed to hit one the intersection points of the E; y when starting from the
middle of an E; . Let B be the set of these intersection points, then we denote this first hitting time as

HY = inf{t > 0:yy(t) € B}.

Note that this hitting time is of order much larger than the mixing time of the random walk on Ay.
This means that the chain on Eyx will equilibrate in the starting E; 5 before hitting one of the corners.
After equilibration, the chain will stay for a time of order ay in E; y after which it hits an intersection

point with Ej1; y (we take summation modulo 4), with probability % for either of the neighbouring
corners. For simplicity we take that neighbour to be E;; 1 ;y and denote the corner point by ¢.

Let us now fix a sequence (Iy)n>1 such that [y — oo and Iy/N — 0. We define Vy to be the set
of points in Ey that are a distance Iy or less away from . After ¢ is hit, () will move within Vy
for a time of order 13, As this time is much smaller than ay, this escape time from Vy is negligible
in this time scale. After escape from Vy the chain will end up in either E; 5 or in Ej,4 y, both with

probability % Then it takes again a time of order a to hit B, meaning that the chain will equilibrate
again inside the square. Thus we arrive at the initial settings and the process begins anew.

In the time scale ay we can see that a coarse-grained process is defined by

Yn(t) = Yn(tan) = Yn(yn(tan)).

This is a continuous-time process with values in {0,1,2,3}, where the holding rates are given by some
A > 0 and transition probabilities are p(j,j + 1) = }. Because of the memory loss that arises from the
equilibration, we expect this process to converge to a Markov chain. The question that we must pose
is: how exactly does Yn(t) converge to a Markov chain? We see in the figure below a realization of
this process. The walk stays for a time of order ay in a state in {0,1,2,3}, after which it makes very

short excursions around a corner point (these excursions are represented by the black rectangles).

O = N W

Figure 1.6: A trajectory of Yy(t). [18]

These fluctuations are the reason that Yy (t) does not converge to a Markov chain in any of the
Skorohod topologies. In order to fix this, we shall alter the trajectories of Yx(t) by removing these
fluctuations.



First let us define Szj\] to be the set of points in E; y that are at least a distance Iy away from the faces
of Ej y. This can be seen in the figure below.

Q7]
>
T T
[TTTT]
Q7]
ZH
[T T[]
[T T[]

[T [TTTTT
[TTTT]

Figure 1.7: The sets 5{\] within each EiN- [18]

There are two ways in which we will alter the trajectories to obtain convergence in the Skorohod
topology, namely by last passage and by the trace process. Before presenting these, we lay down a
general framework.

1.4.1 General framework

Let (Ex)n>1 be a sequence of finite state spaces and 7y (t) a continuous-time irreducible Markov chain
with values in Ey. It has a generator £y that acts on functions f : Ey — R by

(Lnf)m) = Y Rn(m,Q)If () — f(m)];

GEEN

and it has a unique stationary distribution 7ry. For a set A C Ey, the first hitting time of A and the
first return time to A are given respectively by

Hp:=inf{t > 0:yn(t) € A}, H} =inf{t > 7 : yn(t) € A}
where 71 = inf{t > 0: yx(t) # yn(0)}.
Now for n > 1 we create a partition of Ey consisting of disjoint sets £ L., &L, An. We also define
n
en=J k.
k=1

For S = {1, ..., n} we define the projection that sends 7 € Ex to SU {d} by

ON(n) = ki nggl(ﬂ) +oxay (1)
-

Then
Xn(t) := @n (N (1))

is the process with values in SU {4} that is determined by #y(t).



1.4.2 Last passage

In the method of last passage, we alter the trajectories through removing the fast fluctuations and only
considering the last set £ I’i, that is visited.

First we define the left limit of # at time ¢ by

nn(t=) = ls}gl 1N (s)-

Then the process XJ;(t) is defined by

XX (1) == @n(n(on(t)))
where

on(t) = {t if nn(t) € En

wyn(t)— otherwise,
and
wn (f) :==sup{s < t:yn(s) € En}.
We see that wy(t) is the last time that 17y was in one of the £ before time t. Thus vy (t) will always

give us a time that the chain 7y is in one of the £K and we get rid of the fast fluctuations that take
place in Ay.

Suppose we start in é’llﬁl and then visit é’;\]. Then in the time interval [0, H el ), the process X}, remains
N

constantly equal to k where H o 18 of the order ay. Since we have now got rid of the fast fluctuations,
N

the process X}, in the time scale ay converges to a Markov chain in the Skorohod topology.

We give the definition of metastability in this case:

Definition 1.1 (LP metastability). The Markov chain #y/(t) is LP-metastable in the time scale ay if
there exists a partition {£},, .., €%, AN} of Ey and a continuous-time Markov chain X(t) with values
inS = {1, .., n} such that

1. for all k € S and all (&y)n>1 where &y € EX: starting from &y, the process XY (t) = XY (tay)
converges to X(t) in the Skorohod topology;

2. forall t > 0:

t
: N
i, B | O (om0 =0

i.e. we can disregard the time in Ay. Here ]E”N is the expectation with respect to the probability

measure ]1’,7N induced by #5x(t) starting from 7 on the space D([0,00), Ex) of cadlag trajectories
endowed with the Skorohod topology.

The problem with this alteration is that the process 7y (vn(t)) is not markovian, making things hard
to prove.

1.4.3 Trace process
Now we will remove the fast fluctuations by using the trace process.
We see for a non-empty, proper subset F C Ey that
t
Te(t) = [ xeOn(s))ds

is the time that 77y spends in F on the interval [0, ¢]. Its generalized inverse is given by

Sp(t) :==sup{s > 0: Tp(s) < t}.



As the chain is irreducible, Sg(t) is almost surely finite for all + > 0.
Now we can define the trace of 7y () on the set F to be

i (t) =N (SF(t)).

It is a known result that iylf](t) is an irreducible, cotinuous-time Markov chain that takes values in F.
Its jump rates are

RN(7,8) = A(n)Py[Hf = Hyl, n,€F, n#¢
where for the jump rates Ry(7, ) of the original chain we have holding rates A(7) = Y. Rn(7, ).

¢eEN
We can get a better understanding of these quantities from the figure below.
E TF/\

13 13

b1 — b1 —
Tl T2 Tl + T2
a+— . at———

t t t

Figure 1.8: The first figure shows the trajectory of a Markov chain with values in a state space E, where
we focus on the subset F = {a,b}. The second graph is Tr(t). We remark that if the chain is not in
F, then Tg(t) is constant. Otherwise it increases linearly. The third gragh shows the trace process. We
can view this as the process where time is frozen when the chain hits F~ until the time when it is again
in F and time continues normally. This means that we remove excursion to FC from the trajectory and
then push back what remains. [18]

For our situation we study 11}3}” (t), the trace of 7y on Ey. Defining a new projection

n
) = ) kxer ()
k=1
that only acts on €y, we can consider a new process

Xy () = En (™ (1)

to give the following definition of metastability. (Note that X7, is the trace of Xy on S.)
Definition 1.2 (Trace metastability). The Markov chain #y/(t) is trace-metastable in the time scale ay if
there exists a partition {£},, ..., €%, AN} of Ey and a continuous-time Markov chain X(t) with values
inS = {1, .., n} such that
1. for all k € S and all (&y)n>1 where &y € EX: starting from &y, the process X4 (t) = XL (tay)
converges to X(t) in the Skorohod topology;

2. forall t > 0:

t
. N
i, B | O (om0 =0

i.e. we can disregard the time in Ay. Here ]E”N is the expectation with respect to the probability

measure PY induced by 7y (t) starting from 7 on the space D([0,0), Ey) of cadlag trajectories
endowed with the Skorohod topology.

1.4.4 Remarks

Remark 1. Note that the given definitions differ from our description of metastability in the earlier
sections. There metastability is used to describe the transition from a metastable state to a stable one.
In these definitions of metastability that would match the case where the state space consists of one
transient and one absorbing state.



Remark 2. In both definitions the second condition tells us that the transition between two metastable
states is very fast, as the time spent in Ay is negligible. This corresponds with what we discussed
in earlier sections where it was known that in the metastable time-scale the transitions happen very
quickly.

Remark 3. In the examples in Section 1.1 we saw that metastability happens due to a present energy
barrier. If the system overcomes this barrier, it will reach a new section of the state space. In the
example in this section it is not an energy barrier but a bottleneck that causes metastability.

In this thesis we shall also study a model where metastability arises due to a bottleneck.

Remark 4. The approach of Landim can be used to investigate dynamics that are represented as a
Markov chain on a state space of fixed, finite size.

Transition path theory ([19] to [22]), where one studies the statistical properties of the portions of the
path of a Markov process that correspond to transitions between two pre-specified subsets of the state
space, is an example of this. The same goes for the intertwining method ([1], [3], [23], [24]), which we
will study in greater detail in the next chapter.

1.5 Relation to this thesis

In the paper [1] by Avena, Castell, Gaudilliere and Mélot a novel general approach is proposed by
which to describe the evolution of local equilibria of a finite Markov chain. Different metastable states
are probability measures concentrated on different parts of a possibly very large network. Then the
interest lies in coarse-graining this network, or in other words to coalesce vertices of the network in
order to consider a simpler Markov process on a reduced state space.

Until now we have always assumed an asymptotic regime such that we could examine metastability,
be it large volume (as in [18]) or low temperature limits. Now, however, the novelty in the work of
Avena et al. lies in the fact that we can in principle describe metastable behaviour outside of these
asymptotic regimes.

The original contents of this thesis consist of working out the framework of [1] on explicit models and
exploring the resulting phenomenology.
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Chapter 2

Evolution of local equilibria through
intertwining

In this section we will present the results of [1] that form the basis for this thesis.

Let X be a finite state space of size |X'| = n € IN. We consider an irreducible discrete time Markov
process {Xt,t > 0} on X that is characterized by an irreducible stochastic transition matrix P. The
general goal is to observe the evolution of distributions that are localized in different regions of its
state space.

We will do this through intertwining dualities, the concept of which is introduced in Section 2.1.
In Section 2.2 we will state the main general theorem which will explain how to make sense of the
evolution of the local equilibria ("metastable states"). In Section 2.3 we will observe how all this is
related to the spectrum of P. And Section 2.4 summarizes further results developed in [1] in case an
analytic explicit analysis is out of reach.

2.1 Intertwining

We will now explore the tool of intertwining and discuss in which context we shall use it for our
purposes.
Definition 2.1 (Intertwining). Consider a Markov process X on state space X of size m € IN with
transition matrix P. The Markov process X is intertwined with X with respect to a matrix A : X x X —
0,1] if

AP = PA. (2.1)

Note that this is in general not a symmetric relation, unless A is invertible.
Furthermore we can choose for the rows of A to be probability measures on X

A(Y, ) = Vx.

In the literature intertwining has appeared in many contexts. Rogers and Pitman[16] use intertwining
to state identities in laws for diffusion processes. Here they considered measures vz with disjoint sup-
port.

Diaconis and Fills[17] examined intertwining without this restriction in order to study Markov chains.
They did this in order to construct strong stationary times and to control convergence rates to equilib-
rium.

In these studies there was always the assumption that the size m of X was much larger than or equal
to the size n of X'. For our purposes we take m to be smaller than 7.

11



In fact, for the intents of [1] our goal is:
Given (X, P, X), find m probability measures vz = A(X,-) (Where m < n = |X|) that are concentrated
on different regions of X and find a transition matrix P on {1, ..., 7} such that

AP = PA,

which is equivalent to
vzP = AP(X,-) = PA(T,-) = Y P(X,7)wy.
yeX
Remark. Note that if we take all v5 to be equal to the invariant measure 7 of P, we see that the
intertwining equation is always satisfied.
For all x € X and ¥ € X we observe then that:

PH(YIX)— ﬁ(f X, y)m(x)

yex
(%)
P(x)

P(%, x).

:na/—\W\
3

We will now show that if the coarse-grained process has thermalized, then so has the original.
Remark (Thermalization of coarse-grained process implies thermalization of the original process).
Suppose that the process X has a unique stationary distributions 7, the process X has unique station-
ary distribution 77 and A is such that AP = PA. Then

A = .

In other words thermalization of the coarse-grained process implies thermalization of the original
process.

Proof. We see that
(TAP), = ; (7TA); Pia

= Zzﬁj/\j,ipi,a
i

= ZZﬁ]ﬁ] N
i

= Zﬁi/\i,a
i

= (7TA)

a-

2.2 Coarse-grained dynamics and the evolution of local equilibria

By finding solutions of the intertwining equations as described in the previous section, we can de-
scribe the evolution of local equilibria. In this way we can discuss metastability outside any asymp-
totic regime. From one local equilibrium vz the process X evolves to another equilibrium v chosen
according to P after a random time that is also determined by P.

The following theorem (Proposition 6 of [1]) explains this in rigorous terms.
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Theorem 2.1 (Evolution of local equilibria in intertwining context). If X is intertwined with X
with respect to measures vy = A(X, -), then there exists a filtration F such that X is F-adapted
and for each ¥ € X there exist a stopping time Ty and a random variable Yz with values in X'\ {¥}
and law P that satisfy

1. Ty is geometrically distributed with parameter 1 — P(%, X);

2. vy is stationary until time T%, which means that

Py (Xp = [Tz > t) = vx("); (2:2)
3. for all ¥ € X'\ X we have
_ o __PEY)
P(Yzr=7) = I pa) (2.3)
4 _
P (X(Tx) = -Yx =9) = vy(-); (2.4)

5. (X(Tx),Yx) and Ty are independent.

This is very alike the heuristic description of Penrose and Lebowitz in 1971 that was discussed in
Section 1.3:

1. First of all since we consider an irreducible and periodic chain on a finite state space there is a
unique invariant measure. This is the unique stable state of the system.

2. Secondly a metastable state X persists for a random time T, which in general can be very long.
This we see in (2.2).

3. The decay time from metastable state to another is much shorter. In fact the transition is imme-
diate as we can see from (2.4).

This general theorem is interesting provided we can solve the intertwining and if the corresponding
measures vy are good for our purpose, in the sense that they are localized in different regions of the
state space and separated as much as possible.

2.3 Spectral characterization of solutions to the intertwining equa-
tions

We are interested in finding non-degenerate solutions of the intertwining equations, i.e. where the vy
are linearly independent, and preferably such that the vy have as little overlap as possible.

We noticed earlier that if we take all vz to be the invariant measure, we retrieve a trivial solution.
Theorem 2.2 (Lemma 10 of [1]) shows us that if non-trivial intertwining solutions (A, P) exist and we
have knowledge of the spectrum of P, we can find a matrix C = (C(¥,]))zcx, jej (Where ] is a subset
of {0, 1,..,n— 1} of size m) such that we can write the rows vy of A as perturbations of the invariant
measure by this C.

Theorem 2.2 (Spectral characterization of non-trivial intertwining equations). Denote the n eigen-
values of P by

1=60>0,>..20, 1> -1
and denote the set [n] = {0,1,2,...,n —1}.
If A is of rank m such that AP = PA, then there exist an orthonormal basis of eigenvectors
{uj: 0 <j < n} of Psuch that

HiP = Ojhj

for all 0 < j < n; a subset | C [n] such that 0 € J and |J| = m; and an invertible matrix
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C = (C(%,j))zcw jej such that C(x,0) = 1 for all X € X and

o= ¥ CE 1 @3)
j€J
forall ¥ € X and _
PC(-,j) = 6;C(,)) (2.6)

forallj e J.

Note that y9 = 7w and C(¥,0) = 1, which means that indeed vy adds the other eigenvectors ; of P to
7t through the perturbation matrix C.

Theorem 2.2 gives us a spectral characterization of solutions to our intertwining problem, but tells us
nothing about how "good" these solutions are.

The subsequent proposition (Lemma 11 of [1]) gives us a recipe for how we can find a reversible and
stochastic irreducible matrix P with a spectrum that is contained in that of P.

If we find this explicit P, we can make the task of finding intertwining solutions easier as we must
only find A instead of both A and P. In particular the A’s that result should be good in the sense that
they are localized in different regions of the state space. However no assertions can be made about the
separation between the measures.

Proposition 2.1 (Universal solutions with good properties). For any
1:60>912"~29m7120
there always exists a reversible and irreducible stochastic matrix P with those as eigenvalues.

We show how the matrix P in Lemma 2.2 is constructed.
For 1 < k < m define

=36 (2.7)
j<k
Then P is given by
21+91 2179] 21 791 21791 21776]
1x2 23 3xd v (m—T)m m
-0 To42%0, X206, Yo—26, Yo—26,
1x2 2%3 3x4 cre (m—1)m m
-0 %20,  Z343%; 23363 23363
= 1x2 2x3 3x4 m—1)m m
P= ‘ ( ' ) (2.8)
X1—6; Yp—26, Y3—303 Zm—l“"(m_l)zem—l mel_(m_l)emfl
1x2 2%3 3x4 tee (m—1)m m
21—91 227292 23—393 Zm—l_(m_l)gmfl &
1x2 2x3 3x4 T (m—1)m m

Remark. Further we observe that in order to construct the P of Lemma 2.2, we must have full knowl-
edge of the spectrum of P. This however, may prove too difficult in cases where we study processes
on very large state spaces.

Nonetheless in [1] an algorithm based on random spanning forests was introduced to build approxi-
mate solutions to the intertwining equations. It is not the goal of this thesis to dig into this algorithmic
process. Instead we shall focus on exploring analytically the solutions to a simple model.

2.4 Approximate solutions to the intertwining equations

Of course in many cases, such as when we consider immense state spaces, "good" exact solutions to the
intertwining equations can be too difficult to find. In sections 5.2.1 and 5.2.2 of [3] a way of building
approximate "good" solutions is presented. This method uses an algorithm and the concept of random
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forests to construct a measure-valued process on a smaller state space with dynamics resembling those
of the original process.

First we consider a directed and weighted graph G = (V, E, w) on state space of size |V| = n € IN, where
E is the set of directed edges and w : V x V. — Ry is a strictly positive weight function. A rooted
spanning forest ¢ is a subgraph of G without cycles, where a root of ¢ are the vertices x € V such that
for all y € V the edge (x,y) is not in ¢. The set of roots of ¢ is denoted by R(¢) and the set of all
possible rooted spanning forests by F. We can now define what we call the forest measure for fixed
positive g € R, which is the law of the F-valued random variable known as the random forest ®@,:

PO =9 = gy
peF

Here w(¢) = [] w(e) is the weight of ¢ € F and |R(¢)| is the number of roots of ¢.
ec¢

The algorithm of [3] consists of the following steps: Given an irreducible and reversible graph G on
state space of size |V| = n with associated Markov process X and invariant measure y, we must
1. Choose m < n and partition the graph into P(G) = [Aq, ..., Au].
2. Define new vertex set V = {1, ..., 7i}.
3. Set the A-matrix as
A(X,) = v() i= p(|Ax)
for ¥ € V and where p(-|Ay) is the invariant measure p conditioned to Ay C V.

4. We define T,/ as an independent exponential random variable of parameter q' > 0. For X,y € v,
the new process is given by the law

Py (%,7) = P [X(Tq/) € Ay} .

The randomization of this deterministic algorithm is implemented by choosing
m = m(q) = |R(P)]

and
P(G) == P(Cpq) = [Alr'-'/Am(q)]-

Some comments on this procedure:
e If the constructed (A, Fq/) is close to a solution of the intertwining equations, then we can con-

sider the resulting network G as a coarse-grained measure-valued description of G on time scale

T,.

* For any q' > 0, because of the last step and irreducibility of the original G, the resulting G with
weights given by Py is a complete graph with non-homogeneous weights. In particular Py is
again irreducible and reversible.

¢ To see that the measures vy have disjoint support, we refer the reader to Theorem 10 of [3].
¢ To see that the constructed (A, Pq/) is close to a solution we refer the reader to Theorem 12 of [3].
Here a bound is given on
IR(®q)] _
E| Y drv(AKy(X,-), PyA(R,))
x=1
where E is the expectation with respect to the forest measure P. Further K, (x,) is the dis-
tribution of the original process started at x € V and considered at an exponential time T, of
parameter g > 0. The total variation distance function dry for two probability measures j, v on V
is given by

drv(p) = 3 T ) — vl

xeV
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Chapter 3

One-step random walk on the 3-node
toy model

In this chapter we shall investigate the framework of [1] on an explicit model of three nodes.

® In Section 3.1 we present the model (characterized by a parameter 0 < p < 1), calculate its in-
variant measure and explain the intuition behind the coarse-graining of the network.

¢ In Section 3.2 we solve the intertwining solutions for the one-step distribution on this model. We
show that there are non-trivial solutions for all p.

¢ In Section 3.3 we rederive the solutions of the previous section through Theorem 2.2 and explore
how "good" the universal solutions of Proposition 2.1 are.

e In Section 3.4 we investigate the evolution of local equilibria by using Theorem 2.1 and the
intertwining solutions of Section 3.2.

¢ Finally Section 3.5 contains investigation of the phenomenology that arises from this evolution
of the local equilibria and in particular find a bound on the mixing time of the original chain.

3.1 The 3-node toy model

Let G be the graph on state space X = {1,2,3} as in the following figure:
P 1-p
1—p P
The transition matrix on this graph is defined using a parameter p € (0,1) as follows:
p 1-p 0
P=1|1-p O p . (3.1)

0 p 1-p

As this Markov chain is irreducible and aperiodic on a finite state space, we know that it has a unique
invariant measure. To find its invariant measure 7t = (77(1), 77(2), 71(3)), we must solve

P = .

This gives us

n(1) =n(2) = n(3) = 3. (3-2)
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Lemma 3.1. Furthermore for general p, the matrix P has eigenvectors

1-2p—-A 1-2p+A
1 P P
o= (1], p1 = —1+pp+/\ and iy = —1+pp—/\
1 1 1
for eigenvalues ) = 1, ; = A and 6, = —A respectively, where we define

Ai=/3p2 —3p+1€[1/2,1).

Proof. We find that the determinant of AI — P is given by

A—p p—1 0
det(ﬁ—l A —p )=(A—P)(A2—A(1—P)—P2)+(1—P)(P—l)(?t—(1—;7))
0 —p A-(1-p)
=2 =N =p) = pP?A = pA + Ap(1 = p) +p° = A(p* —2p +1)
+3p? =3p+1-p°
=A% — A2+ A(=3p* +3p—1)+3p* —3p + 1.

This has solutions A =1 and A = +,/3p2 —3p + 1.

For the eigenvectors we must solve Py = Ap. Then we find
pp(1) + (1 = p)u(2) Au(1)
( = p)pu(1) +pu(3) Au(2) | -
pu(2) + (1= p)u(3) Au(3)
Thus we find

and

u(1) ==
_a

—p)(=1+p+A)
p(A—p) HE)
14 p+At+p—p>—pA
B p(A—p) HE)
_(1=2p-A)(A—-p)
B p(A—p) G)
=1_25_Au(3)-

For our intertwining discussion we place the following parametric probability measures on the graph:

VT :(er MZ/ M3)/

Vy :(m1,m2, ma),

where the M; and m; are in [0,1] and add up to 1 respectively. Then define the matrix A as
_ (v _ (M1 Mz M
v ()= Gt ) =
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We consider a coarse-grained network on state space X = {1,2}. The intuition behind this is that if
we take p to be large, the process on A will stay for a long time in either the node 1 or the pair 2-3.
Thus we can collapse the nodes 2 and 3 into 2 that represents a measure that places most of its mass
on 2,3 and similar for 1 with 1. Similarly if p is small, the process will stay for a long time in either
the pair 1-2 or in 3.

We place the graph on X in the following figure:

p 1-7

S|

The transition matrix on this graph is given by
— 7 1—7
P-(7 12D) .
( 7 1-7 (3-4)

where P and 7 are as of yet unknown transition probabilities in [0, 1].

3.2 Intertwining: characterization of solutions for the one-step dis-
tribution

We shall now show that there exist non-trivial solutions of the intertwining equation for all p’s. The
full characterization of solutions is given in Proposition 3.1.

Proposition 3.1 (Full characterization of solutions to intertwining in the 3-node model). Let P
be as in (3.1), A as in (3.3) and P as in (3.4). The solutions (A, P) to the intertwining equation
AP = PA are characterized by the difference 7 — g, which can only be +A. The solutions are
identified by

e 1. If p—7g = +A, then either

1 —-p+1+A
< < =< < — .
Osm<sgsM< s 5:5)
o 1 +14+A
—p
< < =< _— .
OsMszsmsoon sy (6)
2. If p — g = —A, then either
1-A—p 1
——— < < = .
max{O,z_zA_3p}m13 (3-7)
1(1—|—/\)—/\m <M; <min{-— P 1 1+1 _mi. (3.8)
3 =M= 1-A-3p’3 A A 3
or
1 P
- < < .
3SMST,, (3.9)
1-A—p 1 1 my 1
= bM< 2 — ; .
maX{O’Z—Z)\—Bp’3<1+A> )\}_Ml—3(1+/\) Amy; (3.10)
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(I14+a—-3p)M;+p

M, = 14+«
and
(I+a—3p)m; +p
my = ;
1+«
Mz =1—-M; — M,
and

mz =1—my —my;

and finally given M; # my,

7— p(1—p)(1—3m)
(1+a)(My —mq)’

wherea =p —7.

Proof. We want to solve -
AP = PA.

In order to do this, we first find

AP — (le +(1=p)My (1—p)My+pMs pMp+(1

pmi+ (1—=p)my (1 —p)my+pmz  pmy+ (1—

and

PA — (PM1 + (1 =p)m pMa+ (1 —p)my PM3+ (1
M+ (1 =q)my qMy+ (1 —q)ma qMz + (1

The intertwining relation gives us the following constraints on A and P:

pMi+ (1 —p)My = p(My —my) +m
(1 — p)M1 +pM;z = ﬁ( mz) + my

pMa + (1 —p)M;z = ?(Ms —mg3) +mg
pmy+ (1 —p)my = q(My —my) +m
(1—p)m + pmz = Q(Mz —my) +my
pma + (1 — p)mz = q(Ms — m3) +m3

M +My+Ms=1
my+my+mz =1
erMZI MS/ my, my, 7”13/?@ S [O/ 1}

We shall find solutions as functions of M; and m; in the following steps.

- P)Ms)

p)ms

—p)ms
—q)m3

1. Suppose that M; # m; and M3 # mj3. Else we only find trivial solutions.
We see this as the equations (3.18) and (3.21) force My = mjy if My = my and similar for (3.20)
and (3.23) if M3 = m3. Then equations (3.19) and (3.22) give us now that

(1= p)My +pM3 = (1 — p)my + pms.

Hence we obtain

My — ;pp(Ms — m3).

my = 1—
Thus M; = m; for all i.

).

(3.11)

(3.12)

(3.13)

(3.14)

(3-15)

(3.16)

(3-17)

(3.18)
(3.19)
(3.20)
(3.21)
(3.22)
(3-23)
(3-24)
(3-25)
(3.26)

From equation (3.18) and (3.19) we can then see that M; = M, = Mj3. Plugging this in (3.24),
returns the invariant measure. Note that M1 = My = M3 = my = my = m3 = % clearly satisfies

all constraints.
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2. If My = my, then there are only non-trivial solutions for p = %

From the relation M; — mq; = % (M3 — m3) and equation (3.24) we see

M1+M2+M3=%(Mg—Mg)-f—ml-f—mz-f—Mg,:l.

Using (3.25) which states m + my = 1 — m3, we rewrite this as

1__p(M3—m3)+1—m3+M3:1,

or equivalently as

1-2p

—Q (M3 — =0.

1_p (M3 —ms3)
For p # %, this gives us Mz = m3, and by the derivation above thus the invariant measure.
For p = } we refer the reader to Step 11.

3. Now we use equations (3.18) to (3.230) to find a condition for x =p — 7.
We combine equations (3.18)-(3.21), (3.19)-(3.22), and (3.20)-(3.23) in the following three equations
respectively, where we eliminate the term m; in each pair:

pMy + (1 — p)My +p(my — My) = pmy + (1 — p)ma +q(my — My)
(1—p)M1 + pM; +p(my — M) = (1 — p)my + pmz +q(my — Mp)
pMa + (1 — p)M3 +p(mz — M3) = pmy + (1 — p)mz +G(mz — M3).

We rewrite these in the following way:

p(My—my)+ (1 —p) (Mo —mp) + (P —q)(m; — M) =0 (3-27)
(1—=p)(My —my) +p(Mz —m3) + (p —q)(m2 — Mp) =0 (3-28)
p(My —mz) + (1 —p)(Mz —m3)+ (p—q)(mz —Mz) =0 (3-29)

We see that equations (3.27) and (3.29) give us the following relation:

E— B (1
My =y = PP 0y ) =PI 00 0ty ), (5:30
Now we must check whether this satisfies (3.28) as well, so we obtain:
(1-p? p?
p—q-p P-9-(1-p)

As we assumed that M, # my, this gives us a condition on p, 7, namely that:

—(p—19)| (M2 —mp) =0.

We write

and compute:

0=(1-p*a—-(1-p)+p*a—-p)—al@—(1-p)(x-p)
=(1-pPa—1-pP+p’a—p>—a’+pa®+(1-pa®—p(l-pa
=(1=2p+pP)a—143p =3p* + p° + pPa — p° — &’ + pa’® + (1 - p)a® — pa + p*(w)
=—a®+a?+aBp® —3p+1)—3p>+3p—1.

So the condition on &« becomes

o —a? —a(3p® —3p+1) +3p* —3p+1=0. (3.31)
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4. Now we find that « = £A.
We do this by imposing consistency with equations (3.24) and (3.25) on the central relation (3.31)
that we found. We see

1=M;+ M+ M3

p

:,7M —m +m +M +
p p(Ma—m2) Fm+ My + S

—[ I +1}(M2—m2)+1.
p—q—-p pP—-q-—(1-p)

(Mp —my) + m3

This returns

[1;;74-“_(’19_;7)4-1} (MQ—THQ)ZO.

As we assumed that My — my # 0, we find another condition on & = p — 7§ namely that
O0=1=p)a—A=p))+pla—p)+@-p)la—(1-p)
= —(1=pP—p*+a®+p(l—p)—pa—(1-pa.
This is equivalent to
& =(1-p)+p*—p(1-p)
=1-2p+p* +p*—p+p’
=3p*—3p+1 (3:32)

We observe that the solution of (3.31) and (3.32) is given by

a==+4/3p2—3p+1. (3.33)

5. In steps 5 to 11 we consider « = +A. We start by rewriting equations (3.27) to (3.29):

(A=p) (M —my) = (1—p)(My —my) (3-34)
MMy —my) = (1 = p)(My —mq) + p(Ms — m3) (3-35)
(A= (1 —=p)) (M3 —m3) = p(My — mp). (3-36)

Note that A = p iff p = % and A =1—-piff p = % Both imply M, = m; as we see from (3.34)
and (3.36). Therefore we consider p # % The case of p = % and Mj = mjy can be found in Step
11.

6. We give expressions for g, p, my, M.
To do this we consider the three expressions for g from (3.21) to (3.23). We will exploit consistency
of (3.21) and (3.22) and use (3.34). Then we check consistency of (3.35), (3.36) and (3.23) in Step

7.
Equations (3.21) and (3.20) give us

(1—p)(my —my)
Ml—ml
(1—p)my + pmz —my
My —my )

|
|

|
I

Substituting (3.34) and m3 = 1 — my — mjy in (3.22) we find

__1-p(A—p)m+p—pm —pmy—mp
q )\—p M1—m1 )

Hence it must hold that

1
My —my = /\7_10[(1 =2p)mi+p— (14 p)mo]
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which means that

1+p 1 _

giving thus

_(A+A-8pm +p

my = T A (3-37)

Substituting this in (3.21) returns

_ 1-p A+A-3p)m+p—(1+A)m
q_Ml—ml 1+A
(- p)(1-3m)
(1+A)(My —my)

(3-38)

Then also

P=7+A
p(1—p)(1 =3my) + (A +3p> = 3p + 1)(M; — my)
(1+A)(My —my)
p(1—p)+ (1 +A)(AM; —my)

- (1+A)(My —my) ' (5-39)

Substituting this p in (3.18) we can find M,:

My — p(L—p)(A—3my) + AL+ A)(My —my) + (my — pM;)(1+A)
(I+A)(1-p)
_ p(=p)(A =3my) + (1 +A)[(A = p)M;1 + (1 = A)my]
(1+M)(1—p)
_pA=p)A=3m) +(1+A)A—p)M1+ (1 =3p* +3p—1)my
(1+A)(1—p)
_p(l=p)+[A=pA+3p* —4p-1]M;
(1+A)(1—p)
_pl-p)+(1-p)A+1-3p|M;
(1+A)(1—-p)
[1+A—3p]M; +p
1+A ’

(3-40)

. We will now check consistency of (3.35), (3.36) and (3.23).
First we find

[1+A—3p](M; —m)

My —myp =

1+A

Mz —mz = —(My —myq) — (Mp — my)
_ —2-2A+3p

= 1A (My —my).

For (3.35) we find that

A14A=3p) = A+ A% —3pA
=A+3p* —3p+1-3pA

and

(1=p)A+A)+p(—2—-2A+3p) =1+A —p— pA —2p — 2pA + 3p?
=A+3p* —3p+1-3pA.
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For (3.35) we find that
(A—(1—p))(=2—2A+3p) = —2A —2A% +3pA +2+2A —3p — 2p — 2pA + 3p?

= —20 — 6p* +6p — 2+ 3pA +2+ 24 —3p — 2p — 2pA + 3p?
= p+pA—3p°

and
p(1+A—3p) =p+pr—3p~

For (3.23) we find

my=1—my —my

(1—m)(A+A)—1+A=3p)m —p

1+A
C(2-2A43p)my —p+1+A
B 1+A

and hence

my —m3z =1—mqg —2m;3
(I1—m)(Q+A)+ (4+4A—6p)my +2p —2—2A
1+A
B4+3A—6p)m+2p—1—A
1+A
(=1=A+2p)(1—3m)
1+A

This gives us

7= (Ms—mz) 'p(my —mj3)
p(=1—A+2p)(1—3my)
~ (=2—2A+3p)(My —mq)
p(1—p)(1—3m)

(1+A)(My —mq)

. Now that we found intertwining solutions, we must also impose the conditions (3.26) on these
solutions.
Note that

0<7p<1

is equivalent with
0<g<1-A

In this step we shall investigate the consequences of these conditions on 7.
We first verify when g > 0.
Suppose M; — my > 0. Then we must have

1—3m; >0.
For g <1 — A, we must have

pA—p)(A=3m)  (A-A)A+A) (M —m) _ (=3p* +3p) (M —m1)
(A+A)(My—my) = (1+A) (Mg —my) (1+A)(My —my)

If My —mq > 0, then it follows that M; > %
So the final condition becomes either

0

IN
3
IN
IN
=
IN
—_

(3-41)

Q=

or

o
IA
=
IA
IN
3
IN
—_

(3-42)

Q=



9. Now we must impose that M, M3, my, m3 € [0,1]. As M3 =1 — M; — M and M; € [0,1] and
similar for mj3, this is equivalent with imposing that

0< M <1-—M,

and

0<my <1—my.

In this step we investigate the first condition M, > 0.
This gives us

(I14+A—-3p)M; > —p.

Note that 1 +A —3p > 0 for p < % and14+A—3p <O0forp > %, giving us that we must impose

—P
>____r
My = 1+A—3p
forp<%and
—P
<
My < 1+A—3p
for 5
p>3
J)
>
1 \
0 05~ 1
| ~ p
-1 ~
-2

Figure 3.1: We see that the function f(p) =1+ A —3p > 0for p < } and f(p) =1+ A —3p < 0 for
p> 3.

Note that for M; € [0, 1] this is always the case for all p € (0,1) as we can see in the figure below.
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Jtv)

Figure 3.2: The function f(p) = ﬁ Clearly for all M; € [0,1] we have M; > f(p) for p < % and
M; < f(p) for p > 1.

10. The second condition M; <1 — M; is equivalent with

(1+/\—3P)M1+p < (1—M1)(1+)\)
1+A - 1+A

which is to say
(2420 =3p)M; < —p+1+A.

We can see in the figure below that 2 +2A —3p > 0 for all p € (0,1).

Jw)

Figure 3.3: We see that the function f(p) =2+2A —3p > 0forall p € (0,1).

Thus our condition becomes
—-p+1+A

< —
My < 2421 —3p

In the figure below we see _fzj\ljg; for p € (0,1).
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15
Jiv)
1 i
0-5{—
0 ols 1
| P
05
Figure 3.4: We see that the function f(p) = % gives us a non-trivial bound M; < %
Note that due to the similarity in (3.37) and (3.40), we have the same condition for ;.
Thus our total conditions are either
1 —-p+1+A
0< < - <M< — .
smszsMssmrs, (3-43)
o 1 1+A
-p+1+
0< M; <=< _, .
SMiszsmsa s, (3-44)

11.

Now we investigate the case p = %

Equations (3.18) and (3.22) quickly give us that My + M3 = mq + m3. Imposing 1 = mq + myp + ms,
we find that My + My + M3 = mq + m3 — M3z + mp + M3z = 1.

However, let us consider again equations (3.18) and (3.20). Equation (3.18) becomes

1 1 _
EMl + §M2 —my =p(M; —mq)

and (3.20) becomes

1 1 _
EMZ + §M3 — m3 = *p(Ml — ml).

So we obtain , , , ,
§M1 + EMZ —my = _EMZ — §M3 -+ ms.

Enforcing (3.24) and (3.25) again we find

1 1
S _= 1—
> 2M2 + my,
or equivalently
1 3
—— = ——M,.
2 272

Thus we must have that M, = m, = %
Now equations (3.24) and (3.25) give us that

2
M1+M3:m1+m3:§.

Note that the expression for 7 is not affected by the assumptions p = % and M, = my, thus the
conditions that arise due to (3.27) do not change.
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12. We now consider « = —A. Repeating the steps 5 to 7, we find

S p-p)(-3m)
(1—=A)(My —my)
—A=3p)M; +
Mzz( 1_?/1 1Tp
1—A—3p)m +
mzz( 1_!2”11 P

So it only rests to impose the conditions 7, p, M;, m; € [0,1].
In this step we will prove when 7,7 € [0,1].
Note that this is equivalent to

The condition § > A is equivalent to

p(1—p)(1—3m) S AM1—=A)(My —my)
(1=A)(My—mq) = (1—=A)(My—myq)

S|

As p(1—p) = 3(3p —3p?) = (1 — A%), we thus see that this condition translates to (We assume
now M; > m; and keep this assumption until the end of the proof, noting that the reverse
case can be found doing a similar analysis.)

(1+2) <; - ml) > MMy —my),

which is the same as

1 1 m
M; < 3 <1+ ) - =L (3-45)

The condition § < 1 we find in a similar way to be the same as

M; > =(14A) — Amy. (3.46)

Q| =

Note then that these two functions of my intersect when

(1+/\) —Aml

&)

3

=
N
>

|

>
~——
|

W= QW= W=

forall p € [0,1].
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Figure 3.5: On the y-axis we have M, as a function of m; on the x-axis where p = % The red graph is

M; = my, the blue graph is 2 (14 1) — ™8 and the purple graph is (1 + A) — Am;.
grap 3 A P purple grap 3

From the figure above we see that g, 7 € [0,1] is equivalent to

OSml

IN

(1+/\)—/\M1§M1§

W =
Wik @I
7 N\

—_

+

>
S——

|
~|3

13. Now we investigate the condition
0< M, <1-M;.

For M, > 0, we must have M; <

—P
1-A-3p-*

Figure 3.6: The function % for p € [0,1].

Note that ﬁ > % forall p € [0,1].
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The condition M, < 1 — Mj can be rewritten as
(1-A=3p)My+p<1—-A—(1-A)My,
which is equivalent to

1-A—p
>
M1_2—2)\—3p

Figure 3.7: The function 21_37:;’;7 for p € [0,1].

Note that for p < 1, % is negative and for p = 1 it equals %

Further we note that we have the same conditions for 4, due to the expression for mj.

14. Now we must combine all these conditions.
For m; we can easily see that we must have

1
< <=
0_71”!1_3
forpg%and
1-A—-p 1
< Z
2-2A—3p = "1=3
forp>%.

For M; we first notice that as 21:2;\\7:5,; < 1 for all p, the only lower bound for M is

(1+/\) — Amq < M;j.

Q| =

For the upper bound we study the figure below.
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Figure 3.8: On the y-axis we have M as a function of m; on the x-axis where p = % The blue graph is
% (1 + %) — % and the purple graph is %(1 + A) — Amy. The green graph is the value M; = ﬁ

and the red graph the value m; = 21__;7:;}7

Thus M; is bounded by

. —p 1 1 mq
< —F - — )=t
Ml_mm{l—)\—3p'3<1+)\> A}

3.3 Testing the spectral solutions on the 3-node toy model

In Lemma 3.2 we show that by applying Theorem 2.2 and perturbing the invariant measure, we can
retrieve the non-trivial solutions of Proposition 3.1.

In Lemma 3.3 we show that the spectral solutions that are found by constructing a P as in Proposition
2.1 can also be non-trivial, but with less freedom than the ones of Proposition 3.1.

3.3.1 Solutions from the spectral knowledge (Theorem 2.2)

Let us investigate Theorem 2.2 for our model where n = 3 and m = 2.

In Theorem 2.2 we started from the assumptions that we had non-trivial solutions (A, P). Now that
we know what they are for our model, we can find the perturbation matrix C(%, j) explicitly.

We find the following result.

Lemma 3.2 (Non-trivial perturbed solutions to intertwining). Let p > 1.

1-2p—) 1-2p+A
P

Consider the eigenvector pi; = _1+p P+A | of P with eigenvalue A and the eigenvector jip = —1+pr’—/\
1 1

with eigenvalue —A.
Let

be an invertible matrix where

° elther—%sﬂgogbgwﬁ_/\)
e a#b
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and let

1 !/
=( 7)

be an invertible matrix where

* either
1
—- <V <0
3=V =
- 1 p
AV < 4 < mi - -7
AV <a _mm{ 1 3—1+P—/\}
or
<y < _1 p
0=t< 3-1+p-—A
A a < —Ab
A — 4
If (A, P) satifies the intertwining equation where A = <Z1> is of rank 2, then
2
vp =7+ A1 m (3-49)
vy =mn+A2,1)m (3.50)
and B

for either A = Cy or A = Cy.

Proof. For the set | defined in Theorem 2.2 we could either have | = {0,1} or | = {0,2}.

1. Consider | = {0,1}. For the vy in equation (2.5) we then find
v=m+C (Y,Z)]lz.

If we write a := C(1,2) and b := C(2,2), we see

S+

o 1 1-2p—-A 1 —14+p+A
1/1—<3 a v ’ 3+a y 3

I
+
S
~——

1 1-2p—A 1 -1 A 1
=~ Sy 22 ]

We impose the constraints that all terms of vz and all terms of P must be in [0,1], to find
constraints on 4, b.

e First of all, we notice

1 2
_<g< =
3-7=3
¢ We now impose
o<l lm2PmA oy
3 p



Figure 3.9: The function of 1 —2p — A as a function of p € [0,1].

In the figure above we see that 12p-2

is negative for all 0 < p <1, so we conclude

2 p o1 P
31-2p—A~ = 31-2p-—-A
¢ We now impose
0< TP rA
3 P
| 0l5 1
-0.5

Figure 3.10: The function of —1+ p + A as a function of p € [0,1].

In the figure above we see that w is negative for all p < % and positive for p > %, SO
we conclude
2 p 1 p
3 1rprr T30
for p < % and
1 p 2 P

3 a4pra T3 001

for p > 3.

e First we look at these lower bounds.
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Figure 3.11: The red graph is the constant —%, the blue graph is %%, the green graph is %

_1__r
3 —1+p+A

p
—THpFA

(which in this case we only consider for p < %) and the purple graph is (which we only

consider for p > %).

From the figure above we conclude that we must impose

a> —

QR =

Now we investigate the upper bounds.

Aﬁ ] ﬁI \

Figure 3.12: The red graph is the constant %, the blue graph is — % %, the green graph is %%W

(which in this case we only consider for p > %) and the purple graph is —%%M (which we only

consider for p < %).

From the figure above we conclude that we must impose

i< —-— P
= 31-2p—A

Since the discussion for b is similar, we conclude

1 1 p
S <ab< ——F
3S0bS 375,72

e Further we see that
=~ _(p 1=7 1 a
PC‘(q 1—q) (1 b)
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This must equal

so we find
__ Aa—b
L
_ (A-1p
[

We shall assume now that a > b.

* Note that imposing 0 < p < 1 gives us
a> % A a>0.

And imposing 0 < p < 1 gives us

b<0 A bg%
* We conclude that our constraints are a4 # b and
L pco<ac TP
3 7 T31-2p-41)
o 1
—ggagogbgm.

2. Consider | = {0,2}. For the v in equation (2.5) we then find
vz = 1T+ Co(X, 2) 2.
If we write a’ := C5(1,2) and b’ := C,(2,2), we see

Ul_(:13+a/]w, 1+a,14»}9p/\’ ;+a/>,

Q|

1/2:<1+b/12p+/\, 1+b’1+pp/\, 1+b/>.

3 p 3 3
Further
I
P="0—v
_ (A=)
q = al _ b/ :

* We assume 4’ > b/, the other case can be investigated in a similar analysis.
The conditions that p,g € [0, 1] translate to

v <0

and .

AV <d < .
bV <a < )

* Now we look at the bounds on vx. It is immediately clear that

1
——<db <
3=77 =

QIN
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¢ Now we must impose

and
1 1-2p+A

Figure 3.13: We present here functions of p. The red graph is — % %, the black graph is % %,
—_3

the upper blue graph is _Tb/ and the lower blue graph is —b’A, where we took b’ = — .

The constants are —% and %

From the figure above we see that our conditions on 4’, b’ remain for the moment

1
<V <
3_b_O
and
/ /<_b/
— < _
Ab <a' < )
¢ Now we must impose
0<1+ ,—1+p—A<1
=3 v <
and . , A
0<§+b/l§1
T T
oe | 08 1

Figure 3.14: We present here functions of p. The red graph is —%%p_)\, the black graph is %f}_/\,
__2

the upper blue graph is _Tb/ and the lower blue graph is —b’A, where we took b’ = — .

The constants are —% and %
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In the figure above we see that the conditions on b’ do not change, but those on a’ do. Now

a’ has the upperbound
-b -1 p
< min{—2 -~ P
a’ < min{ 13 —1+P—/\}

0

Remark. Note that the solutions for the eigenvalue +A are indeed equivalent to those in Proposition
3.1 where p — 7 = +A.

If we take a = m, we see that M; = 0. If we take a = 0, we see that M; = % If we take a = —%,
we see that
1 1 1-2p—A 1 p—1+2p+A
3 3 p ~ 3 p
1 (Bp—1+4+A)(2+21-3p)
T3 2+2A—3p
1 6p+6pA—9p* —2—2A+3p+2A+2A% —3pA
T3y 24+2A—3p

1 —3p*+3p+3pA
T3 2+2A-3p
_ —pt1l+a
24201 -3p’

Furthermore if we substitute
+a(l—-2p—A

in the expression (3.18) of Mj, we must have consistency. This gives

14+A-3p oy
My — 7 (p/3+a(1-2p A))+P‘
T+

This must equal the expression of the perturbed M, giving us the relation

1+A-3
(/3 +a(=2p—N)+P  p/34a(—1+p+A)

1+A p

that must be verified.
We compute:

(14+A=3p)(p/3+a(l—2p—A)+p* =1+ A)p/3—p*+a(l—-2p—A+A—2pA
— A2 —3p+6p> +3pA) + p?
=(14+A)p/3+a(Bp*> —3p + pA)

and

(L+M)(p/3+a(=1+p+21)) =(1+A)p/3+a(-1+p+A=A+pr+A?)
(14+A)p/3+a(3p* —2p + pA).

Remark. We can also see that the solutions for the eigenvalue —A are equivalent to those in Proposition
3.1 wherep — 7 = —A.

Consistency with the expression for My, m; can be seen as it is similar to what we did in the remark
above.
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We shall focus instead on the bounds. If b’ = 0, then m; = % Ifv = —%, then

1-p+1-2p+A

3 p

11-3p+A2—-21—3p

3 p  2-2A-3p

1 2—2A—3p—6p+6pA+9p? +2A —2A% —3pA

myp = —

3p 2-2A-3p
_ 1 3pA+9p* —9p+2—6p°+6p—2
-~ 3p 2-2A—3p
_1-A-p
T2-20-3p
Further if my = % + b’il_Q;’JM, then b’ = 71_2’;”\ (m1 — %)
Then we see that a’ = —Ab’ implies that My = 1 — A=~ 2’;+A (m1 : - 2;+/\ = —Amy + (1 +A).
—y 1 1 1) 1-2p+A — 1
Ifa' = -1 1+p —15— then
_17, 1—2p+A
3 —1+p A [4
T—14+p—A—1+2p—A
~3 A+p—A
_ —2+3p—2A
T 313p-30

To verify that this equals ﬁ, we must check whether

—p(=3+3p—-31)=(1-A—-3p)(—2+3p—2A).
We compute
(1—A—3p)(—2+3p —2A) = —2+3p — 21 +2A — 3pA +2A% +6p — 9p* + 6pA
=3pA —9p* +9p — 2+ 6p* — 6p +2
=3p — 3p* + 3pA.

Thus indeed these are the solutions of Proposition 3.1 for p —§ = —

Considering these two remarks we may conclude that we have rederived the solutions of Section 3.2.

3.3.2 Testing the universal solutions of Proposition 2.1

Using Proposition 2.1 we can construct an explicit P. We shall use this P to find a A that satisfies the
intertwining relation AP = PA. This P is constructed from the eigenvalue §p = 1 > A > 0 in the

following way 14A 1-A
2 2

We shall see that there will be non-trivial solutions that can be found from Proposition 2.1 only for
p= %, but with more constraints than the solutions found in Proposition 3.1.

38



Lemma 3.3 (Non-trivial universal solutions to intertwining). The only non-trivial A that satisfies
intertwining for the explicit P given above can be found only when p = % and is of the form

M;
A=
(§—M1

WIN
|
o
N———

where 0 < M; < %

Proof. The constraints that we find on solutions of the intertwining are as follows for the given p and

q:

1 1

pMi + (1 —p)Mp = 5V 3p2 —3p +1(M; —my) + E(Ml +my) (3-53)
1 1

(1—p)M; +pM3 = 5V 3p? —3p +1(Mzy — my) + E(Mz +my) (3-54)
1 1

pMz + (1= p)Ms = 71/3p% = 3p + (M5 — m3) + 5 (Ms + m3) (3.55)
1 1

pmy+ (1 —p)my = 5 3p? —3p +1(my — My) +§(M1+ml) (3.56)
1 1

(1—=p)my +pm3 = 5V 3p2 —3p +1(my — My) + §(M2 +my) (3-57)
1 1

pma + (1 —p)ms = 5V 3p% —3p +1(m3 — M3) + §(M3 +m3) (3-58)

M+ My + Mz =1 (3-59)

my+my+mz =1 (3-60)

Ml/ MZ/ M3/ ny, myp, ms3 € [0/ 1] (361)

To ease our notation we shall write { := %«/3;92 —-3p+1
We find the solutions to these equations in the following steps.

1. We first show that M; +mq; = My + mp = M3 + mz = %
If we use equations (3.53) and (3.56) to eliminate the term with ¢, we find

pMi+ (1 —p)Mz — %(M1 +m) = %(Ml +m1) — pmy — (1 —p)my.
This can be rewritten as (1 — p)(M; +my) = (1 — p)(Mz + m;y), giving the condition
My 4+ mq; = My + my.
Doing the same with equations (3.55) and (3.58), we find
My + my = M3 + ms.
From (3.59) and (3.60) we find

1=M;+ M+ M;
=M + M +mqy —my + My +mq —m3
=3(M; +mq1) —1,
giving

2
M1+m1:M2+m2:M3+m3:§ (3.62)

as a new relation that must be satisfied.

2. Now we show that we must separate the cases p # % and p = %
From equation (3.53) we find M, as a function of Mj:

My = (1-p)7" |2~ p)My— 5T+ 5 (:63)
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and from (3.55) we find M, as a function of Ms:

My =p~* [é(ZMs - %) + % -(1- P)Ms}

|2 - pma - 5045 (564

Note that we assume here
20#p.
We will consider the case 2{ = p in Step 6.

. For p # %, we will use the two expressions (3.63) and (3.64) for M, in order to express M3 in
terms of Mj:

(1= )L~ (1= p))Ms + (1~ p)(~ 20+ 5) = p(2L — p)My + p(~ 30 + 5).

Then we find

pL-p)Mi+(2p—1)(=30+1)  pL—p)Mi+(2p—1)(—30+ 1)
M= -pe-a-p) Z o 66

where

Z:=(1-p)2L—(1-p))

. We now check using (3.63) and (3.65), when we retrieve (3.54).
We compute

1
— pM3 + (M —mp) + §(M2+m2)

2 1
= —pMs + {(2Ms — §) t3

= 771|220~ p)My — p(2p ~1)(= 30+ 3) + (1= )2~ (1= p))G(2Ma — )

(1-p)(20-(1-p)

Q=

_l’_

1

(20— )M — p(2p - 1)(—§€+ 5) 20028 — (1= p))(20 — p)My — §§+ 1

3)

[ay

=7

-2 -p)EL- (- p)+ 51— )L~ (1~ p))

1

= 271 |2 - p)Mi (48 — 20— p)T — 1) — (22— p) (—30+ 3)

F A2 - 2(1- PO)(- 30+ 3) — (30— P30~ (1= p) + (5 — 2p)(2 — (1- p))

— 71 (2 - pIMi(43> —2(1 = p)T — p*) + (-%H %)(452 —2(1=p);—2p+p))

- (1-p) <1—2@>]

Q=

For (3.54) to hold we must have that this equals (1 — p)M;. That is the case when

(08~ )2~ 200~ )T~ )~ (1= P)Z] My =~ (20 + 5)4F ~2(1 — p)T 27 + )

—(1=pQR-1-p)z01-20).

W=
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5. We now show that consistency with (3.54) is only possible for the invariant measure.
We find from the condition in Step 4 that

20 —p)4*—20—p)i—p*) —(1-p)A—p)(2Z - (1—p))
=80° —4(1—p)7® = 2p°C —4p0® +2p(1 — p)T + p° =20+ 1 — p+4pg — 2p +2p
20’ +p—p°
=287 —4) + {(—2p" +2p(1 —p) =2 —2p" +4p) + 1 — p+p* —2p + 2p°
= (*(87 —4)+{(—6p" +6p—2)+1—3p+3p>.
On the other side we find

(=20 +1)(45% —2(1 = p)g —2p" +p)) + (1 = p)(2 = (1= p))(1 - 20)

= —80° +4(1— p)® +4p* —2pL + 40 —2(1 = p){ —2p" + p+ (20(1 = p) — (1 — p)*)(1 — 20)
= (=80 +4)+(4p" —2p+2+2p> —4p) =27 +p—1—p* +2p

=2(—87+4)+C(6p* —6p+2) —3p> +3p—1.

Thus we find that (3.54) is satisfied if and only if M; = % In that case the only solution to the
constraints is M = My = M3 = mq = mpy = m3 = %

6. We assume now that p = %

From (3.62) and (3.63) it follows then that

1
M, = =-.
2 = My 3
As My + M + M3 = 1, it follows that
2

Substitution of p = % and the above identities show that equations (3.53) to (3.61) are all satisfied
for arbitrary 0 < M; < %

O

3.4 Evolution of local equilibria for the one-step simple random
walk on the 3-node model

Now that we know which non-trivial solutions exist to the intertwining equations in this model, we
may adapt Theorem 2.1 to this specific case. This is done in the following proposition.

Proposition 3.2 (Evolution of local equilibria of 1-step distribution on the 3-node model). Let

p 1-p O
P=|1-p 0 p
0 p 1-p

be the transition matrix associated to the process X of a one-step simple random walk on the

3-node model with parameter p € (0,1) and A := /3p% — 3p + 1.
Let N <M1 M, M3>
my my mz)’
be such that
e 1. 1If
(3.66)
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or
—p+1+A

1
< < =< _— .
0_M1_3_m1_2+2A_3p, (3.67)

thenp =47+ A.
2. If

max{O 1_)\_;7} <m < (3.68)

1
"2-2A—3p 3

1 . 4 1 1 my
- — < < — - | —-= .
3(1+)\) )\ml_Ml_mln{l_/\_3p,3<1+/\) /\}, (3-69)

or
1 —p
Z< < 7 .
3SMSTa o, (3.70)
1-A-p 1 1 my 1
- ) —-—=\ < < — — .
maX{O'Z—ZA—3p’3(1+A> A}_Ml_3(1+/\) Amy, (3.71)
thenp =9 — A.
_(I+a-3p)M;+p
M, = T+ a (3.72)
and (1 3p)
. +a—3p)m +p.
my = T ; (3-73)
[ )
Mz =1—-M; — M, (3-74)
and
mz =1—my —my; (3-75)

and finally given My # my,

q= (3.76)

where o =p — 7.

Then there exist two stopping times

T ~ Geom (1 — ) (3.77)
T; ~ Geom (7) (3.78)

for the process X such that

1. Uy is stationary until time Ty, which means that
Py (X(t) = -|Tx > t) = vx(-); (3-79)

2. for all ¥ # ¥ we have
Py (X(Tx) =) = vy("); (3.80)

3. X(T¥) and Ty are independent for all X.

The non-trivial solutions that we found in Proposition 3.1 allow us to explicitly give the parameters in
Theorem 2.1.
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We found
p(A=p)+ (A +A)AM; —my)  —p(1—p)(1—3My)

PPN = S T N M ) (L A My — )
o _7_p(1_p)(1—3m)
1-P(2,2)=7= (1+)\)(M1—mi).

Since the coarse-grained state space X has only two states 1,2, the need for a random variable Yz
disappears. After a random time T%, the process X that starts from the part of the graph associated to
x will transition almost surely to the only other part of the graph i # x.

3.5 Analysis of the solutions

In consideration of our discussion of metastability, we would like to find vy and v5 that place most of

their mass on the region of the state space that is associated to 1 and 2 respectively.

Proposition 3.1 gives us an easy way of doing that by taking the maximal M; and minimal m; (or vice
versa), i.e. if we take

-p+1+A

M= =

m1:O.

However it turns out that if we fix M; and vary 0 < my < %, interesting observations can be made.
* In Section 3.5.1 we will see that the average geometric time T, of escaping the course grained
state 1 decreases linearly as 1 increases from 0 to %
¢ Further we discuss the role of intertwining in the context of mixing times in Section 3.5.2.

In this discussion we shall only consider the case p — 7 = +A.

3.5.1 Behaviour of the geometric escape times

We shall now examine the geometric time of Proposition 3.2. o
First let us fix the notation. As we associate the states of the coarse-grained set X € & to the measures
vz, we shall write

TVT

for the geometric time of Proposition 3.2 that tells us when the process escapes the "metastable” region
of the state space that is indicated by 1 (corresponding to the original process starting from the measure
v1). Analogously for

T,,.

Lemma 3.4 (Dependence of geometric escape time on parameter ;). For fixed p € (0,1) consider
the two measures

o ( (14+A=3p)Mi+p 1+A—p+(—2—21+3p)M;
T\ 1+A ’ 1+A

and

v QI+A-3p)m+p 1+A—p+(—2—-2A+3p)m
2 — 1, 1+)\ s 1_'_/\ ’

where % <M; < z_f;;l:g/; is fixed and 0 < m; < %
If

my =0,

then the average time of escaping 1, i.e. E[T,.], is maximal and the average time of escaping 2,ie.
E[Ty,] is minimal.

43



Proof. Recall that
Ty; ~ Geom(1 — )
and
Ty, ~ Geom(7).
e We first see that

E[T,]=(1-p)"
_ A+ M) M —m)
—p(1—p)(1-3M)
(1+A)M; (L+A)m

—p(1—-p)(1-3M;) —p(1—-p)(1-3M)

Note that % is non-negative for all 0 < M; < 5 f;ﬁ;; and p € (0,1). This means

we can conclude that E[T,, (m)] decreases linearly as a function of m;. Thus it will be maximal
for my = 0.

¢ For the other escape time we observe that

As we are constrained to my < % < My, we see that E[T,,] — oo as m; — % (as we expect since
in that case v5 is the invariant measure).

Figure 3.15: The escape time T, as a function of m;, where we have chosen M; = Sandp=3.

In the figure above we see that [E[T,,] is minimal for m; = 0.

Intuitively this result makes sense, as it will take the process a longer time to go from a measure v that

places most of its mass on the region of the state space associated to 1 to the other extreme measure
that lays no mass on state 1. On the other hand escaping from 2 will take less time when m; = 0, since
increasing my will cause v5 to approach the invariant measure.

Example 3.1. We can see this already in the balanced set-up, where p = % Let us take v to place as
much mass as possible on the first vertex, i.e.

21
VT: <3,3,0> .
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o If we take m; =0, i.e.

we see that
]E[TVT} =4,
]E[TVE} = 4.

o If we take m; = %, ie.
111
Uj — (3/ gl 3> s

we see that
]E[TVT] =2,
E[Ty,] = co.

Thus once the global minimum is reached, the walk will stay there infinitely long.

3.5.2 Bounds on the mixing times in the context of coarse graining

It is a known fact that finite state irreducible aperiodic Markov chains have a unique invariant distribu-
tion and that no matter what the initial distribution, the time-t distribution of the chain will converge
to the invariant distribution. This is also the case for our 3-node toy model.

In order to be able to speak about convergence of the time-t distribution, we need a notion of distance
between the distributions for which we will use the total variation distance.

Definition 3.1 (Total variation distance). Let y, v be two probability measures on a state space &X'. The
total variation distance between y and v is given by

drv(u) = 5 T i)~ vl G:81)

Thus we know that in our model for any initial distribution u on X’ it holds
dry(uP', ) = 0

ast — oo.
Now it is interesting to see how quickly the time-t distribution converges to 7. That is where the
concept of mixing time comes in.

Definition 3.2 (Mixing time). For € > 0 and initial distribution y, the mixing time of the chain starting
from y is given by
i

mix

(€) = min{t > 0: dpy (uP!, 1) < €}. (3.82)

The interesting subject that we are able to discuss now is the behaviour of mixing times in the context
of intertwining. Since our metastable states are measures vz for ¥ € X, we can look at the mixing time
of the process X when starting from such a measure vy, which we will denote by

Fmix (€)

mix
for € > 0. Then we can compare this to the mixing time of the coarse-grained process when starting
from the measure Jy, which we will denote by
Foin(€)

mix
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fore > 0.

Indeed Proposition 2.1 tells us something about these mixing times. Since we know that thermaliza-
tion of the coarse-grained process implies that the original process has already thermalized, we can
conclude that

5 0%
t:ﬁix (6) S tmix (6) .

The question is how good is this bound? We will explore this question for the 3-node model by
using the explicit intertwining solutions of Proposition 3.1. In particular we see for which choice of
parameters Mj, m; this bound is optimal.

Lemma 3.5 (Optimal bound on mixing time of the original chain). For fixed p € [1/2,1) consider
the two measures

(M (1+A=3p)Mi+p 1+A—p+(—2—-2A+3p)M;
=\ 1+A ’ 1+A
and
v 1+A-3p)m+p 1+A—p+(—2—-2A+3p)m
2=\ Y ’ T+A '
where%nggﬁandogmlgé.
Then log(M )
0% T _ log(iVlp —my
Fmix (€) — tvmix(e) = T > 0.
Remark. Since we have that
P () - 15 (e) = 08M1—m1)

mix mix log A
we see that this difference vanishes when M; — m; = 1. Due to the constraints on My, m, we conclude
that the bound is optimal in the case

Proof. (Lemma 3.4)
The proof is given in the following steps:

1. First we compute v7P'.
We must first find the t-step distributions of the Markov chain.
For the network we have

p[1+2A0 1-Ar 1A
Pl = 31 1- AL 14220 1At (3.83)
1—A 1—AF 142Af
if t is even and
1 [ 1+Gp- DAL 14 (=3p+2)Ai-t 1— A1
Pl = 31+ (=3p +2)Al71 1— A1 1+ (3p—1)A! (3-84)
1— AL 1+ @p—-DAT 14 (=3p+2)Att

if t is odd (to see this derivation we refer the reader to Section 4.1).

* We now compute v{P.eq.
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We find

1
ViPiven(1) = §(M1 +2MiA + My — MpA!l 4 M3 — M AY)
1
5(1+3M1)\t Ah)
1
5(1 + (3M; — 1)AY)
1
leéven(z) g(l + (3M2 - 1)/\t)
1
ViPiven(3) = 5 (1+ (3M3 = 1)AY),
where
M, —1 = (B3+3A—=9p)M; +3p—1—A
1+A
1+A-3
= Ty M-,
aMa 1 —(6+6A—9p)M; +2421—3p
T 1+A
2+21-3
~Sen M1,

* We now compute v;P! ;.
We find

1
viPhag(1) = 2(1+ (Bp = DA 'My + (=3p +2)A" "My — A7 M3)
-1
+ ——@pMi1 + (3 -3p)M, — 1)
-1
3T P
-1

QJ\P—‘ W= Wl QJ\P—‘ U)\P—‘ UJ\P—‘ W~ Wk Wl QJ\P—‘QJ
_|_

1+A)M;+B=3p)(1+A=3p)M;+ (3—=3p)p— (1+A))

1, A o e L L

= +3(1+/\)((3p+3p)t+3—0—3)\ 9p —3p —3pA +9p*)M; — 1 — A +3p — 3p?)
Atfl )

= +3(1+A) (A" +A)(BM; —1)

(1+ (3M; — 1)A')

t—1

VPl a(2) = 2 + ——(BpM; + (3 —3p)M; — 1)
t—1
= m(3p(1+)\) —3p2+(—6p—6PA+9p2+3_3p+3A_3pA)M1_(1+/\))
Atfl ) )
=3 T3y (AN TIPS AT (9p7 —9p 3 9pA+3A)My)
)Lt
+3(1+)\)( /\+3p+3()\ 3p—|— )Ml)
1+A-3p ;
(1_'_”7/\(3]\/11 1))\)
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1 /\t—l
1ﬁ1%dd(3)::§ +"?;*(3PA42*-(3“3P)A41-1)
—1+L(3 (1+A=3p)M; +3p* + (3-3p)(1+A—p)
—(3=3p)(24+2A —3p)M; — (14 7))
1 )\tfl
ERECEY)
+3p%> +3-3p+3A —3pA —3p+3p* —1—A]
1 Atfl
3(1+A)[
2421 -3p
1+A

3My(p+ pA —3p> —2 —2A +3p +2p + 2pA — 3p?)

3Mq(—2A% +3pA —2A) +2A% 424 — 3pA]
(3M; —1)AM).

t

2. Then we calculate dry (v{P*, 7).

As we know that 7 = (%, %, %), we find that it equals

dTv(UTPt, 7'[) = 1 [1 + ’

6

1+A-3p 2+4+2A—3p
1+A 1+A

H A(BM; —1).

In the figure below we see that 1 + A — 3p is negative for p > %

Figure 3.16: The function 1+ A — 3p as a function of p € [0, 1].

And below we see that 2 +2A — 3p is positive for all p.

Figure 3.17: The function 2 + 2A — 3p as a function of p € [0, 1].
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Thus we have
1 1+A-1—-A4+3p+24+2A-3p

pt oy t _
dTV(le ,7'[) 6 T+ A A (3M] 1)

:%At(3Ml -1). (3-85)

3. We compute (5Tﬁt.

First we must find P'. This equals

Then we find from our expressions of p and 7 that

57 = iy (1=3m) + 4'(3My = 1), (1 - A)(3My - 1)
= 3(Mll_ml) (1 =3mq) +A'(BMy —1),3M; — 1= A'(BM; — 1)) (3.86)

4. Now we must find the invariant measure 7T of the coarse-grained process.
We want to solve the system of equations

T = pty + 472

T=01-pm+(1-9)m
T+ T =1,

This is equivalent to solving

Solving this returns
1- 3m1 _ -1+ 3M1

mM==——, 7)=———1. 8
LT 3(My —my) 27 3(My —my) (:87)

5. Then we find that

—_, 1,3M;—1
6. Finally we give the respective mixing times.
For € > 0 we find from Steps 2 and 5 that
log mpié—
Vx _ 3M1—1
tmix(e) - IOg)L (389)
and that
5 log {%(Ml - ml)]
mix (€) = log A
3
_1ogapi=1 | log(M; —my)
log A log A
_ log(M; —m;)
- tmix (6) + log)\ : (390)
g
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Chapter 4

T-step random walk on the 3-node toy
model

We saw in the previous chapter that intertwining on the 3-node model has non-trivial solutions if
we consider the one-step distribution. We expect however for the space of solutions to increase if we
examine the T-step distribution on the same model for T € Z-;. We expect this as PT looks at the
random walk on a certain time scale T. Since now we can fix T from the start and choose it to be
large, we will see more solutions and in particular that the dynamics of more local equilibria can be
captured. This is what we shall show in practice in this section. In fact the space of solutions depends
on the parity of T.

In Section 4.1 we first compute the T-step distribution.

In Section 4.2 we show that for T odd, we only find the same non-trivial solutions of A as for the
one-step distribution but with a different P depending on T.

If T is even, the space of solutions increases. We show in Section 4.3 that there are non-trivial
solutions for all p € (0,1) and we have more freedom to choose the measure vy than in the case
of T odd. Furthermore the solutions of the one-step are a subset of this space of solutions.
(Sections 4.2 and 4.3 find solutions to our intertwining problem through direct computation and
thus are analogous to Section 3.2.)

We reformulate Theorem 2.1 in Section 4.4 to account for the increased number of solutions when
T is even.

Finally it is demonstrated that we can also find non-trivial intertwining solutions using the
spectral solutions of Lemma 2.2, but again with extra conditions imposed on them.

Note that we take T here to be finite. If that were not the case, we know that each row of PT becomes
the invariant measure since our model is an irreducible and aperiodic Markov chain on a finite state
space.
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4.1 Finding the T-step distribution

Before finding solutions of intertwining in this case, we must find the expressions for PT, where T € IN.

Proposition 4.1 (Closed form expression of PT). For the transition matrix P of (3.1) and T € N,
we find that PT equals:
1 [1+2AT 1-AT 1T
Pl=_[1-AT 1+42AT 1-AT
3 T T T
1-A 1—-AY 142X
if T is even and
1 [ T Gp=DAT 14 (=Bp+2)AT ! 1 AT
PT =2 [1+(-3p+2)AT! 1-AT-1 1+ (3p—1)AT1
1-AT-1 1+@p—DATL 14+ (=3p+2)AT!
if T is odd.
Proof. We can write
P=SJs7t,
with the | the diagonal matrix of P:
1
]: 7/\ ’
A
where
Ai=4/3p? =3p+1, (4.1)
and the other matrices are given by
1 ARl 2p-Add
P P
S — p—A—1 prA—1
P P
1 1
and
1 1 1
> (3pJ3r/\ 1) 3p+§/\ 2
1(1 - - -
st=|s(x"1 ) )
1 1 3p—A—1 —(3p—2A-2)
6 (_X - 1) ) or
To find PT = SJTS~1, we first compute JTs—1.
1 1 1
> 23 +A-1 T§p+2/\—2
Jist = [HCNT(F-1) —(ATEGT (TR
1 3p—A—1 —(3p—21-2
%AT(_X_l) AT AT (pé/\ )

We compute now the nine values in PT :
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T _
Pl :% + gp ((—1)T(/1\ —1)(=2p+A+1)+ (71 - 1)(—2p—)\+1))
T T-1
:% + % (1+ (—1)T) + )‘6;7 (1—2p—A?) (—1+ (—1)T)
T T-1
:%+%(1+(—1)T) )‘6 (=3p+1) (—1+(—1)T) (42)
T-1
P{z_;+/\6p ((—1)T+1(3p+/\—1)(—2p+A+1)+(3p—A—1)(—2p—/\+1))
T T-1
:% _ % (1 + (—1)T> _ A6p (A2 —6p2+5p—1) (—1 + (—1)T)
T T-1
== (1 ()T = A3+ 2) (14 ()T 3
T 1 /\T—l
=3+ ((-)T@Ep+20-2)(-2p+A+1) = (3p—24 = 2)(-2p — A +1))
% %T(l—i— ) 2/\2 6p2+7p—2) (~1+(-1)7)
T
% %(14— ) ( 1+ (- 1)) (4.4)
1 AT
=g+ (0TG- A—1>+<A—1><p+A—1>)
T T-1
% %(H ") - /\ (1=p—22) (14 (-1)7)
T
% %(H ) 3p—|—2)< 1+(-1)7) -5)
pr, =L A l(( DI Ep+A-1)(p—A—1)+Gp—A-1)(p+A-1))
22 =3 6p p P p P
:;+)§(1+(—1)T)—A6Tp1( A2 +3p2 —dp+1) (—1+(—1)T)
T T-1
:%+%(1+(—1)T)+/\6 (-1+ (17 (4.6)
Pl —1+AT_1 (-1)T@p+21 -2 A—1)—(Bp—21-2 A—1
=3+ ( PH2A-2)(p—A—1)— (Bp-20-2)(p+ A1)
:%_%(1+(—1)T)+ 6p1( 202+ 3p% —5p +2) (—1+(—1)T)
T T-1
:%_%<1+(_1)T)+/\6 (=3p+1) (—1+(—1)T) (4.7)
T
=g+ (DTG -0+ (G -1)
T T-1
:%7% 1+(71)T)+/\6 (—1+(—1)T) (4.8)
P =ty A (a1 A1
Ta=3+ % (DG +A=1)+@p-A-1)
T T-1
:%_%(1+(—1)T)—A6 (Bp—1) (~1+(-1)7) 49)
Pt A (T apran -2 202
T =3+ o ((FD7Gp+22-2) - (3p-21-2))
T T-1
:% );(14—( 1)T)+A6 (3p —2) (—1+(—1)T). (4.10)
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Note for our sanity check that if we sum up the rows, we indeed get back 1 thus having a stochastic

matrix.

Now that we have the explicit transition probabilities for the T-step random walk, we can write down

the constraints of the intertwining:

p(My —my) +my :% + %T (1 + (—1)T) (2M; — My — M3)
+ AT; (—1 + (—1)T> [(=3p +1)M; + (3p — 2) My + M;]
f(MZ — 1’}12) + my :% + %T (1 + (*1)T) (*Ml +2M, — M3)
A (A1 (1)) [(=3p +2)M — My + (3p — 1) M)
(M —m3) + ms :% + %T (14 (=1)7) (=M1 = M +2M5)
+ /\T671 (—1 + (—1)T> [M1 4+ (=3p+1)M, + (3p — 2) M3]
g(My —mq) +m :% + %T (1 + (—1)T) (2my —my —m3)
/\Tfl T
+ = (—1+(—1) )[(—3p+1)m1+(3p—2)m2+m3]
ﬁ(Mz — 1’}12) + my :% + %T (1 + (*1)T) (*1’}11 + 2my — 7’l’l3)
/\T—l
= S (1 + (=)7) [(=3p +2)m1 — ma + (3p — 1)ms]
q(Mz — m3) +m3 :% + %T (1 + (—1)T) (—my —my + 2m3)
/\Tfl T
+ 5 (<14 (=)7T) Iy + (=3p + Dz + (3p — 2)mg]

1=M;+ My + M3
1 =mq 4+ my+ ms3
[0, 1} 3My, My, Mz, mq, mp, m3,p,q.

Note that (4.11) to (4.16) reduce to two different sets of equations depending on the parity of T.

54

(4.11)

(4.12)

(4.13)

(4.14)

(4.15)

(4.16)

(4.17)
(4.18)
(4.19)



4.2 Characterization of intertwining solutions for odd T-step distri-
bution

Let us investigate what happens if T is odd. It turns out that the the solutions found here are consist
of the same A as those of the one-step distribution, but now with different P.

Lemma 4.1 (Cha@cterization of intertwining solEtions for odd T-step distribution). If T is odd,
the solutions (A, Pr) of the intertwining APT = PrA of the form

A= M; M; Mz
o \my mp mg

(7 1-7
PT‘(q 1—q>

are characterized by the difference p — g, which can only be £AT. The solutions are identified by
e 1 Ifp—7=+AT, then either

and

1 —p+1+A
< < =< < — .
Osm<sz=Ms i3 (4-20)
o 1 +14A
—p
< < =< _— .
OsMisgsms o 3 (4.21)
2. If p— G = —AT, then either
1-A—-p 1
— > < < = .
maX{O’Z—ZA—3p}_m1_3 (4.22)
—p 1 1 ™y
- — < < = —)-=13; )
(I14+A)—Amp < M; m1n{1_/\_3,3<1+/\) /\}, (4.23)
or
1 —p
- < < —F— .
3SMSTao, (4-24)
1-A—-p 1 1 mp 1
A -2 lam<ia —A _
max{0'2—2)\—3p'3< +)\> A}_Ml_B( +A) my; (4.25)
L]
(1 4+a=3p)Mi+p
M, = T (4.26)
and a 3p)
A+ a-3p)m +p.
my = Tha ; (4-27)
M3:17M17M2 (428)
and
mz =1—my —my; (4.29)
and finally given M; # m;,
1 AT=1p(1 - p)
- . 1|14 T-1 p |4 T .
g= My —m)" | Z(1-A"") + ——m =t (o — Ly (4-30)
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p=g+aT; (4-31)

wherea:+)\iff—ﬁ:+/\T anda =—-Aifp—g= AT

Proof. If T is odd, the intertwining constraints (4.11) to (4.16) reduce to:

T-1
P(My —my) +my = — 3 [(=3p +1)M; + (3p — 2) Mz + M3]
T-1
P(My —mp) +my = 3 [(=3p+2)M; — M+ (3p — 1) M3]
T-1
P(M3 —mg3) +m3 = — 3 [My + (=3p +1)Mz + (3p — 2) M3]
T-1
q(My —my) +my = — 3 [(=3p +1)my + (Bp — 2)my + m3]
/\Tfl
q(Mp —my) +my = 3 [(=3p +2)my —my + (Bp — 1)ms3]
T-1

(M3 —m3) +mz = —

3 [my + (=3p + 1)my + (3p — 2)ms].

If we use the identities M; + M + M3 = 1 and my + my 4+ m3 = 1, we can rewrite these equations to:

P(My — )+ my = (1= AT~ 4 AT [pMy + (1 p)Ms] (432)
P(Ma — m2) +ma =5 (1= A7) 4+ AT [(1— p) My + pMy] 439
P(Ms — m5) +ms =5 (1= A7) 4+ AT [pMy + (1~ p) My (439
q(My —my) +m :%(1 — AT AT [pmy + (1= p)mo] (4-35)
q(Mp —mp) + my :%(1 =AY AT (1 = p)my + pmg) (4.36)
q(Ms — )+ 5 =5 (1= A7) 4 AT pmy + (1= p)ms). (4:37)

We find the solutions to these constraints in the following steps.

1. First we derive a new set of constraints.
Combining equation (4.32) with (4.35) to eliminate the term m; — %(1 —AT=1), we find

AT —a)(My —my) + AT 1 (1 - p)(My —my) =0

where we define
0:=F-7. (438)
Similarly from the pairs (4.33)-(4.36) and (4.34)-(4.37) we find respectively

—a(My —mp) + AT 11— p)(My —my) + AT p(Mz —m3) =0
(AT - p) — a) (M3 — m3) + AT 1p(My — my) = 0.

We rewrite these three equations as

(a—p)x—ry=0 (4-39)
ay—yx—PBz=0 (4-40)
(€ —7)z— Py =0, (4-41)
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where

. Now we consider a« = 0.

B:=A""p
yi=AT1-p)
x:=M; —m
y:i= My —mp

z 1= M3 — ms.

If « = 0, the equations (4.39) to (4.41) become

—px—y=0
—yx—PBz=0
—7z =By =0.

Substituting the first two equations in the third, we obtain

(52)

Since 7% + B% = A2T2((1 — p)? + p?) # O, it follows that x = 0 and hence y = z = 0 as well.
Plugging this into (4.35) to (4.37) we obtain the equations for the invariant measure:

1

my 25(1 — )\Tﬁl) + AT [pm1 + (1 — p)my]

1

my =z (1= A1) + AT = p)my + pms]

1

i =5 (1= AT1) 4 AT [py + (1 = p)oms).

. If now either « = B or « = 7, then y = 0. The other equations return x = z = 0, hence we again

find the invariant measure.

. Now suppose « is neither 0, 8 nor 7; then we shall show that we must have « = AT~! or

a=+AT,
Equations (4.39) and (4.41) tell us that

Plugging this into (4.40) we find

_
x—a_ﬁy
_ B
Z_tx—'yy'
2 2
Y B _
IX_’B DC—')/ y—O (442)

We ignore y = 0 (as then x = z = 0 and we retrieve the invariant measure) and find

0 =a(a—B)(a—7) -7 (x—

1) — B (e~ p)

=u3 —70(2 —,thz—i—ﬁwc —72044-73 —,Bzoc—i-,Bg

=% +a?(—y — B) +a(By
:tx3 _ /\T71[X2 —i—)tZT*ti(p

— VP =)+ +F
—p*—1—p*42p—pH) + A3 T3(1 4 3p% — 3p)

:0(3 _ /\T—ltxz _ )L2TDC +)L3T_1

:(/\T—l o 0()(/\2T o 6%2).

This has solutions

N =

ATy g = 4AT,
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5. Let us first consider the case x = AT,
We rewrite (4.39) to (4.41) as

(1—p)(Ma —mp) = (1—p) (M1 —my)
My —my = (1—p)(My —my) + p(Ms — m3)
p(Mp —my) = p(Ms — m3).
Thus My — m; = My — my = M3z — m3 and
1=M;+ M+ M;
=M+ My —mq +my+ My —mq +m3
=3(M; —mq) +1
returns us again M; — m; = 0 and the invariant measure.

6. We show now that we retrieve the A of the one-step walk.
Let us now consider

a=+AT. (4-43)
We rewrite (4.39) to (4.41) as
(1= p)(My —myp) = (£A = p)(My —m) (4-44)
FA(Mp —mp) = (1= p)(My —m1) + p(Ms — m3) (4-45)
p(Mz —my) = (£A = (1= p)) (M3 — m3). (4.46)

But these are exactly the same equations as for the one-step simple random walk. Thus we find
the same A here.

7. The following step is to find 7.
We use for this equation (4.35), and find in the case a = +AT:

_ 11 _ _ 1-—
=My —m) " | 30— AT ) 4 AT (pmy + P[4+ A = 3p)ymy +p] ) —my
3 )
_ R b r—1,pP(l—p)  m Ao
= (My —my) _3(1 AT +A Y T —|—1+/\[1+)\ 3p—p—pA
+3p2+ p+ pA]) = m
_ R b r—1,P(1=p) +mi(A+3p* =3p+1),
= (My —my) _3(1 AT AT T ) —m
(1 AT=1p(1 - p)
= ) 21Ty A PP T_
= (M —my) _3(1 ATt 5t 1)m1]- (4-47)
For the case « = —AT, we find similarly
_ 4 [1 _ AT=1p(1 —
7= (M;—my)"! g(l—AT 1)+1P_(A}?)+(—)\T—1)m1]- (4-48)

8. It rests now to discover that the constraints on M;,m; that are induced by the constraints
7,7, M;, m; € [0,1] are the same as in the one-step case.
Let us first assume that M; > m;. Then the constraint that § > 0 gives us that

%(1 _ ATfl) + AT 1p(1—p)

14+A
< 1-AT
Note that as p(1—p) = %(1 — A2), we find
T—1,01_
FA-AT $ G 11 AT AT (- )
1-AT 3 1-AT
_1
=3
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Further the constraint § < 1 — AT gives us

T-1 _
%(1 — AT # + (AT = 1) My —my < (1-AT)

This gives us

My —my
My —my’

- AT lp(1—
Ja-aTh + 20

M, > —_—
1= 1-AT 3

Note finally that, as the M;, m; depend on Mj,m; in the same way as in the one-step random
walk, we have the same constraints. Thus it must hold that

1 —-p+1+A
< < - <M< 4.
OsmszsM<3 573

O

Remark. It was clear from the start that the non-trivial intertwining solutions for the one-step distri-
bution would also be solutions for the T-step distribution as

APT = (AP)PT!
= (PA)PT1

— DA,

Thus the same A can be used in combination with ?T, which is not the same as P.

4.3 Characterization of intertwining solutions for even T-step dis-
tribution

In this section we will show that for T even, the solution space increases. The exact solutions are
given in Lemma 4.2.

Lemma 4.2 (Characterization of intertwining solutions for even T-step distribution). If T is even,
then there are non-trivial solutions (A, Pr) of the intertwining APT = PrA of the form

A= My M; Ms
o my mp M3

and
5._ (P 1-p
Pr=(5 120)
iff
e it is satisfied that .
1ZM12§ZTH120 (4.49)
or ,
127711252]\/1120; (4-50)
e for
0<M; <1-M; (4.51)
0<my <1—m (4.52)
it holds that . . .
g(Ml—ml)ﬂL <m1—3> M; + <3—M1> my = 0. (4-53)
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¢ and finally

My=1-—M; — M,
rn3:1—m1—m2.

(4-54)
(4.55)

If it holds that My # mj, then the transition matrix P on the coarse-grained network is given by

— 7 1—7
(P P),
(61 1-7

%—mrl—/\T(Ml—%)

where

P= My —my ’
1
3 —ml)
g=(1-A" 7( .
7= ) My
Proof. If T is even, then we find:
_ 1 AT
p(My —my) +my =3t ?(21\41 — M, — M3)
_ 1 AT
p(Mz — mz) + my :g + ?(—M1 +2M, — M3)
_ 1 AT
p(Ms — m3) + m3 =3 ?(_Ml — My +2M3)
1 T
q(My —my) +my =371 ?(2”% —my —m3)
1 T
G(My — mp) +my =3+ 7(—m1 + 2my — m3)
1 T
ﬁ(M3 — T}’l3) + ms3 :§ + ?(—ml — My —|—2m3).

We shall find the solution to these constraints in the following steps.

1. First we derive a new set of equations.
We use the equations (4.59) and (4.62) to eliminate the term m; — % to obtain

_ o 2aT AT AT
(P—q— 3> (1 — M) = == (Ma —m) — == (M3 — m3) = 0.
Doing similarly for the pairs (4.60)/(4.63), (4.61)/(4.64) we obtain

o _ooaT AT AT
(p—q—3)(mz—Mz)—3(M1—m1)—3(M3—m3):0,

o _ oAt AT AT
<p—q—3>(m3—M3)—3(M1—m1)—3(M2—m2)—0.

To ease notation, we shall write

Y
)\T

=7

X :Ml—ml

Y= My —my

z =M3—H13

(4.56)

(4-57)

(4.58)

(4.59)
(4.60)
(4.61)
(4.62)
(4.63)

(4-64)

(4.65)

(4.66)

(4-67)



Our system of equations (4.65)-(4.67) can be rewritten to be

—dx—By—pPz=0 (4.68)

—ay —px—pz=0 (4-69)

iz — px — Py = 0. (4.70)
. If we suppose now that ¥ =0, i.e. &« = %, we only find the trivial solutions.

We see from (4.68) to (4.70) that
Ml—ml =M2—m2:M3—m3:O.
Plugging in 1 = my 4 my + m3 into (4.62) to (4.64), we find

. If we suppose that & # 0, then we shall find that either & = f or x = y.
From (4.68) we find

—pz = x — By,
plugging this into (4.69) we find
(@ —B)x = (& —B)y. (4-71)
This is satisfied if & = B or if x = y.
. If & = B, My # my and My # my, then

1 1 1
g(Ml—rm)—i- (Wll —3> M, + (3—M1> my = 0.

Suppose that & = B, i.e.

a=AT. (4.72)
Substituting 7 = g + AT in (4.59) we obtain
_ T 1 AT
q(My —my) + A (Mg —mq)my = §+?(3M1—1)- (4.73)
Rewriting this and doing the same for (4.60) and (4.61) we find
_ 1
q(My —my) = (1 - AT) <3 - ml) (4.74)
_ 1
q(Mp —mp) = (1 - )\T) <3 - mz) (4.75)
_ 1
G(Msz —m3) = (1 - )\T) <3 - ma) : (4-76)

Note that (4.62), (4.63) and (4.64) return the same equations. Further using Mz =1— M; — M
and m3 = 1 — my — my we find that (4.76) is equivalent to (4.74) and (4.75).

* Now suppose wlog that M; # m;. Then we find

7 (1_AT)G_"“)

q= My (4-77)
If also My # mj, then we must have
1
— (4 4T (3 B mz)
q= (1 A ) My s (4.78)

which must equal the quantity in (4.77). Thus we must have (M — m) (% - mz) = (M —

my) (% — ml) which gives the condition

1 1 1
§(M1 —my) + <m1 - 3> My + <3 - M1) my = 0. (4.79)
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e Now imposing the condition 7,7 € [0, 1] is equivalent to
0<g<1-AT,

as we use the pact that p =7+ AT,
To obtain § > 0, we consider (4.77) and see that either

1
my < 3 AN mp < My
or .
my > 3 A mp > M.
1_
To obtaing <1 — AT we must have 1\/311 _mnil < 1 which is the case when
1
my < 3 A mp < My
or .
my > 3 AN mp > Mj.

Combining these two restrictions, we find that M; and m; must satisfy either

1
M; < 3 < my (4.80)

or

my < - < M. (4.81)

2 Wi

5. If x = y, we find a subset of the solution space of Step 4, when a« = AT,

We see that (4.68) and (4.69) both give

—(@+pB)x—pz=0.
e If # = B, then z = 0 and (4.70) gives x = y = 0, which altogether return the invariant
measure.
¢ Otherwise P
x=y=77 [32
which using (4.70) returns
(2’82 —&)2—0 (4.82)
i+p e 4

Again z = 0 implies x = y = 0, which return the invariant measure.
2

So we consider when % —a=0.

Then we must have that

which is the same as
2AT\? AT 2AT AT\?
‘("“3> ‘3<“‘3>+2<3> =0

a=0 VvV a=AA~l

This has solutions

The case when & = AT was solved earlier, so we will now consider a = 0.
Then combining (4.59) and (4.62) while using 7 = §and 1 = M; + My + Mz and 1 =
my + my + m3, we find M; = my. Similarly My = my, M3z = m3. Earlier we saw that
M — my = My — mp = M3 — m3 implies the invariant measure.

O
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Remark. Again we want the one-step solutions to be a subset of the space of these solutions. Therefore
we verify whether the expression (3.18) for M, satisfies the condition (4.48).

When p — G = +A, we have for M, = Ww and mp = Ww that

1 1.A+A=-3p)My+p 1 (1+A-3p)m+p
3 (M1 —mi) + (my — 3) T A (3 - M) TTA
_ 3+ M) (Mg —my) + (my — 3)(1+ A =3p)My + (3 — My)(1+A —3p)my + p(my — M)
1+A
_ %(1 +A— 3P)(M1 — ml) + (1 +A— 3p)[m1M1 — %Ml + %ml — mlMl]
B 1+
=0.
The same holds true when p —§ = —A. Thus indeed the one-step solutions are also solutions for the

even T-step walk.

4.4 Evolution of local equilibria for the T-step simple random walk
on the 3-node model

In this section we again state the theorem that follows from combining Theorem 2.1 with the non-
trivial solutions of intertwining. First we do this for T odd, as there will not be many changes in
comparison with T = 1, and then for T even.

Proposition 4.2 (Evolution of local equilibria of odd T-step distribution on the 3-node model). Let
Xt be the process of a T-step simple random walk on the 3-node model associated with one-step

transition matrix
p 1-p 0
P=11-p O p
0 p 1-p

where T is odd.

Let
A (M1 My Ms
S \m my mz)’
where
| 1 +14A
—P
<m<<M< - T= )
OsmszsMsoimn s (4:83)
7 1 F14A
—P
<M <=< S N )
OsMisgzsms o 5 (4-84)
then p —7 = +AT
2. If
1-A—-p 1
<m <= )
maX{O'Z—ZA—3p}_m1_3 (4.85)
Yasr)—am <My <mind ——F L Lly_m (4.86)
3 =M =M T 73,73 r) A +
or
1 —p
S<im < —F )
3SMST,5, (4.87)
1-A-p 1 1 my 1
— - P - )b <M <o — )
maX{O'Z—ZA—3p'3(1+A) A}M13(1+/\) Amy, (4.88)
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thenp —g = —AT.
_ (I+a—-3p)M;+p
M, = T+a (4.89)
and a 3p)
_U+a—-3p)m+p,
my = Tra ; (4.90)
Mz =1—M; — M (4.91)
and
m3 =1—mq —my; (4.92)
and finally given My # my,
_ 4 [1 _ AT=1p(1—p)
_ _ 1L aT-1 p P T _ .
- = T‘
wherex = +Aifp—g=+AT anda = - ifp—g5=—AT.
Then there exist two stopping times
T2 ~ Geom (1 - p) (4.95)
T4 ~ Geom (7) (4.96)
for the process Xt such that
1. Vg is stationary until time ngd, which means that
Pog (Xr(t) = |8 > ) = v (); (4.97)
2. for all ¥ # 7 we have
Pue(Xr(Tg2) = ) = vy(0); (4.98)
3. X7(T24d) and T2 are independent for all .

So we see indeed that the only change compared with the one-step distribution is in the parameters
by which we define the geometric random times T;’dd and ngd.

Proposition 4.3 (Evolution of local equilibria of even T-step distribution on the 3-node model). Let
Xt be the process of a T-step simple random walk on the 3-node model associated with one-step

transition matrix
p 1-p O
P=|1-p 0 p
0 p 1-p

where T is even.

Let
A= My M, M;j
T \my mp mz )’
such that
e it is satisfied that .
1ZM12§2771120 (4-99)
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or

1>m > % > M; > 0; (4.100)
e for
0<M; <1-—M; (4.101)
0<my; <1-—m (4.102)
it holds that . . .
§(M1 —mq) + (Tl’ll — 3> My + (3 — M1> my = 0. (4.103)
* and finally
Mz =1—-M; - M, (4.104)
mz =1—m; —mo. (4.105)
Then there exist two stopping times
1
TV ~ Geom | (1 — )\T)(M_3> (4.106)
! My —my .
Teven G 1 )LT <% B ml)
5~ Geom | (1-— )W (4.107)

for the process Xt such that

1. vy is stationary until time T£V*", which means that

Py (Xr(t) = -|Tg"" > t) = vx(-); (4.108)

2. for all ¥ # ¥ we have
Poe (X (T5) = ) = vy (); (4.109)

3. X7(T$'") and TV are independent for all x.

Here we see that the parameters by which we define the random times are the same as for when T
is odd but for the generality of A, however the set of measures vy has increased and we consider all
p € (0,1) allowing us to have many more solutions in our possession.

Example 4.1. In particular we may intertwine with a Dirac measure, where
My =1, M;=M;=0.

If we take m1 = 1, we see that (4.103) forces

111221’}13:5.

Equations (4.106) and (4.107) give us that



4.5 Testing the universal spectral solutions for the T-step distribu-
tion

We shall now demonstrate that the proposed spectral solutions of Proposition 2.1 now again return
the non-trivial solutions with extra conditions, whereby we refer to the computations in Sections 4.2
and 4.3.

Lemma 4.3. The proposed spectral solutions of Proposition 2.1 in the case of both odd and even
T are those of Lemma 4.1 with the extra condition

2
M +mq = 3 (4.110)

Proof. Note that the eigenvalues of PT are just the eigenvalues of P to the power T.
¢ When T is odd we find the spectrum to be
{1,AT, —AT}.

The proposed P of Equation (2.8) becomes

5L /14AT 1-2AT
P=31-A1 1427) (4-111)

Defining p,q as usual, we see that for « = p — 7 we obtain
a=AT.

Solutions of intertwining for general P with « = AT have been found in the proof of Lemma 4.1,
starting from Equation (4.39). Now we will investigate which solutions correspond to

_1-AT
We see that o
_ AT p(1—
[%(1 — /\T 1) + 7151(/\ P) + ()\T — 1)7”11} 7 1— )LT
M1 — mq N 2

which we rewrite to be

2 _ 2AT1p(1 —

SA=AT )+ # +2AT — Dymy = (1= AT (M — my)

returning

%(1 ATy 22T 1p(1-p)

M+ mp = 1T 1A
_daoaTy - BaE
B 1—AT
2 1-ATT AT (A —1)
T3 1-AT
2
=3

¢ For even T, we only have eigenvalues

Bp=1, 6;=A~L
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The proposed P of Equation (2.8) becomes

= T /14AT 1-AT
P=al1-ar 1427 (4-112)
and we see that
a=\T

Again the solutions of intertwining for general P with « = AT have been found in the proof of
Lemma 4.2, starting from Equation (4.67). These include the non-trivial solutions given in the
statement of Lemma 4.2. Now we will investigate which solutions correspond to

_ 1—AT
We see that )
(1-amy3—m _1-A7
M1—m1 2

which we rewrite to be

2
g—?.ml:Ml—ml.

This gives us the condition

My +m = <.
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Chapter 5

Conclusion

In this thesis the following original work has been done:

We illustrated how to use the coarse-grained framework introduced in [1] to describe the evolu-
tion of local equilibria in all details for an explicit toy example.

We found meaningful solution to the intertwining equations in this model, i.e. measures that
are really localized in different regions of the state space. This shows us how promising the
machinery is.

We explored how "good" the universal spectral solutions of Proposition 2.1 were (for the one-step
random walk in Section 3.3 and for the T-step random walk in Section 4.5) and observed that
they are not optimal.

We explored what sort of bounds on the mixing times of the original process can be obtained by
looking at the mixing times of the coarse-grained process.

In particular we found that the bound on the mixing times of the original process is optimal if
the two measures that are used to intertwine have as much difference as possible in placing their
mass on the first state of the state space.

The cardinality of the space of intertwining solutions increases as we increase the number of
steps T of the random walk that is performed on the network.

In particular for even T > 2, we can intertwine with Dirac measures, i.e. measures that place
all of their mass on one state. Thus evolution of "very localized states" can be described by
intertwining the T-step process.

We may conclude due to Proposition 3.2 and the analysis performed in Section 3.5 that the framework
in [1] indeed leads to results that one would intuitively expect. Our further suggestion would be to
continue exploring the framework on larger and more challenging models.
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