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Resumo

Nesta dissertagdo de mestrado consideramos o Processo de Exclusdo Simples Simétrico numa caixa Ay =
{1,..., N — 1} acoplado com um reservatério de particulas néo linear, lento, em cada extremidade, que injeta
e retira particulas numa janela de tamanho K (i.e., em {1,... K} e {N — K,..., N — 1}). Nessa janela, uma
particula entra no sistema no primeiro sitio livre, e sai apenas do primeiro sitio ocupado. Estes reservatérios
induzem correlagdes entre as particulas, dai o termo ndo linear. As taxas de entrada e saida de particulas sdo
proporcionais a kN ~Y, o que faz com que para § > 0 os reservatérios tenham uma agio lenta. Mostramos que a
densidade espacial de particulas € descrita por uma solugéo fraca da equagdo do calor com condic¢des de fronteira
de Robin, se § = 1, ou de Neumann, se & > 1. A nossa dinidmica de fronteira é uma extensao do modelo com
reservatorios de "corrente", e sua relevancia estd na sua generalizag@o e tratamento das correlagdes.

Em seguida, estudamos a propagacao do caos, através de cotas para as chamadas v—functions. Dizemos que ex-
iste propagag¢ao do caos quando temos que qualquer nimero finito de particulas evolui independentemente, quando
o numero total de particulas vai para infinito. Mostramos que o nosso modelo tem, de facto, essa propriedade.

Por fim, estudamos algébricamente o Matrix Product Ansatz para K = 1 no regime lento (8 > 0), e extendemos
a atual metodologia para K = 2. Para K = 1 e 6 # 0, fazemos uma pequena corre¢do na algebra, e para
K = 2 mostramos sob que condi¢des a nossa algebra é consistente. Fomos bem sucedidos em induzir uma algebra

consistente para taxas gerais em regime lento, exceto em um caso particular.

Palavras-chave: Limite Hidrodindmico, Processo de exclusdo, Equagao do Calor, Dindmica nio linear,

Propagacdo do Caos, Matrix Product Ansatz
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Abstract

We consider the Symmetric Simple Exclusion Process in the box Ay = {1,..., N — 1} coupled with non
linear slow reservoirs at each endpoint, that injects and removes particles in a window of size K. A particle may
enter to the first free site and leave from the first occupied site in its respective window (i.e., {1,... K}, {N —
K,...,N — 1}). These reservoirs induce correlations between particles, hence the name non linear reservoirs.
The rates of injection/removal are proportional to N ~?, thus for # > 0 the action of the reservoirs is slow. We
show that the spatial density of particles is given by a weak solution of the heat equation with Robin boundary
conditions, if # = 1, and Neumann boundary conditions, if & > 1. Our model is an extension of the "current
reservoirs" model, and the main interest lies both in the generalization and the treatment of the correlation terms.

Next, we study the propagation of chaos through the estimation of v—functions. The propagation of chaos
property states that any finite number of particles will evolve independently as the total number of particles goes
to infinity. We will show that this indeed holds for our model.

At last, we study algebraically the Matrix Product Ansatz method for K = 1 under the slow/fast regime, and
make a small extension of the current methodology for K = 2. For K = 1 and 6 # 0 we make a small correction
in the current algebra, and for K = 2 we show under which conditions our algebra is consitent. When consistent,
the normalization constant satisfies a second order recurrence. Our formulation was successfull in inducing a

consistent algebra for general and slow rates, except for a particular case.

Keywords: Hydrodynamic Limit, Exclusion process, Heat equation, Non linear dynamics, Propagation

of Chaos, Matrix Product Ansatz
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Chapter 1

Introduction

An Interacting Particle System is a mathematical model involving very-many components that interact with
each other. Given the large number of particles and their possible interactions, the most natural mathematical
frame to study these models will not be deterministic, but probabilistic. In the context of this master’s thesis, an
interacting particle system can be seen as what you get by watching a macroscopic, deterministic system through
the looking glass — what was fixed, now has a random nature, and what didn’t move, now jumps and interacts.
In the miscroscopic level, we have a discrete system that evolves in time according to random clocks under some
interaction among particles. The study of how these interactions affect the macroscopic level, that is, the passage
from the micro to the macro, or the passage from the discrete to the continuum, is a central question in Statistical
Mechanics. The rigorous study of Interacting Particle Systems is quite recent, having started with Frank Spitzer!
in the seventies. The limiting object of this microscopic system is often described as the solution of a Partial Dif-
ferential Equation. In this thesis, our macroscopic element is the Heat Equation with Robin boundary conditions,
or Neumann boundary conditions.

The dynamics studied in this thesis is a generalization of the dynamics studied in [24]. We consider the
Symmetric Simple Exclusion in the bulk, and both injections and removals of particles in a fixed window at
the endpoints of the bulk— all these terms will be explained in the following sections. Moreover, we consider the
"frequency" a particle is added/removed in the system dependend on a parameter 6. In this way, not only our model
is a generalization of [24], but as a particular case we have also a regime not yet studied in the aforementioned
work.

This thesis is divided in 6 chapters. We start with the mathematical background, in order to provide the
reader the mathematical context and tools necessary for a better understanding of the following chapters. Then,
in Chapter 3 we show the Hydrodynamic Limit— more specifically, in Section 3.3. That chapter is divided in 3
sections: first we define the dynamics through the infinitesimal generator, then we proceed with the heuristics for
the Hydrodynamic Limit. This section is important because it allows us to understand the difficulties of the formal
proof and have some insight to what are the induced Hydrodynamic Equations by our model. We then show the
Hydrodynamic Limit, whose proof has 2 main steps: tightness, proved in Section 3.3.1, and characterization of

limit points, proved in Section 3.3.2. For the characterization of limit points, we will need some results, which we

Frank Spitzer is one of the pioneers in the rigorous study of an interacting particle system in the stochastic envoirnment. For more
references of the context where the field of interacting particle systems emerged, see [31].



postpone the proofs to its own subsections: Replacement Lemmas, proved in Appendix A, and Energy Estimate,
proved in Appendix B.

In chapter 4, we estimate the correlations, through the estimation of the, so called, v-functions. This chapter
is both a detailed study of [24] and a simple adaptation of the arguments to show the bounds for the correlations
in the slow regime. This chapter is divided in 5 sections: we start with the notation for the chapter and some
definitions, where we define a coupling with a process of independent particles, in Section 4.2 we derive integral
inequalities for the v—functions (that measure how "far" our system is from a system with independent particles),
in the following Section, 4.3, we define the truncated hierarchy and the branching process, that classify the terms
arising in the bounds for the v—functions in terms of a process denoted by skelefon, in Section 4.4 we derive
bounds for the skeleton, and in last section, 4.5, we find estimates for the v—functions.

Finally, in last chapter we study the Matrix Product Ansatz (MPA). This chapter is divided in 3 sections. In
the first, we present the mathematical framework of the MPA and do a review of the known results, difficulties and
incapacities of the method. The second section is named A new look in the linear SSEP, where we study deeply the
linear SSEP with general rates from an algebraic point of view. In this section we make a small correction to the
known algebra in the slow regime. In the last section, we propose a generalization of the method for boundaries
acting on 2 sites each. This section consistis in the statement of the generalization, and proof of the consistency
of the algebra. In particular, we show that, in our framework, the normalization constant is at best a second order
recurrence. Given the extent of this thesis, we will only do the essential computations and state the main results.
In this section, we also introduce some new definitions in our algebraic context, which can easily be adapted for
the general setting. To our knowledge, this is the first successful, up fo now, generalization in this direction.

The exposition will be very compact and result oriented. We will only give a mathematical context in the first
chapter, and the main theoretical results needed through the proofs will be stated in the appendix. In this way, we

focus in a more compact and fluid exposition.



Chapter 2

Mathematical Background

2.0.1 Markov processes

A probability space is a well defined measure space with a normalized and positive measure - a probability.

We write our probabilty space as a triple (€2, F, P) where

1. Q is the sample space — a non-empty set;
2. F the set of events — a o—algebra on 2;

3. P:F — [0,1] is a probability measure with the properties:
o—aditive : for Ay, A, ... disjoint sets, P(U;>; 4i) = >_;5; P(A;)
normalized: P(2) = 1.

Considering our probability space ({2, F, P) and (S,S) a measurable space (where S is a non-empty set and S
a o—algebra), we define an (S, S)—valued random variable as a measurable function X : Q — S. Thus, V
subset B € S we have X~ }(B) € F, where X~ }(B) = {w € Q : X(w) € B}. In this way, the measure of
a set (probability of an event) is defined as the measure of the pre-image by our function, the random variable:
Px(B)=P(XY(B)=PweQ: X(w) €B).

Taking time into consideration we define a continuous-time stochastic process X = {X;}+>0 as a family of
random variables indexed in the time ¢ taking values in some space S with a metrizable structure given by the
Borel o—algebra, which is called the state space of the process. For fixed T' > 0, we define the path space for our

process on S by the set of right continuous functions with left limits (denoted by cadlag ')

Dgl0,T] = {X.:[0,T] — S, cadlag} (2.0.1)

also known as the set of realizations of our process. Thus, fixed a time ¢, X; : Q — S is a random-variable. To
define a measurable structure on Dg[0, T'], we will consider the smallest o-algebra on Dg[0,T] , F, such that the

maps X — X are measurable with respect to F, that is:

{Xs e A} ={X.| X, € A} € F, VA € S measurable. (2.0.2)

IFrom the french "continue & droite, limite & gauche."



Given that our process is a function of two variables X;(w), we want to construct the analogous of our o —algebra
with respect to the time variable. If we have that F is the smallest o-algebra on our canonical path space such
that Vs < ¢, X. — X, are measurable maps, then the collection {F;},;>¢ is called the natural filtration of
our process. Defined our filtered space (Dg[0,T), F, (F:)i>0) we can now define our stochastic process on the
probability space (Dg[0,T],F, (Fi)i>0,P).In our context, the stochastic process X = {X;};>o is going to be
a jump process. As in [17] we refer to P as the probability measure on S and P as the probability measure on
D([0,T1],S), and analagously we differ F and E to denote the expectation with respect to P and P, respectively.
In particular, we have that EXy = FX.

As defined in [7], a Markov process is a stochastic process whose future behavior depends only on the past
through its present state; or the past depends on the future through the present; or even: given the present, the
future and the past are independent. There are very different constructions of Markov processes: the classic
construction from the Poisson process, as in [15] or [13], but one can also define it through the semigroup or
generator (which we will present on the following sections). Here we present a brief "axiomatic" definition for
the time homogenous Markov process from [13], and proceed to a more detailed overview on generators and
semigroups and the construction of the Markov semigroup from the Markov transition function, as in [7].

A Markov process whose distribution at time ¢, given that at time s it was in &, depends only on the time lag
(t — s) and not on the specific times itself (condition 3. of the following definition) are termed time homogenous

Markov processes:

Definition 2.0.1. A time homogenous Markov process on S is a collection {P*}¢cs of probability measures on

DI0, T] with the properties:
1. P&(n. € D[0,T] : gy = &) = 1 forall £ € S, that is, P¢ is normalized, given the initial condition &;
2. The map & +— PS(A) is measurable VA € F;
3. PS(ny. € A| F) =P (A)VE € S, A € F,t > 0. (This is the Markov property).
We present next what is meant by the transition function of such processes.

Definition 2.0.2. The transition function of a time-homogeneous Markov process is a function K(¢,£, B) (K
stands for Kernel), where t > 0,£ € S, B € F with (S, F) measurable space, S is the set of possible values of the

process. K satisfies the properties:
1. K(t¢&,-) is a probability measure on (S, F) ,Vt > 0, € S;
2. K(0,€,-) = 1¢;
3. K(t,-, B) is measurable V¢ > 0 and B € F;

4. The Chapman-Kolmogorov equation (CK-equation) is satisfied:
/K(s@’,B)K(t,ﬁ,dé") =K(t+s,¢ B), (2.0.3)
s

4



where 1. is the indicator function. Moreover, we say that a stochastic process X on a probability space (€2, F,P)

with values in S is a time homogenous Markov process with transition function K if for t > s we have:

where 13(.9) is the Borel c—algebra on S.

From the definition we can see that K (¢, &, -) is the distribution of the position of the process at time ¢ given
that at the begining ({ = 0) it was in £. To make the notion of transition function clearer, given a transition function
K on a discrete space (we will take for example S C N), we can define for m,n € S p, ,(¢) = K(¢t,n,{m})

for ¢ > 0. This way, we have
o 1n({n}) = K(0,n,{n}) = pn.n(0) = 1;
o 1,({m}) = K(0,n,{m}) = pn.m(0) =0forn # m;
o V¥t >0 ppm(t) > 0 from the definition of probability measure;
o 1=K(t,n,S)=> s K{t,n{m}) =3 coPnm(t) =1

and the CK-equation

I;K(s, nARDEK(t, b, {m}) = K(t + s,n,{m}) (2.0.5)

takes now the form py, (s + 1) = >\ c g P,k (5)Pr,m(t). On this simple case, one may easily do even better and

show directly that, by conditioning, the CK-equation is satisfied:

P(Xepp=m|Xo=n)=Y P(Xey=m|X,=k Xo=n)P(X; =k | Xo=n)

keS

= Z P(Xepy=m| X, =k)P(X;, =k | Xo=n) (2.0.6)
kesS

=Y P(X,=m| Xo=k)P(X, = k| Xo =n),
kesS

where for the last two equalities we used the Markov property, and the time-homogenous property, respectively.
On the discrete case, these transition probabilities can naturally be expressed in terms of (possibly infinite) ma-
trices defined with the usual matrix notation P(t) = (Pn,m(t))n,m>1. In this way we can also write (2.0.5) as
P(s)P(t) = P(s+1t).

These matrices are termed transition matrices, and the above property is the semigroup property, which we
will explore, in no time, for more general state spaces. Naturally, one also gets that P(0)P(t) = P(0 4+ t) =
P(0) = 1, where 1 is the identity matrix, which is coherent with our definition of transition function. For a clearer
understanding of these matrices let us first consider the simplest case. Suppose the transitions do not depend on

time, and both our state space and time are discrete. In this case, we have

P(n)P(m) = P(n+m) < P"P™ = prtm 2.0.7)



where P" (resp. P™) is the transition matrix to the power of n (resp. m), which comes directly from the time

independence and the CK-equation. Looking directly to the transitions, conditioning on the past states we have

P(X,=j)=)Y P(Xo=kP(X,=j|Xo=k) 2.0.8)
kes
Note that P(X,, = j | Xo = k) = Py, and writing P(Xo = k) = a3, we have, forj € S, >, ¢ ap Py ;, and in
matrix notation: P(X,, = j) = (aP");.

This simple case is very important because it gives some intuition to what comes in the next sections. We
showed that, for the full-discrete case, the distribution at a time n equals to the matrix product of the initial
distribution and the transition matrix to the power of the time. That is, the transitions take us from the initial state
to where we want to go; or in other words, where we are is a result from where we have started and the path we

took. In fact, this holds for general topologies and continuous time as well. As stated in [27]:

Proposition 2.0.3. A discrete time Markov chain {X,, } nen is fully characterized by its transitions matrices and

the probability function of Xj.

The jump from discrete time to continuous time is not trivial, and we refer the reader to a very detailed con-

struction on [15] using an embedded discrete time chain and the Poisson Process.

2.0.2 Generators and Semigroups

Now we shall give a brief introduction to semigroups and its generators. We will start with the definition of
a semigroup, proceed to prove some of its general properties and define its generator at the end. Next, we will
introduce the Markov semigroup, and as a motivation for the two main formulas used in this thesis, we will refer
to the Cauchy problem. As a by-product of the Cauchy problem (but more on the perspective of the Martingale

problem) we will construct a great tool for this dissertation: the Dynkin’s formula.

Definition 2.0.4. Let X be a Banach space, and let Sy, ¢ > 0 be bounded operators acting on X, indexed in ¢. The

family {S; }+>0 is termed a strongly continuous (or of class cg) semigroup of operators iff
1. Vs,t > 0,854 = St Ss;
2. Sy = 1y, where 1y is the identity operator in X’;
3. limy_o St f = ffor f € X.

If only the first two properties are satisfied, the family of operators is termed semigroup. On the above defini-
tion, we mean convergence on the usual sup norm.

An important property which will allow us to differentiate in time and we will not prove [7] is:

Proposition 2.0.5. [Continuity]

If {St}i>0 is of class co, then V f € X the functiont — Sy f is strongly continuous in R (right continuous at 0).

Closely related to the semigroup associated to a process is the infinitesimal generator, which can be interpreted

as its derivative at time 0.



Definition 2.0.6. [Infinitesimal Generator] Let {.S;}:>0 be of class ¢y acting on a Banach space X'. Then if the

following limit exists

. Suf—f
Lf:=1 _— 2.0.9
f=lm = (209)
L is termed the infinitesimal generator of the semigroup {S; }+>0, whose domain is:
S, f_
D)= {fex:Ttm =S rp (2.0.10)
h—0t h

The infinitesimal operator £ is a linear operator [7], but this will be clear once we move to Markov semigroups).

An important technical property proved in [7] is the following.
Proposition 2.0.7. D(L) is a dense subset of X.

Naturally, one can integrate back (2.0.9) to get the following proposition.
Proposition 2.0.8. Ler f € X. For fixedt > 0 we have L fot Ssfds = S.f — f.
Proof. We want to show that

t Sy [T Ssfds — [FS,fd
£/ S fds = lim nJo Sofds — Jo Ssf s:Stf_f (2.0.11)
0 h—0+ h

and that jot Ssfds € D(L). Note that

t t t+h t+h h
S’h/ Ssfds = / Ssinfds = / Ssfds = / Ssfds — / Ssfds, (2.0.12)
0 0 h 0 0

where we used the semigroup property in the first equality, a change of variables in the second, and the last follows

by the definition of the integral. Thus,

ht (Sh/otssfds—/otssfds) =ht </Ot+h53fds—/0h55fds—/Otszds>

(2.0.13)
t+h h
= h_l/ szds—h_l/ Ssfds.
t 0
Using the strong continuity of ¢ — S; f and the fundamental theorem of calculus we have, as h — 0T
1 [t+h 1 [k
E/ SSde_E/ Ssfds = Sif —Sof =Sef — f. (2.0.14)
t 0
Since everything is bounded, we conclude that fot Ssfds € D(L) . O

Extending the idea of the generator as a differential operator, but now up to a time ¢, we have the following

proposition:

Proposition 2.0.9. If f € D(L), then S;f € D(L). Moreover, the function t — Sy f is continuously differentiable



in RT, whith right derivative at t = 0, and

WL = LS, f = S:Lf,  t>0. (2.0.15)
Proof.
S, f—
feDW) & Lf:= lim % < o0
—
= LS;f = lim SwSif = Sif = lim Stenf = 5if
h—0+t h h—0t h (2.0.16)
L Snf—f . Suf—f
- tig 525 = st P = sy <oo
= S.f € D(L).
Moreover, since % = limy, 0 W we have our result. O
We remark that d‘ng = LS, f is termed the forward equation, and di;f = S.Lf the backward equa-

tion. The names come from the forward and backard Kolmogorov equations, which we will end this chap-
ter with. Note also that the above proposition suggests that the semigroup is some sort of exponential func-
tion: S; = e** = 1+ tL + o(t).This turns out to be true in a certain sense, which is made formal on the
Hille—Yosida—Feller—Phillips—Miyadera theorem, also known as Hille-Yosida theorem.? Before proceeding to the
statement of Hille-Yosida’s theorem, we define the semigroup and infinitesimal generator in the context of Markov

processes.

Theorem 2.0.10 (Hille-Yosida). There exists a one-to-one correspondence between Markov generators and semi-

groups on C(S) = {f continuous | f : S — R}, given by (2.0.9) and:

Sif = e = lim (1 — %ﬁ)_”f, for f € C(S),t > 0. (2.0.17)

n—o0

As explored in [7], this result is consequence of the Yosida approximation of operators, and usually expressed
in terms of its resolvent. The proof presented there requires the Laplace transformation of the semigroup, which
is not in the context of this work. Note that if we consider S;f = f;, and remembering the interpretation of the
generator as a differential operator, Proposition 2.0.9 states that Sy f is the solution to some sort of differential

equation. In fact, that equation is known as the Cauchy problem, and it is stated as follows:

Proposition 2.0.11 (Semigroups and the Cauchy problem). Let L be the generator of a strongly continuous semi-

group {S;}1>0 acting in a Banach space X. The Cauchy problem

d
G=Lf, t=0

fo=feDKL)

(2.0.18)

where f; is a sought-for differentiable function with values in D(L), has the unique solution f; = S.f.

2The original formulation was given independently by Hille and Yosida, and the general case was discovered later, independently, by Feller,
Phillips and Miyadera.



To prove Proposition 2.0.11, we only need to show uniqueness, since the solution follows from Proposition
2.0.9.

Note also that Proposition 2.0.11 is a very important and general result. Considering, for example, the standard
Brownian motion, we have that all the Brownian motion properties are "hidden" on the operator 92, and the Cauchy
problem takes the form of the well known heat equation. Now that we have done an introduction to semigroups
and generators, let us go back to Markov processes and define more explicitly what we mean by semigroup in this
context.

With a transition function, one may associate a family of operators in BM(.S)- the set of bounded Borel charges
(signed measures) on S (for our purposes, one can consider P(.5) - the set of probability measures endowed on S

with weak convergence) by

(Uep)(B) = /Su(dp)K(t,p, B). (2.0.19)

From the definition above, one can check that U,y is, in fact, a measure. In particular, if  is a probability measure,

then U, 41 is also a probability measure. Moreover, by the CK-equation, {U, }+>¢ is a semigroup of operators:
W)(B) = [ udp) [ K(1.0.B)K (s.p.da)
s s

_ / / u(dp)K (s, p, dq) K (1, ¢, B)
< /s (2.0.20)

= /S(Usu)(dq)K(l’%B)

= (UbUl,u)(B)

where t = s+ [, and Upp = [ pu(dp) K (0,p, B) = 1.The main reason for introducing this formula is for the
following interpretation: if X, is a Markov process with transition K and initial distribution u, then U;p is the
distribution of the process at time ¢. That is, given a measure u, the semigroup operator is what "makes the time

running": Uy = p,. However, the semigroup we are going to consider is the dual of (2.0.19):

Stf(p)=/sf(<J)K(t,p,dq) t>0 (2.0.21)

defined in BM (S)-space of bounded measurable functions on S . When we say dual, we mean that we may
treat a member of BM () as a functional on BM(S) (the dual space), given by p — [¢ fdu =: (f, ), and
(f,Ur) = (St f, ). That is, the dual of U; equals S; on BM(S). An important remark is related to a class of

processes termed Feller processes, which we shall introduce on the following definition:

Definition 2.0.12. A Markov process (semigroup) is a Feller process (semigroup) if f € C,(S) ( continuous and
bounded functions ) = S;f € Cy(S) Vt > 0. That is, S; leaves Cy(.5) invariant.

Given that (f,U;) = (S¢f, u), Uspp = pt, and the Feller semigroup is a bounded operator that maps Cy(S)
into itself, one may ask what is the action of the adjoint of S;. That is, (f,U;) = (S:f, u) = (f, Sy u), and what
is its relation to the distribution of the process. There are two answers to this question: one relating to the original

process, and the other related to the time-reversed process . The second answer we will explain in the following



section relating invariant measures, and the first is given on [20] as a definition:

Definition 2.0.13. For a process {S(t) }+>o with initial distribution y we denote p.S(t) € P(X) the distribution at

time ¢, which is uniquely determined by
/ fd[pSt] == / St fdu, forall f € C(S). (2.0.22)
s s

Writting as follows makes it a little bit clearer:

(F.uS () = /S Flus(t)] = [S S(8) = (S f, ) = (f, S(8)1). (2.0.23)

Thus, when we see 11.5; we are refering to the distribution at time ¢, yet it is implicit the adjoint of S;: S} p < uS:.
Given a Feller semigroup, where the dual and adjoint coincide, we can see that if the distribution is independent of
time, then S} = S; = Sy = 1. Finally, we will use the following expression for the Markov semigroup, given its

more probabilistic notation:
(Sef)(Xo) = E[f(X:) | Xo] (2.0.24)

From the definition, we can interpret the Markov semigroup as the mean path of our process { f(X;)}+>o starting
from Xy. We will show one last property of the generator related to Markov processes, since it will be useful on

this dissertation for certain convergence results:

Proposition 2.0.14 (Time scalling of £). Given a Markov process { Xy }+>o with semigroup {S; }>0 and generator

L, if we change the time scale by a factor §(n) then the generator of the process {1g(n): } >0 is given by 6(n)L.

Proof. O(n)Lf := limy,_,o+ 0(n)22L=L =1lim, o+ O(n) 759(;();{;f = limy;_, o+ 759((;“”();{;]-. O

2.0.3 Generators on a finite state space

Up to this point, we already gave two interpretations of the semigroup (in general, and for Markov processes),
but the interpretation of the generator as a differential operator is still too abstract. Thus, let us take a look more
closely to its action. We will denote processes on a finite state space, which is the context of this thesis, by lower
case greek letters, for example, 7; instead of X;. Note that our transition probability for n = £ ~» 1 = &’ can be

written as:
P (1, = &) = E"1,, (') = Si1,(£). (2.0.25)

Then, by (2.0.9), for small ¢t we have P7(n, = ¢') = 1,(¢') + tL£1,,(§') + o(t). Thus, L can be interpreted as a

transition rate; probability per time unit. As in [13], the rates ¢(, £’) are defined by

P = &) = 1e(€') +e(&, )t +o(t)  ast ™\ 0. (2.0.26)
For a finite state space, which is the case we are interested in, we have the following proposition.
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Proposition 2.0.15. If {1 }+>0 is a Markov process on a countable state space S with jump rates c(n,n’") then for
f cilindrical function (functions that are dependent on 1 through a finite number of coordinates), the infinitesimal

generator has the following expression:

L) =" e n)(f@') = f(n)). (2.0.27)
n'es
Proof.
St =Ef(n) = 3 £ ")
n'es
=P (e =n)f(n)+ > F )P (=)
n'#n
=@ =Pn #n)f)+ > f(n ")t + o(t) (2.0.28)
n'#n
==Y P =)+ > f0)eln,n )t + oft)
n#n’ n'#n
=1 = et fm)+ Y FO)e(nn' )t +olt).
n#n’ n'#n
Thatis, S f(n) — f(n) = 32,2, ") (f(n') — f(n))t + o(t), and by (2.0.9) the result holds. O

We can also define the rate’s matrix by noticing that

1= Pp=¢&)=1+t> c&&)+o(t) =1+tc(&)+ Y (&) +o(t)

§'es §'es £'es

<0 =t(c(&,€) + Z c(§,€)) + o(t),

&es

(2.0.29)

and we must have ¢(&,£) + Y5 (€, €') = 0. Identifying the diagonal as ¢(&,€) = — Y04, ¢(&,€’) one can

easily construct the matrix given the rates of the process.

We can relate the above expression with (2.0.16), resulting on the Master equation, also known as Kol-

mogorov’s equation. Taking f = 1, on (2.0.27):

H(Si1) = [ 37 Siel€ €)(1€) = 1N dn() = [ elén) = 3 ele. €)1 (€)auSi(©)

¢es S ges
=) [uSi(¢ — [SI©)1,(8) Y e, €) =D pi©el&n) —pe(m) Y c.€) (2,030
ges &es ¢es ¢es
= > e )e'sn) = pe(n)e(n,n')),
n’'es

where we defined p; := [uS;] (recall (2.0.19)), and for the left hand-side:

d d d d
M(astln) = %M(Stln) = @[Mst](ln) = %pt(n)- (2.0.31)

11



Thus,

%pt (n) = ZS(CW’ mpe(n') — pe(n)eln,n')). (2.0.32)

We finish this section presenting two formulas that will be very useful in this dissertation. First, we present
a martingale, termed Dynkin’s formula, or Dynkin’s martingale. This martingale will be useful in what follows
because it will be the main tool to identity our process with a weak solution to the heat equation with specific

boundary conditions.

Theorem 2.0.16 (Dynkin’s formula). Let {n;},>0 be a Markov process with generator L and countable state

space S, and f : RT x S — R bounded such that:
1. Yne s, f(-,z) € C*(RT);
2. 3C < 00t supsy, | 91 fs(n) |[< Cforj=1,2;

and forallt > 0 let
t
MY = fi(m) — folno) - /0 (0 + L) f(ns)ds. (2.033)

Then { M }1>¢ is a martingale with respect to the natural filtration of {1 }1>o.

A detailed proof can be found both in [17] and [15]. Since the expectation of a martingale is independent of
time, we have that EM; = EM, = 0. Moreover, we know that the process N;(F) := M,(F)2 — [M(F)]; is a

mean zero local martingale with respect to the natural filtration of { X },>¢. For Dynkin’s martingale we have
t
Ny(F) := (M(F))? — / B,(F)ds (2.0.34)
0

with Bs(F) = LF(s, X)? — 2F (s, Xs)LF (s, X). For a more detailed analysis see [17].

Recalling (2.0.11), one can see that, intuitively, Dynkin’s formula (2.0.16) looks like an integral expression of
that differential equation (in the sense that £ is a differential operator), extended to more general f functions. Also
relating the Cauchy problem is the Feynman-Kac formula, which will be useful in the following, both in proving the
Replacement Lemmas A.0.5 and A.0.6 and the energy estimate (Proposition B.0.4.) Consider a bounded function
V :RT x S — R satisfying the conditions of the Theorem 2.0.16, and a bounded function F : S — R. For fixed

T > 0 denote by F' : [0,T] x E — R the solution of the differential equation

(Opu)(t, ) = (Lu)(t,z) + V(T — t,x)u(t, x),

(2.0.35)
u(0,2) = Fy(x).
Proposition 2.0.17. The solution F' of (2.0.35) has the following stochastic representation:
F(T,z) = E, [efoT V<57Xs>dSFO(XT).} (2.0.36)

12



Again, this is a more general expression than the classical Feynman-Kac formula with respect to the Brownian

Motion, where L = /A, with A being the laplacian. The proof can be found in [17], page 342.

2.0.4 Stationary Measures

We end our mathematical presentation with a brief introduction to stationary measures. Recalling our discus-

sion above, a measure . € P(X) is stationary/invariant if uS; = p, that is:

Definition 2.0.18 (Invariant measure). The measure i is invariant for the process "induced" by S iff |, g Sefdu=

[ fdp forall f € C(S).

On this section we will interplay between the following notations:

p(f) = /fdu= (fs 1) (2.0.37)

The set of all invariant measures of a process is denoted by Z. Now we give the definition a reversible measure.
Definition 2.0.19. A measure p is reversible iff u(fSig) = u(gS: f)forall f,g € C(S5).

Note that, taking g = 1, we can see that every reversible measure is stationary:

(fSeg, ) = (gSef, 1) & (fSel, ) = (Sef, ) & (f, 1) = (Sef, ). (2.0.38)

Above we used that S;1,, = 1, which is true noting that E7(1,)) = P(n =) = 1.

Proposition 2.0.20. Consider a Feller process on a compact state space S with generator L. Then

peT s ulf)=0 VfeColS), (2.0.39)

where Cy(S) is the set of cylindrical functions f : S — R.

Proof. (—) :

W(ES) = (o) = (Sbh) = () =SSt = 4 [ rn=0. @040)

Note that we can exchange the integral and the derivative by the Leibniz rule, since S; f is bounded. For the

converse,

(¢—):

0= = (sicfo = [ St = [ [ 5.cpasdy

- [ o fds)dp = = pan= [ siran— [ in

Above we used Fubini’s theorem and Proposition 2.0.9. To show that the result holds Vf € Cy(.S), remember

(2.0.41)

that by Propposition 2.0.7 D(L) is dense in Cy(,S) thus we can prove by the weak convergence of sequences of

functions. O

13



Relating the backward and forward equations (2.0.9) with the stationary measure we can get the following

condition:

d d
S 0tf = SLf =l 5ef) = n(SiLf) (2.0.42)

& Du(Si) = wSLh) & Su(y) = nien) = 0.

The above relation will be very important on our study of the stationary measures through the Matrix Product
Ansatz, described in the Chapter 5.

Now we make some remarks about the adjoint operator. Let p« € P(S) be the stationary measure of the process
"induced" by {S;}+>0, and let L2(S, ) = {f € C(S) : u(f?) < oc}. It can be shown that S; and £ have an
adjoint operator [17], uniquely defined by:

To compute the action of the adjoint operator, Vg € L2(S, u1):
(0.570) = [ FSiadi =B lm)atm)) = B* (S0 | o). 2.0.44)

where in the last equality E# denotes the expectation with respect to Pu. Since p is stationary,

EX(ECf (o | me))g(ne)) = /XE(f(n) | e = §)g(§) (&) = n(gB(f(no) [ m: =)
=9, E(f(n0) [ n: = +)),

(2.0.45)

that is, S} f = E(f(no) | ¢ = +). In other words, the adjoint operator of the semigroup is the semigroup of
the reversed process. One can also show that £* is the generator of the adjoint semigroup [13] and the process
is time-reversible if the generator and semigroup operators are self-adjoint. This is actually an intuitive result: if

moving forward or backwards in time gives the same result, then moving in time probably does not matter.

14



Chapter 3

Hydrodynamic Limit

In this Chapter we show the Hydrodynamic Limit. The Hydrodynamic Limit states that the spacial density of
the particle system studied in the following sections can be described, in the continuum setting, by a weak solution
of the heat equation. In the first section we will introduce our model in terms of Poisson clocks. Then, we will
define its generator, with the tools presented in the mathematical background. In the following section, we will
state the main ideia of the Hydrodynamic Limit and do an heuristic to have some insight of the partial differential
equation the mentioned spacial density is solution of. The main tool will be Dynkin’s Martingale, already presented
in Theorem 2.0.16. Then we will formally show the Hydrodynamic Limit. Through the proof, we will need two
main results: Replacement Lemmas A.0.5 and A.0.6, and the energy estimate, in the Appendix B, to which we will
direct the reader to the appendix for their proof.

For the main proofs of this chapter, we take results from [11], [10], [4] and [3]. These references are a good
start for the interested reader. Moreover, for a deeper review, regarding other topics of interacting particle systems,
such as fluctuations and propagation of chaos, and many other techniques, we refer the reader to [17], [23] and

[22].

3.1 Dynamics

3.1.1 The model

The Symmetric Simple Exclusion Process (SSEP) in contact with slow non-linear reservoirs can be described
as follows. Fixed a scalling parameter [NV, we denote our process by 7, and 7 is named the configuration. Our
process lives in the discrete space {0, 1}*~, where Ay = {1,..., N — 1}. Each element x € Ay is called site,
and Ay the bulk. The map = — n(zx) gives the number of particles on the site . In our model, n(x) € {0, 1}. Each
pair {z,z+1} withz € {1,..., N —2} is named a bond. We artificially add two sites at end points of the bulk (the
sites 0 and ) — this gives two bonds ({0,1} and {N — 1, N}) — these artificial sites are named reservoirs, and
will contain an infinite number of particles. To each bond in the bulk, we associate a Poisson process Ny 441(t)
with parameter n(z)(1 — n(z + 1)) + n(z + 1)(1 — n(z)). For all x € {1,..., N — 2} the associated Poisson
processes are independent. These Poisson processes are named Poisson clocks, given that they dictate when a

particle may jump, as we will explain shortly. Note that the probability of two clocks ringing at the same time is 0
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(with respect to the Lesbesgue measure), since the exponential random variables are continuous and independent.
From the rate of the clocks, one can see that the bulk follows an exclusion rule, hence the name exclusion process:
ifa clock at {x, x + 1} rings at time ¢ and 7, (z) = 0, n,(z + 1) = 1 (resp. n.(z) = 1, m(x + 1) = 0) the particles
exchange sites: 7+ () = 1,m4+(x + 1) = 0 (resp. ny+ () = 0,9+ (z + 1) = 1); otherwise, nothing happens.
Note that for the moment the particles are assumed to be identical.

To define our non-linear dynamics, for fixed K > 0let I* :={1,... , K}and Iff ={N-1-K,...,N—1}.
Now we will also associate a collection of Poisson clocks, { No ;(t)},c x for the left and {N; v (1) };c rx for the
right, to bonds of the form {0, j} with j € I for the left, and {j, N} with j € IX for the right. These clocks
define when a particle may be injected into our system and when a particle may be removed. A particle may
enter or leave the system only in the windows IX. Informally, looking at the left reservoir, a particle enters to
the first free site (say this site is j, then the "in rate" is «;), and may only leave from the first occupied site (if
this is the site j, the "out rate" is 7;). At the right boundary we have a very similar dynamics as the one just
described, but instead of «;,y; we will have ; and §;, respectively. Note that the rates at which a particle may
enter into the system or leave may depend on their position. Formally, each Poisson clock N ;(t) has parameter
n(1)---n(G — Dea; (1 —n() + 1 —=n())--- (1 —n(G — 1))y;n(4), and the clocks N; n(t) have parameter
(I=n(N=4)Bn-n(N=1=j)..n(N =1) +n(N = j)on—;(1 =n(N —=1—j))... (1 =n(N —1)). We use
the term slow reservoir because the will multiply the rates by a factor xN~9. In this way, adjusting the parameters
0, K, the reservoirs are faster or slower — which reflects on the boundary conditions that we will derive in the

sequel. We programmed a Mathematica routine to simulate exactly our dynamics. The script can be found in here.

3.1.2 Generator construction

As already mentioned, the exclusion process in contact with stochastic reservoirs is a Markov process, that we

denote by {n; : t > 0}, which has state space {0, 1}*~ . The infinitesimal generator is defined as
Ly =Lyo+cNLyy, (3.1.1)

where Lo corresponds to the bulk dynamics, and Ly to the boundary dynamics. Before fully defining the
generator, we will introduce some notation that will simplify the exposition. Let I% (z) := {1,..., 2} N I* and

If(z) :=={x,...,N =1} N I¥.For g : Ay — R define

)= [ 9w. (3.12)

yelX (z)

Moreover, let Sy _, = B, and y_, = J,.. For a better exposition, we will decompose the boundary generator in
two terms, corresponding to the linear, E&b, and non-linear, UL\{ ﬁ, dynamics at the boundaries. In this way, we
define 5%,5 = EJL\,)7 + Ek) » where the underscript —, + corresponds to the left and right boundary, respectively.
For the non-linear part we define similarly. Letting 1,.(-) be the indicator function, with 1,(y) = 1 for = y and

1.(y) = 0 for x # y and 2,y € Ay, we define the change of variables  — n=**+1 as
n(y)" " =0y + 1)1 (y) + 0y — Dla(y — 1) +0(y)(1 = Lo(y)(1 - La(y — 1)), (3.1.3)
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that is, the occupation exchange = <+ = + 1. Clearly, if y is not one of the sites x, x + 1 nothing changes. We also
define the ocupation exchange 7(*)(y) := 1 — n(z), if y = . Thus, given functions f : {0,1}*¥ — R we have
for the bulk

N-2

(Lnof)m) =Y (@)1 =l + 1) +nlz + D)L = n@)[f (") = f@m)], (3.14)

r=1

and for the boundary

(LX.—f) () = (a1 = (1)) +1n(W)IF () = f()]
(LX) 0) = (Br(1 =n(N = 1) + (N = D)[f(nN V) = f(n)]

LNENM = D (et =n@) (7)) +ven(@) () (1= n)[f (™) — f(n)] G.1.5)
zel_\{1}

(ENEDm = Y Bell = @) ) () + 8 (@) (7 ) (L =) [F (™) = F ()],

z€l \{N-1}

where (71)(1 —n) = H;{/(eli ()(1 — n(y)). We scale the time for a factor N2, thus defining our time-scalled

generator as
L=N*(Lyo+ kN Lyp). (3.1.6)

Up to our knowledge, there is no reference of this model in the literature. For K = 1 we get the well know SSEP
with linear reservoirs, fully studied in the slow setting in [3] and the fast setting in [12]. For6 =1, ; = 0,7y, = 1
and 8; = 1,6; = O foralli = 1,..., K, we obtain the model in [24]. In this way, our model is an extension
to both. Mathematically, as seen in (2.0.14), N=Lx ; can also be seen as a time scalling acting only in the
reservoirs. Physically though, that does not make sense, since we are scalling the whole process by a factor N2,
Thus, one should see the expression above as an abuse of notation, and let the rates be multiplied by a kN ~?
factor. In this way, fixed the N2 scale, one can interpret the change in the parameter 6 as the speed of the reservoir,
or the frequency the clocks associated to nodes with the reservoir ring. Intuitively, fixed the N2 —scale, and letting
f > 0, increasing ¢ makes the reservoirs slower, while decreasing # makes the reservoir faster. As we will see,
for & > 1 the reservoirs are so slow that when going to the continuous setting we cannot directly see the rates
associated to the discrete system, and we get Neumann boundary conditions. For § = 1 the action is slow enough
that the boundary conditions are linear functions for K = 1, and non-linear functions for K > 2. For § < 1 the
action is fast enough for the methodology presented in this manuscript to not work for K > 2. We believe that the
boundary conditions are of Dirichlet type, as in the linear case K = 1, but a formal proof is still an open problem.
Intuitively, that does make sense, since the reservoirs are fast enough that the density of particles at the boundary
is constant. In the literature our fast/slow interpretation is sometimes exchanged as slow<fast, which also makes

sense if one fixes 6 first.

17



3.2 Heuristics for the Hydrodynamic Limit

For a better understanding of the heuristics we start by informally explaining what we mean by Hydrodynamic

Limit. Roughly speaking, we want to show that

1
~ Z H(L ) nnze( / H (u)pe(u)du 0 (3.2.1)

TEAN

in probability, i.e., with respect to the probability induced by the process 1. with generator given by (3.1.6) de-
scribed in the previous subsection, where p;(u) is a (weak) solution to a PDE "induced" by our model. In this
section we will compute Dynkin’s martingale (2.0.33) applied to a particular choice of the function f. The reason
for this is that the expectation of Dynkin’s martingale has the expression of an integral equation. When comput-
ing the aforementioned martingale, we can have some insight to what PDE our model induces, and under what
conditions. Finished the heuristics, we will proceed to a formal proof in the following section, and present a more

precise definition of the Hydrodynamic Limit. We will start with the definition of the empirical measure.

Definition 3.2.1 (Empirical measure/process). For each 7 € {0, 1}~ we define the empirical measure 7 in

[0,1] as

N, du) == —— Z 77(3?)5%(@), (3.2.2)
T€EAN
where 6% is the Dirac measure at ﬁ To study the time evolution of N, associated to {nt}+>0, we define

i (0, du) == 7N (12, du).

Naturally, the integral of a (test) function H : [0, 1] — R with respect to 7" is written as

(xN. H / H(uw)w (n, du) = ST Z H(E)nn2 (). (3.2.3)

TEAN

Now let M be the set of finite positive measures in [0, 1] endowed with the weak topology. Then we know that if

{WN}Nzl,ﬂ' € M thenVH € O[O, 1} y

N Y s ae (N H —— (n, H). (3.2.4)
N—o0 N—oo

Let {n:}+>0 be our Markov process in D {0,1}AN [0, T] (note that we are letting our time interval to be compact).
Thus, we can associate the empirical measures process {m}" },c[0,1] t0 Dpq[0,T]. Thanks to the §= term in 7"

there is an injection

({m}tzo € D{0,1}AN [O»T]) — ({Wiv}te[o,T] € DM[07T]) (3.2.5)

and the empirical process can also be seen as a Markov process. Recalling the expression (2.0.19) in the previous
section, in the previous display we have S = {0,1}*~ and B(S) = M. In this way, the empirical measure
allows us to go from the microscopic description of the particles to the macroscopic description of the PDE. To

simplify the exposition, and taking advantage that this section is only an heuristic argument for that, we will
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let m¥(n,du) = &> ,¢ A M(7)d 2 (du). To see what PDE our model induces, we will compute the terms in
Dynkin’s formula (2.0.33) by taking g;(X;) = (m¥, H) with H € C?|0, 1] and time independent, and the inner
product defined as (7{¥, H) := [ H(u)w} (n,du), i.e.

t
M = (xN H) — (x}, >7/0 (05 + L)(rY, H)ds. (3.2.6)

When computing the generator applied to the empirical measure, we will make some useful manipulations in order
to get discrete differential operators. In this way, we are able to compare Dynkin’s martingale with the weak

formulations derived in Section C.6. We start with some definitions:

Definition 3.2.2. The discrete gradient of F' : [0,1] — Rin § for0 <2 < N —1land 1 <2 < N, is defined as
VEF(E) =N (F(5) ~ F(3)) and VRF(5)=N(F(5) - F(5Y),  G27)

respectively, and the discrete laplacian: ANyF(%) = N? (F(%) — 2F(z) + F(%4)).

For 7(x) we define the gradient and the laplacian similarly:
Van() =N (n(z+1) —=n(z)) and Vyn(z):= N (n(z) —n(z —1)) (3:2.8)
forl1 <z < N-—-2and2 <z < N — 1respectively, and for 2 < z < N — 2 we define the laplacian as
Ann(x) = N? (n(z +1) = 2n(z) +n(z — 1)) (3.29)

For functions of the process 7, where we evaluate the gradient and laplacian in : and not in 2:/ N, as the functional

(7F), the expression is analogous.

By definition,

Ll ) = S H(E)En() (3.2.10)

TEAN

thus, we need to compute £n(z). On (3.1.4) take f(n) = n(z). From (3.1.3) a straightforward computation using

Lemma C.1.1 shows that for 2 < x < N — 2 we have

Lonn(z) = Z (n(y)A =0y + 1)) +n(y + DA = ny) (Y (z) — n(z))
o (3.2.11)
=nz—-1)-2n()+nz+1) = ANTZ(I).

For x = 1 we have L on(1) =n(2) —n(1) and forx = N — 1, Lo (N — 1) = n(N — 2) — (N — 1). Thus,

N?Lonn(z) = Annsyz (@) la<o<n—2 + NVEN(D) 121 + NVyn(N — 1)1p-y-1. (3.2.12)

For the boundary generators, taking f(n) = n(/N —1) we have EZL\,’_n(Nf 1)=p510-n(N-1))—dn(N-1),
and for the left, with f(n) = n(1) we have L%, 1(1) = a1 (1 — (1)) —yn(1).
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Similarly, recalling (3.1.2), for the non-linear rates:

5%%#7(55) = [51(1 - 77(95))(7;+1)(77) - 59577(33)(7;“)(1 - 77)} 1xeff\{1}7

(3.2.13)
LY () = [aa(l = n(@)(7_1) (1) = van(@) (1)1 = 1)] Loesm\ (v-13-
Proceeding with (3.2.10), using (C.1.1) a simple computation shows that
N2Lyo(nN HY = (zN, ANH) 4 2o (1)VEH(0) + 25 (N — 1)V H(1). (3.2.14)

For the linear terms we have

2 N2 LK (7N H) = 5 (H(3) (1 — (0 + y)nen2 (1) + H(EF) (B — (B1 + 61)nsn2(N — 1)) .
(3.2.15)

And for the non-linear terms:
N2 LN (N H) = 56 ) H(E) (w1 —n(2)) (75 1) () — van(@)(7,1) (1 = n)+
zel®\{1}

tyier Y HE) B = n(@)(r50) () = San(@) (1) (1 = m)).

celX\(N-1}

(3.2.16)

Fixed a measure pV in {0, 1}~ we define p () := E*" 5(x). We assume that, for N large enough, p¥ (-) ~
ps(+), E“NTlnNas(z) ~ 7L pN(x) and pY (z) ~ ps(0) Vo € I_ (for the right boundary is analogous), where p is
a weak solution of the heat equation with boundary conditions as in (C.6.8), if # = 1, or as in (C.6.9), if § > 1.

Assuming that we have the aforementioned assymptotics, we might proceed as follows:

Vo e IR, () (nzs) = BF (1) (vzs) = (13) (0 () v (ps(0))*

. (3.2.17)
Vo € I, (r7)(1 = nvay) = B (7)) (1= nwvzs) = (77)(1 = pdf) = (1= ps(0))".

By the rationale above, the terms arising from the SSEP dynamics in (3.2.14), for N large enough, become equal

to:

- /t<ps, AH)ds — /t ps(0)0,H(0) + ps(1)0, H(1)ds. (3.2.18)
0 0

For the left boundary terms, expanding H (%) on 3 we have

H(%)=H(x)+ H () (55 + - = H(x) + O(%FH) (3.2.19)

for x € I_ small enough (that is, for K small enough). For § > 1 all the boundary terms vanish and we are left in

(3.2.6) with

0= (oo, H) — {po, H) - / (ps, AH)ds - / Po(0)DH(0) + p, ()0, H(1)ds.  (3.2.20)
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We recall that Dynkin’s martingale has mean zero. For § = 1, we have that (3.2.6) equals

t

0= <pt,H>—<p0,H>—/ (pS,AH)ds/O 9o ()0 H(0) + ps(1)0, H(1)ds—

-5y / H(0) (e (1= ps(0))pE(0) = Y2ps(0)(1 — ps(0))* ) ds—

zelk

—KZ/H (B2 (1 = pa(1))p2 ™ (1) = 8opa(0)(1 — p,(1))7") ds.

(3.2.21)

Showing that p € L?(0; T, H(0,1)) we may conclude that p : [0,7] x [0,1] — [0, 1] is a weak solution of the

heat equation (see Definition C.6.1) with Robin boundary conditions:

Oup(0) = =k > (ax(1 = pe(0))pf 1 (0) = 12pe (0)(1 — pe(0)*71) (3.2.22)
zelX
Dupe(1) = i Z Be(1 = pr(1)pF (1) = Gupe(0)(1 — pi(1)"71) (3.2.23)

which is coherent with the particular case of the linear SSEP (K = 1) and of [24], taking 5 = 1, = 0,k = j/2.
We will not adress the formal proof for general K, given that the techniques used will be the same. Instead, we
will focus on the particular case K = 2, where correlations are already present, which is the main feature of our
model. Nevertheless, we will make references through the next sections regarding the differences between general
K and K = 2, which will be mostly a few more computations and notation. In this way, for K = 2, the Dynkin’s

martingale has the expression

M) = (1) = () = [ a2 A s
- /Ot VEH () N2 (1) = VH(D)nen2 (N — 1) ds

/Ot KN'PH (%) (a1 — (a1 +71)nsn2 (1) + &NTOH(EZ) (81 — (81 + 01)nsn2 (N — 1)) ds  (3.2.24)
- /Ot RN'VH(F) (@onsnz (1) = y2menz(2) = (@2 = 72)nsn2 (1)nsn2 (2))ds

- /0 KN H(252) (62msn2 (N — 2) — Banenz(N — 1) = (02 — B2)nen2 (N — 1)nen2 (N — 2))ds

and by the same arguments as above, this will be shown to satisfy the weak formulation, for # = 1, referenced
in (C.6.8). That is, ps(u) is a (weak) solution to the heat equation with non-linear Robin boundary conditions.
For # > 1, the already mentioned weak formulation for the heat equation with Neumannn boundary conditions,
also referenced in (C.6.9). We end this section with some surprising observations. Looking at (3.2.24), note that
for 6 = (5 and 5 = as and K = 2 the action of the reservoirs disappears in the continuous setting, and we
have the same PDE as for K = 1. For the general setting, /' > 2, another surprising condition arises. By taking

Qz4+1 = Qg,Yz+1 = 7Yz (and similar for the right boundary), the reservoirs induces no explicit correlations until
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the end of the windows 1 f . To see this, note that

(1 =n(@) (7)) = = (7)) = (7,21)(n)) = = V(7)) (),
(@) (7)1 =n) = —(1 =n(z) = D(7,_1)(1 = n) = =Va(r, )1 - n),

(3.2.25)

where we are using the notation in (C.1.1). In this way, summing by parts (C.1.1) we have

Y H(F)ao(l=n@)(r)n) =Y (o)) ValaeH(§)] + arH(R) — axg H({) () (n), - (3.2.26)

zEAN =2

where we used that (7, )(n) = 1 by definition. In this way, by the product rule (C.1.1) we have
VolaaH(§)] = 0. Vo H (%) + H(%) Vo, (3.2.27)

and the term in (3.2.26) becomes

K
o (%) = o H(R) (7)) + D (r ) () oa Vo H () + H (5!

r=2

Vo). (3.2.28)

By the Taylor expansion, H (%) = H(+) + O(N~!), taking the expectation and assuming that the mean of the

product is the product of the mean, we have

K
aH(%) —agHE) (r0) (0N) + H(%) D (1,1)(p" ) Vaoa + O(N ). (3.2.29)

r=2

By analogous computations one gets a similar expression for the other term for the left boundary, and the terms for

the right boundary.

3.3 Proof of the Hydrodynamic Limit

To show convergence of the formulation for Dynkin’s martingale (3.2.24) to (C.6.7) we will use a standard
methodology named Entropy method'. Before presenting the method and the main result of this chapter, we
will introduce some definitions. Recalling Definition 3.2.1 (empirical measure), and that the probability P~ is

associated to the process {1, };>0, we will associate a probability measure QY to 7Y in the following definition.

Definition 3.3.1 (QV-measures). Recalling that given an initial measure p', P~ is associated to the process
{4 }+>0, the sequence of probability measures in D [0, 7], {QV } x>1 corresponds to the process {m;" }+>0, and

is defined as the push-forward of P~ induced by the map

(D{OJ}AN [07T]7]P),U,N> — (DM [07T]7QN) 3.3.1)

{ne}ez0 = {7 bizo. (3.3.2)

Definition 3.3.2 (Initial profile). Let py : [0,1] — [0, 1] be a measurable function. We say that a sequence of

The methodology was developed by M. Z. Guo, G. C. Papanicolaou and S. R. S. Varadhan [14].
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probability measures {u¥}n>1 in {0, 1}2Y is associated with the profile po(-) if for any continuous function

H :[0,1] — Rand V0 > 0 we have

1
Z ﬁH(%)U(fE)*/O H(u)po(u)du

TEAN

lim zN <n € {0, 1} v . > 5) =0. (3.3.3)
N —o00

The convergence above means that the empirical measure at time ¢ = 0 converges in probability with respect
to a fixed measure p”V to the deterministic measure po(u)du, which is absolutely continuous with respect to the

Lebesgue measure, and the density is the profile po(-).

Example 3.3.3. Let uV be the Bernouli product measure, that is, V%)(’? :n(xz) = 1) = v(5), with v smooth.
Furthermore, consider the initial profile given by pg(u) = v(u). Then, by Markov’s inequality we can bound the

previous probability from above by

%EV% LGXA:N ﬁH(%)n(x)—/o H(u)’y(u)du]. (3.3.4)

From the continuity of both H and -, the previous expectation vanishes as N — oo.

Defined an initial profile, the Hydrodynamic Limit extends this micro-to-macro relation to any ¢ € [0, T:

Theorem 3.3.4 (Hydrodynamic Limit). Let {1, };>0 be the process in {0, 1}*~ with generator L defined in (3.1.6),
and let py : [0,1] — [0,1] be a measurable initial profile and {1™ } n>1 a sequence of probability measures in

{0, 1}A~ associated with po. Then, for all 0 <t < T,5 > 0and H € C[0,1]

lim P~ (7].: ﬁ Z H(%)UN%(@*/O H(u)p(u)du

N—oc0
TzEAN

> 5) =0, (3.3.5)

where pi(u) is a weak solution of the heat equation with boundary conditions as in (C.6.8), if 0 = 1, or as in

(C.6.9),if0 > 1.

Remark 3.3.5. Note that, mathematically, the hydrodynamic limit is nothing more than the Law of Large Numbers.
Also note that the above convergence can be seen as weak convergence. Thus, the function H in the statement

above is not the test function of (C.6) and need not to be in C2[0, 1].

In order to express the statement in Section 3.3.4 in terms of the measure induced by 7. in the trajectories space,
we will reformulate the statement. From [17] we know that M endowed with the weak topology is metrizable (see
page 50 for an example of a metric). In this way, let 6(u, v) denote such a metric for u, v € M. Then (3.3.5) can
be reformulated as

Jim P (. € Do 1yan (0,77 : 6(myY, pi(w)du) > 8) =0, (3.3.6)
P
and the convergence above can be interpreted as 7 N’—N> pt(u)du. To show (3.3.4) we will follow the entropy
— 00

method: we start by showing that the sequence of probability measures {Q™ } N>11s tight. This way, we know that

exist subsequences that converge. Assuming uniqueness of the weak solution of PDE (C.6.1) with either Robin
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or Neumann boundary conditions, in Section 3.3.2, we proceed to show that the limiting point of {Q™}y>1 is
absolutely continuous with respect to the Lebesgue measure, i.e., 7." 1&—;) pt(u)du, and that p;(u) is a solution
to the PDE’s previously mentioned. This last step will be proved in two parts: first we see that the limit Q—measure
gives full weight to {m. € Du[0,T] : Fr = 0} or {m. € Dm[0,T] : Fx = 0},if 0 = 1 or 6 > 1, respectively. (
the definition for F'r and F can be found in (C.6.8) and (C.6.9), respectively) To see this, we use tightness and
Portmanteau’s theorem C.5.8 to move back to the discrete space and show that indeed the limit of the sequence
{QN} ~>1 gives the full weight desired, where we have to use some replacement lemmas, shown in the Appendix
A . The second part consists in finally showing that p;(u) is the weak solution desired— i.e., it lives in the Sobolev

Space L*(0;T;H'(0,1)). This will be accomplished through the named energy estimate, in the Appendix B.

3.3.1 Tightness

To show the tightness of {Q%} ~>1 we will use Aldous conditions in Theorem C.5.5.
Proposition 3.3.6. The sequence {Q } y>1 is tight under the Skorohod topology of D [0, T).

Proof. By [17] (chapter 4) we know that {Q™ } x> is relatively compact if {QN1}y is relatively compact on
Dg[0,T], where H € C?[0, 1] and Q™! is the probability measure induced by the map

(Dam[0,T),QN) 3 7N s (xN) = («N, H) € (Dg[0,T],QN). (3.3.7)

Now we proceed to show the Aldous’ conditions.:

o Vt€[0,T],e > 0,3K(€) C S compactsuchthatsupys, QN ((xN, H) € Dr[0,T] : (7], H) ¢ K;(e)) <

€.

Take H € C[0,1] and € > 0. Then

1
[ )| = | D H(Fm(@)| < sup |H(w)| = |H|. (33.8)
2EAN u€l0,1]
Choose K(¢) = B, (0) : > ||H|| .. Then clearly
QN-H (<7T_N, H) € DR[0,T] : (xN, H) ¢ BT(O)) —0<e (3.3.9)

o lim, o limsupy_, . sup, ey g<y Q (7Y, H) € D[0,T) : [(xN, \, H) — (xN,H)| > ¢) = 0.

Note that by definition of Q~-#:

QN’H (<7TN7H> € DR[0=T] : |<7T7]-V+>\7H> - <7T71—V’H>| > 6)

=QN (7N € Dp[0,T) : [(mN\, H) — (x), H)| > ¢) (3.3.10)

T

=Py (1 € Dygayan [0, 7] : (™ (nri2), H) = (7™ (), H)| > €) .
Fixed H, and recalling that M/ is a martingal with respect to the natural filtration of 7, summing and subtracting
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the appropriate terms we have that

T

T+
(xN H) — (zN\, H) = MNH — M0 —/ N2Ly (N, H)ds. (3.3.11)
And we can bound the last term in (3.3.10) as follows
P (n. € Dyo1yan [0, 7] : [(wX o\, HY — (x, H)| > €)

T+
/ N2Ly(nlN H)ds

<Py (n- € Dyo1yan [0, 7] : + ‘MiV’H — Mf_\if‘ > e)
(3.3.12)

T+
/ N2Ln (x| H)ds

S]P)f:] <n €D{0’1}AN [O,T] : > 6/2) +
+PY (n- € Dyg1yan [0,7] ‘MTN’H - Mﬁ’f‘ > 6/2) .
Applying Chebyshev’s inequality in the term on the third line of the previous display and Markov’s inequality on

the fourth line, (3.3.12) is bounded from above by:

T4+
/ N2Ln(r, H)ds N

1 1 2
< -E,n l + B, [(MjV’H - MN’H> } . (3.3.13)
€ €
Now we work with the first term in the previous sum. Note that [AyH(%)| < 2||H"||,, and |VﬁH(%)’ <
|H'|| ., where we used that H € C?[0, 1]. Furthermore, note that |(m{¥, H)| < ||H|| . Recalling the compu-
tations in Section 3.2, and bounding every 7(y) that appears there by 1, one can easily check that there exists

constants such that

T+A T4+
/ NL,(xlY, H)ds §/ it 1 H || o + = 1 H || ds, (3.3.14)

where the notation < means "less than a constant times" (also refered as approximately less than). In this way, we

clearly have for 0 > 1

T+A
lim limsup sup E,~ l/ N2£N<7T£V,H>ds] = 0. (3.3.15)
V7R Nosoo 7€Tr, A<y T
Now we need to show that
2
lim limsup sup E,~ [(MfV’H - M) } =0. (3.3.16)
Y= Nooco 7€T7,A<~y

From stochastic calculus (MtN ’H)2 — [M™:H], is a martingale with respect to the natural filtration 7}’ (2.0.33)
(see [? ] for a reference). The trick here is to write the expression (3.3.16) as a function of the quadratic variation
and then bound it by a constant, similarly to what we have just done. Also from (3.2.24) we have that [M '], :=

fg BF ds is the quadratic variation of M/, and that (M[)2 — [M¥]; is a mean zero martingale (2.0.16). Thus, let

BYH = N2 (L (™ (), H)? — 2 (), H) Loy (™ (), H)) (3317
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where BV BH N BfON Bf +N, each term corresponding to Ly, —, Ln,0, L+, respectively. This way,

we have that
T+
E,~ [(MNH AR ] —E,~ / BNHs| . (3.3.18)

Now we prooceed to bound BN The contribution from the bulk dynamics can be bounded as follows:

~—
[\

BN =N > ((N@peth), Hy — (7N (n,), H)
ze{1,N-2}

= Y (@) =+ D)PHEE) - HF)® < 55 H)]]
ze{l,N-2}

(3.3.19)

We will only make the computations for the left boundary, since for the right it is analogous. Bounding the rates

in the generator by a constant, we have

B Sk S (), ) — (n (). HY) -
xel—
=2(r™ (n), H) (=™ (™)), H)? = (2™ (), H)?)) (3.3.20)
_N2Z N (@Y 1Y — (2N H2< K
e 2 (™ ), H) = ¥ 00), H) ) < e 1

Analagoulsy, we have that BN i< o= |1 H H . and we have

T+A
lim limsup sup E,~ / B;V’Hds =0. (3.3.21)

YT=7X Nosoo 7T A<y

We conclude that {Q™:7} y~1 is tight VH € C2[0, 1], and by Theorem C.5.5 we conclude that {Q% } y>1 is tight
in D0, 77 . 0

3.3.2 Characterization of limit points

Now that we know that {QN } N>1 has limit points, in this subsection we will characterize them. We will
start by showing that every limit point is concentrated on absolutely continuous trajectories with respect to the
Lebesgue measure (that is, 7/ (du) — 7¢(du) = p¢(u)du). To see this, we will apply Portmanteau’s theorem,

and the following lemma, that can be found on most measure theory books.

Lemma 3.3.7. If a measure i is such that VG € C[0,1] we have |{u, G)| < fg |G (u)|du, then p is absolutely

continuous with respect to the Lebesgue measure.

After that, we will show that the Q—measure gives full weight to trajectories m. € Dq[0, T, where py(u) is

weak solution to the heat equation with either Robin or Neumann boundary conditions, depending on the value of

0.

Proposition 3.3.8. Ler lim N_mo{QN n>1 = Q. Then Q is concentrated on trajectories of measures absolutely

continuous with respect to the Lebesgue measure.
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Proof. For fixed H € C[0,1], define the map 7+ O(7) = supy<,<p |(7}", H)|. Bounding n;(z) < 1 we

have
o) < £ 3 H(Z) © Q" ( €M1 O(m) < 7 3 |H<z>|) SENCEES
TzEAN

By continuity of H, we have for all € > 0, that there exists N € N such thatVn > N ,

1
> HE) —/ |H (u)|du| < e. (3.3.23)
zEAN 0
Thus we can write
t
0

If we show that for fixed e the set A. := {m. € Dy 1345 [0,7] : O(m.) < fot |H (u)|du+e€} is closed with respect to
the Skorohod topology, then we can apply Portmanteau’s theorem C.5.8 to get Q(A.) > limsupy_, .. QN (A.) =
1, which clearly implies that Q(A.) = 1. To check that A, is closed we will show that any sequence in A, has
limit in A.. This way, let 7V A200, 7 in the Skorohod topology, where {7V} n>1 € A and 7. € Dpg[0, T).

N N—oo

In particular, by [17] we have that Vs < T 7N ElmN N m, ——> 7. Taking a sequence (tg)x \ ¢

N
such that Vk > 1 W{Z Ao, 7y, we have

1
e+/ \H (u)|du > |(my, , HY| 2222 |(my, H)). (3.3.25)
0

Thus, A, is closed, and by Portmanteau’s theorem, Q(A.) = 1. O

Theorem 3.3.9. Let Q be a limit point of {QN }n>1, whose existence follows from the fact that the sequence

{QN} N>1 is tight. Then we have
Q(r. € D0, T] : Fy = 0) = 1 (3.3.26)

where Fy is given in (C.6.8) for 6 = 1 and (C.6.9) for 6§ > 1.

Proof. Recall that we already showed that the limit point of 7{¥ is absolutely continuous with respect to the
Lebesgue measure, that is 7;(du) = p;(u)du. The idea to show (3.3.26) is the following: we will use Portman-
teau’s theorem (after a technicality, where we will use that p; (u) lives in L2(0,T; H'(0, 1)), where H!(0, 1) is the
Sobolev Space on [0, 1]; see Definition B.0.2), to work with the measure Q. Then we will take advantage of the
Replacement Lemmas A.0.6 and A.0.5 to exchange 7x2,(1) by its average; 1(2) by 1(1), and then by its average

again. Afterwards, we use Dynkin’s martingale and Doob’s inequality (C.4.3) to show the correct convergence.
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We start with the case § = 1. It is enough to show that V6 > 0:

Q(m. € Dam[0,8] : p € L*(0; T, H'(0,1)), me (w) = py(u)du |

t
sup | (pt, Hi) — (po, Ho) +/ (ps, (0s + N)H) ds—
0<t<T 0

+ /0 {Pa(0LH, (1) = p.(0)0,H.(0)} ds (3.3.27)
= [ {6 = 51+ 500 (0) + 6= ) (62(1) = (1) s

[ H,(0)(a1 = (o1 +71)ps(0) + (72 = 02) (07 (0) = pe(0))) pds [> 0 ) .
0

The condition p € L?(0;T,H'(0,1)) will be shown on the next section, and we will assume at the moment
to hold. For simplicity, we will take H to be time independent, but we remark that the arguments for H time
dependent are the same. We note that we cannot apply Portmanteau’s theorem directly. From [10] we know that
the maps 7. — fOT<7rS7 H,(s))ds and 7.+ supg<,<r {74, Ha(t)) — (70, H3(0)) + fg (ms, Ha(s))ds|, for any
H; € C[0,1] with ¢ = 1,2, 3,4, are continuous with respect to the Skohorod topology. In this way, the problem
lies with the terms coming from the boundary conditions, thus making the set inside the probability above not an

open set in the Skorohod space. To solve this problem, we take the following functions:
—u 1 —u 1
()= =1u—eu(v) and 7 (v) = =1y ute(v), (3.3.28)
€ €

and we define the inner product as

— 1 1

u ﬁ u+te
(ms, 18) = E/ ps(W)dv and (mg,(r) = 7/ ps(v)dv. (3.3.29)

€

To not overload the notation, we will omit the conditions p € L?(0; T, H'(0, 1)), 7¢(u) = p;(u)du from (3.3.27),

since it is clear from the context. Now we "replace" the terms that are not continuous to get

@ sup, o) = (oo D) [ (o AMy s

0<t<T

+/ {<WS,Z>auH(1) — {0, 0)0,H(0)} ds—
0 (3.3.30)

t — — ——

- H/O {H(l)(ﬁl — (B +00)(mss 10) + (B2 = Ba) (s, e )((msy e ) — 1) }ds—

H/Ot {H(O)(Oq — (1 +m){ms, z> + (72 — a2) (s, z>(<ﬂ's, Xy - 1)}d5 > 5/)
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plus the sum of the following terms

@(w.: sup |/{ps (e, )OLH (1)} |>6'),

0<t<T

r: sup | / {(0:00) (D21 O} |- ).

0<t<T

s |n / (HO(B +6)(pe(1) <7rs,f>>>}ds|>6)

0<t<T

0<t<T

s |k / {H(l)((ézﬂa(ps(l)<ws,Z>><m,l_>>}ds|>5)

0<t<T

(
(
@(m: sup_| & /Ot{H(l)(5zﬂ2)(Ps() (may ) (ps(1) — <ws,?7>>}ds|>6) (3:331)
(
(

t S o
T.: sup |n/0 {H(1)((62 — B2)(ps (1) — (ms, ec™)) (s, 5>)}d8|>5>

0<t<T

o m: s In [ (62— B (pa(1) — (e s s | > ).

0<t<T

plus the terms from the left boundary. To see that all the terms above vanish in the limit, we show that

|ps(u) — (75, T < sellOuplla, (3.3.32)

N | =

as follows. Since for now we are assuming that p € L?(0,T; H'(0,1)), the norm above is finite and we have for

u € [0,1]
1 € 1 € u
= | ps(0) — ps(u)du = —— Oups(v)dvdu. (3.3.33)
€Jo €Jo Jo
By Cauchy-Schwarz’s inequality we have that the absolute value of the previous expression is bounded from above
by
1 € u 9 u 1 € u 9
- (Oups(v))“dv ldv| du| = |- u [ (Oups(v))“dv | dul. (3.3.34)
€Jo LJo 0 €Jo 0
Since fo Oups(v))?dv < ||6up||§ < 00, we can bound the previous expression by
1 2 € 1 2 e—0
“Nouplly | udu = Seldupl; =5 o. (3.3.35)
0

The same bound holds for (s, 7%).

Remark 3.3.10. For the general case K > 2, the main problem are the terms of the form pX~—1(0) and (1 —
ps(0))% =1 (and similar for the right boundary). A simple way to solve this is to proceed by induction.

Since a? = (a + by — b1)(a + by — by) = (a — by)(a — by) + by (a — by) + ba(a — ba) + byby and we have
that bibaa = biba(a + bg — bg) = biba(a — bg) + bibabs, taking a = ps(0) and b; = (7, LETU% for j > 0,
we can replace pX—1(0) by HjK:_O2 (s, ng) plus a sum of terms that vanish when € — 0 in the limit. For the right

boundary the argument is analogous.

To finally apply Portmanteau’s theorem, we argue that we can approximate 7?, 73 by continuous functions
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in such a way that the error vanishes as e — 0. Now we apply Portmanteau’s theorem and, recalling the definition

of Q¥ we bound from above (3.3.30) by

¢
lim inf P, ~ (77. € Dyo13ax [0, 7]+ sup | (wN H) — (x}, H) — / (rN, AH) ds
N=oo ’ 0<t<T 0

+/t{< (AR €>8 H(1) — (r 57E>8uH(0)}d5_
| T T — (3.3.36)
_ﬁ/ H(1)(B1 — (B +51)< Ts s €> (69 — B2)(my ’L35->(<7rév,bi'7€>—]_) }ds_

—r / [HO) (0~ (1 + 7). ) + (2 — o), Dy ) — 1) }ds > 6’) .

Remark 3.3.11. Note that with Portmanteau’s theorem we are technically doing a discretization of the continuous
version of the equation above. The heuristic comes into play in having some insight to what weak solutions we
will get. This way, the computations above and below can be seen almost as "going backwards" from what we did

in Section 3.2.

Summing and subtracting j;f Ly (7N, H)ds in (3.3.36), and recalling our expression for the Dynkin’s martin-

gale in (3.2.24), we can bound the last probability by the sum of the following terms:

hmlanE” ~( sup ’MN’ > 6",
N—oo 0<t<T

t
lim inf P~ ( sup /(in,ANH> — (N AH)ds| > ¢"),
0

N —o00 0<t<T

S

liminfP,~( sup |p(N —1)VyH(1) — (xl, €>3 H(1 )’ > 6",

N—o0 0<t<T
liminf P, ~( sup n(l)V]J\r,H(O) — <7T;V, z>8uH(O)‘ > 6", (3.3.37)
N —o00 OStST

lim inf Py~ ( sup | H(S5H) (81 = (Br 4 01)nan2 (N = 1)) = H(1)B1 = (B1 + 61)( ,Z> > 4"),
—00 0<t<T

liminf P, ( sup | H(N52)(82 — Ba)none (N — Dngna(N — 2)—
N —oc0 0<t<T
— —
- H(l)(§2 - ﬁ2)<ﬂ—éva Li >(<7T£V7Li_€> - 1) |> 6//)5
plus the terms from the left boundary. The second term on the last display vanishes as N — oo, since (7Y, Ay H)—

(7N, AH) 220, To bound the first, we will use Doob’s inequality. For the others we will apply the replace-

ment lemmas as follows. Let

1+eN N—-2

eN eN 1
N2 (1) = N Z Nsnz (T TN (N —1):= N Z Nsnz () (3.3.38)
r=N—-1—eN
Then, since ?2%2 (N—-1) = (N, Ti) (resp. 72%2(1) = (rN ) we have ), y2 — 1) ~ ps(1) (resp

n5N26N<1) ~ ps(0)), we will show in Section (A) that we can exchange Nenz(N — 1) (resp. Nsnz(1)) by the
averages above. Due to the continuum embeding of {1,..., N — 1} in [0, 1], it is intuitive that points close enough
in the discrete setting will be indistinguishable in the continuous setting. We will also quantify this in the following

subsection, showing that we can indeed replace (N — 2) by n(/N — 1) (analogous for the left). Thus, we now
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proceed in the following way:

e For the bulk terms in (3.3.37), we apply Lemma A.0.6 with the choice ¢(n) = 1 and replace 7, yz (N — 1)

(resp. nsn2 (1)) by 57 SN (N — 1) (resp. 77 Sn= (1)), paying a price O(N~1).

e For the linear boundaries terms in (3.3.37), we apply again Lemma A.0.6 with ¢ () = 1.

e We treat 1), y2 (N —2) (resp. nsn2(2)) by first applying Lemma A.0.5 with ¢)(n) = 1 to replace g2 (N —2)
(resp. Nsn2(2)) by nsnz (N — 1) (resp. nsn2(1)). Again, we apply Lemma A.0.6 with p(n) = nsy2(N —1)
(resp. (1) = nsn2(1)) with a cummulative error of O(N~1).

e For the correlation terms 7,2 (N — 1)nsn2 (N — 2) (resp. nsnz(1)nsn2(2)), we first replace ngnz (N — 2)
by WZ%Q(N — 1) with the choice ¥(n) = nsn2(IN — 1) (similar for the left). Now that we have the term
nenz(N = 1)7 n2 (N — 1)V, then we replace nsy2(N — 1) by 77 <2 (N — 1) by Lemma A.0.6 with
¥(n) = n<N2 (N — 1) with a cummulative error of O(N 1),

e Observing that (7Y, 70> = 7;%2(1) AN (Tl> = 7;%2(]\7 —1) and

(@, TOEY, T = TN ()T N2 (N +1) + O((eN) ™), (3:3-39)

we are done.

Now we are left with the contribution from the Dynkin’s martingale, that we shall bound as follows:

1

1 T 2
Py sup [MY]>0) < 2E,~ (|M$’]2)2 _2g,~ / BN-H s (3.3.40)
Iz §H §H 0

0<t<T

where we applied Doobs’s inequality C.4.3 in the first step. Recalling that fOT BYNH s is the quadratic variation
of Dynkin’s martingale, one can proceed as we did in order to show tightness and we are done.

For 6 > 1, by the same arguments we arrive at

t
liminfP,~ (OiltlgT | (xN, H) — (x, H) — / (N AH)ds
st= 0 (3.3.41)

N—oco
' 7TN <L_1 — 7TN L? S
+Aﬁs,€Mﬂu><s,gmmmw).

N

We proceed exactly the same way, summing and subtracting fg L {7

, H)ds and bounding each term as in
(3.3.37), and applying the Replacement Lemma A.0.6 to exchange 7 n=(1) and s y2 (N — 1) by respective boxes.

Afterwards, the procedure is identical. O
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Chapter 4

Propagation of Chaos

The present chapter will be dedicated to expose the main arguments of [24] to show sharp estimates for the
so called v—functions, v¢(x,t | u¢), for "small times". These v—functions are closely related to the correlations
between particles, and to the propagation of chaos. In the literature, propagation of chaos refers to the property
that, in a particle system, any finite number of particles will evolve independently as the total number of particles
goes to infinity — as stated in [30]. Recalling the presentation of our model in section 3.1 and subsection 3.1.2
of the previous chapter, and recalling the master equation (2.0.32), we see that for K > 2 the reservoirs induce
correlations in (2.0.32), thus the equation is not closed in terms of p™ (t,x). Considering the solution to the
closed equation that we would have if all particles were independent of each other, the v—functions measure the
"closeness", in mean, of the system, as a whole, to the one where these correlations are absent. In this way, showing
sharp bounds for the v—functions as a function of the number of initial particles in the system indirectly shows the
propagation of chaos property, hence the name of the present chapter. For more results in this direction we refer

the reader to [23].

Through this chapter, we will make the necessary adaptations for our model, which are mostly introducing the
parameter 6 in the right place, and doing the computations in the original article to see where this leads us to. In
this way, the largest difficulty lies mostly in understanding the computations and grasping the main ideas. Given
that the article if very technical, our main focus will be to explain to the reader the largest steps, ideas, difficulties
and intuition for the proofs. Thus, in some proofs we will refer the reader to [24] for the full computations.

Nevertheless, we will do many computations through this chapter.

Letting € := 1/N, the main result of this chapter is that the v—functions are of the order of ¢, (¢~2¢)=¢™,
for times smaller than 66*, where n is the initial number of particles in the system, ¢, c* are constants (to be
specified), and 8* > 0. Thus, the v—functions vanish as the number of particles goest to infinity. As mentioned in
the previous chapter, in [24] particles could only enter from the reservoir in the right, and leave from the reservoir in
the left. Plus, the "frequency" parameter 6 was set to be equal to 1. Here, we show that this result holds (with a very
simple modification) for our model, for # > 1. We conjecture that for § > 1 the correct bound is cn(e_Qt)_‘gc*”
instead, given that the action of the reservoirs is very slow. In some instances (to be explained in section 4.5) we
were able to show these estimates with slightly different arguments, but in others the main arguments in the original

paper could not be adapted in order to get the desired bound. Moreover, we could not formulate new arguments
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for these instances. In this way, the decay ¢, (¢~2¢)~?¢"™ is still a conjecture. Since we were able to show this for
some cases, we believe there might be something missing, and not that the whole methodology does not work— in

contrast to the case 6 < 1, as we will see.

The main body of this chapter will be as follows. In section 4.1, we present some definitions and notation for
the chapter, defining precisely what was explained above, regarding the v—functions. In the subsection 4.1.1, we
define the exclusion process in the bulk (in the present chapter, named stirring process) through another process,
named Active/Passive marks process, that registers every time a Poisson clock rings (as explained in section 3.1);
and define a coupling between the original process and a process with independent particles. In section 4.2, we
derive a discrete equation for v, then apply Duhamel’s formula to get an integral equation, where we proceed
to bound the transition probabilities by taking advantage of (E.1.2). We end this section by finding a series of
successive bounds for v. Each time we apply one bound to a term of v, we get a new expression, again in terms
of v but now with more or less particles. In this way, we see that one either applies these successive bounds
indefinitely, or arrives at a step where there are no more particles left in v. Thus, in section 4 we will classify
each term of these successive bounds/iterations through a process named skeleton and a branching process, that
determines the instant that a particle is removed (or added) from v. If we have infinitely many iterations, we will
truncate this series at a fixed step, hence the name truncated hyerarchy. Moreover, we will see that this hyerarchy
induces a partition in our time interval. We will then choose an appropriate partition, and break the following
proofs in two parts: when the times at each iteration are said to cluster to t or not (to be better explained in section
4.4). Finally, in the following section with respect to the one we just have just mentioned, we will derive bounds
when these times are said to either "cluster" or not. Here, the coupling described in section 4.1 will play a major
role in the proof of when there is a cluster. In the last section, 4.5, we derive the said estimates for the v—functions

for "small" times, i.e., t < P

4.1 Notation and first definitions

Recalling the definition of our generator in section 3.1.2, we define for a function u the operators
Dy ou(z) == u(x)(tE,)(1 —u) and Dy ju(x) = (1 —u(2))(tE,)(u). (4.1.1)

We will denote 1. f by I, since K is fixed. Moreover, following the notation in [24], we let € := N —1. With this

notation, the boundary generators applied to f(n) = n(z) now take the form

ke L, _n(x) = Z we?a;D_ 1n(z) — ke’y; D_ on(x) 4.12)

zclX

and similarly for the right. For simplicity, we will take k = 1 and o; = «, 8; = 8,7v; = 7,0; = 6. We will not
focus at all in these terms, and one can check that the proofs in the following sections are completely identical for

any choice of parameters. Moreover, will denote the generator of the bulk dynamics, £ o, by the generator of the
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stirring process. If we had ¢, n(x) a direct application of Kolmogorov’s equation (2.0.32) would lead to:

0 _
&pe(zvt) = Aepe(zvt) + 69 213661— (OZD_JpE(ZC,t) - FYD—KJPE(IJ))
(4.1.3)

- 69_21$€I+ (ﬁD+)1p€(.’L‘, t) — (5D+70p6(33, t),

with A defined below. In this way, refering to the initial condition as p(z,0) = puc[n(x,0) = 1], where . is a

product measure, we shall rewrite the equation above by

0
5ePe(@ 1) = Depe(w,t) + ¢’ DS pe

4.1.4)
p(xa O) = /16[7](.%, 0) = 1]'
The (discrete) laplacian is now a discrete laplacian with reflecting boundary conditions.
Aau(z) :i=u(lx+ 1)+ u(z—1) —2u(z), for 1<ax<N-1 (4.1.5)
and for the boundaries,

Au(N—=1):=—=w(N —-1)—u(N—=2)) and Au(l):=—(u(l) —u(2)), (4.1.6)
for a function w. Letting A;ﬁ,”é with n > 1 be the set of all sequences & = (z1,...,2,) such that x; # z;, we
define the v—functions as

v (@t | pe) =B |[[ (i t) = pe(wat) |, ze AR ,n>1 4.1.7)

i=1

where the process above starts with a product measure 1€, and p.(z,t) is solution to (4.1.3). The main result of

this chapter is the following bound for the v—functions:

Theorem 4.1.1. There exist ¢* > 0 so that, V3* > 0 and positive integer n, Ic,, < oo constant such that for any

€ > 0 and initial product measure u€, for > 1 and t < €?" holds

sup v (z, ¢ | p)| < cnle )M (4.1.8)
gGA}"&

We will not show the extension for "long times" (t < 7loge ! for some 7), that can be found in [24]. We
remark, however, that although this result is shown in [24] with a short proof, the extension for "long times" is not
trivial, and an open problem for many models. For a complete discussion regarding this topic, we refer the reader to
[23]. We also remark that this extension is consequence of the solution to (4.1.3), where the Gauss Kernel (E.1.2)
plays the main role, which appears, in turn, as consequence of the exclusion process in the bulk. For the model
studied through this thesis, this extension is completely analogous, and the boundary conditions do not show many

technical difficulties, as opposed to the following sections.
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4.1.1 Coupling and probability estimates

In this section we will start by defining a realization of the stirring process in terms of an Active/Passive marks
process (A/P-process). This process is useful because it "saves" all the information regarding the movement of each
particle, registering the action of each clock, and atributing marks to each particle. Then, we will take advantage
of the dual process to look only at set of particles at a given time. Together with the A/P-process, given a set
of particles at a fixed time, we will trace the evolution back to the initial configuration and label each individual
particle. To completely define the evolution of the process, we mark the times when two particles are neighbors,
and each time a Poisson clock rings, through stopping times and Point processes. Finally, we will couple the
stirring process with a "similar" process, with the exception that every particle is independent of each other. In this
way, for the forbidden jumps in the original process to be well associated to the coupled process, we will define
these jumps in the coupled process as "colisions". In the end of this section, we will state the results, regarding the

coupling, that will be more useful though this chapter.

Definition 4.1.2 (A/P-process). The A/P-process is realized in a probability space ({2, P.). It is defined as a
product of Poisson processes indexed by {z,z + 1} with € Z. For each bond, we associate a Poisson process
with intensity e 2. Its events are named "marks". To each mark we associate (independently) an atribute (passive
or active) with probability 1/2. Each Poisson process is mutually independent, and their common distribution is
denoted by P..

For any realization w € €, we define the evolution in Ay as follows. When a particle is in a node where a

Poisson clock rings, it moves to its neighbor site. If that site is occupied, both particles exchange their positions.

Recalling our exposition of the dual process in (2.0.43), we will denote by X (t) C Ay the set of occupied
particles at time ¢, i.e., z € X(t) < n(x,t) = 1. Itis clear that X (¢) has the law of the stirring process, with
generator € 2L N,0. From (2.0.43), we recall that the generator of the dual process has the evolution inverted. For
us, in practice, this means that given w € € and X (¢), we follow backwards the process and then define X (0).

This leads to the proof of the following result, that can be found both in [17] and [22].

Proposition 4.1.3. Forany X C Ay,no € {0,1}*~ and t > 0 we have

Ec | [ n@@.t) [n(0)=mn| =B | J[ no(=) | X(0)=X]. (4.1.9)
z€X z€X(t)
This is useful because now we can study the stirring process by looking at the particles that we have at the

moment. Given a realization w, we can follow each particle and label them, as in the following definition.

Definition 4.1.4. Given w € (, denote by x = (z;,,...,2;, ) a labeled configuration of n particles. The labels
are the indexes iy, while the particles are z;,. We denote by x(¢) the labeled version of X (t). Moreover, we let
2 = z(0) be the initial distribution of particles. Note that, while exchanging particles has no efect in X (¢) since

X (t) only recorders the occupied positions, it does in z(t).

Now that the particles are labelled, we let 1 ~ x5 mean that the particles 1 and x5 are neighbors (in other
words, are in the same bond). We denote the event of a mark appearing between particles x; and x5 by 1 Mxs.

Now, we define the (stopping) times associated to two neighbor particles.
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Definition 4.1.5. Given the initial position x; and x; of the particles 7, j, we define in €2 the random multi-interval
Teima; =15 > 0: 24(s) ~ x;(s)}, that is, the "continuous" times when they are neighbors. Restricting this to

[0,t], we define T, ~q; (t) := Tz;ne; N[0, t]. Now we let

Iatlrsz(t) = {(S,ylva) HERS Eiwz_j (t),yl = xi(s)vylMy2}~ (4.1.10)

We define the stopping time 7, ~4, as min, € I, ,,(00). Moreover, we associate a counting process to Iy, ~, (t),

Ny oy () 1= Ly, (B)]-

In order for the reader to be familiar with the labeled and the A/P process, from the definitions above we can

show the following lemma.

Lemma 4.1.6. Let x = (x1,...,2,),t > s > 0and f(y1,...,yn) be an antisymmetric function under the

exchange of y, and ys. Then

E., [1711N12§Sf(§(t))] =0, (4.1.11)

where x is the initial condition, that is, E. ;(-) = E; [- | z(0) = z].

Proof. Given two particles 21, zo and two realization of the A/P-process, w,w’ € ), we say that w and ' are
similar (and denote it by w = w’) if all marks at all pairs {z, 2 + 1} occur at the same time both in w and «’,
and the active and passive attributes are the same in both, except for the marks in I, ., (s) i.e., when they are
neighbors.

In this way, we have that w = w’ = the realizations evolved from the same initial configuration. Moreover,
Vt we have w equals w’ except at most for an exchange of the particles with label 1 and 2. Almost by definition
we see that = is an equivalence relation (hence the notation). Clearly, w = w and w = w’ = w’ = w. And since
they differ at most in the marks x; M x4, given another realization w” we have w = W', w’ = W” = w = W" since
all three will coincide except when x1 M x5, which does not alter the random walk of each particle. Thus, notice
that N, ~z, () is constant in each equivalence class of a realization w. Let N, ., (s) = p. Then, we have that
#[w], = 2P, where [w], denotes the equivalence class of a realization such that N, ., (s) = p, and #- simply
denotes the cardinality. We have 2P elements since there are p marks and the marks of particle z; and x5 may
differ in each element of its class, each time there is a mark.

Each element is characterized by the active/passive attribute of the p marks in I, ~.,(s). Thus, their dis-
tribution conditioned on a given class is a product of 1/2,1/2 probabilities (recall that the marks active/passive
are attributed with probability 1/2). In this way, with some abuse of notation, we have that {7, ., < s} =
Up>1{Nay~naa(s) = Pt = Up>1{[w]p}. Thus, we have that Law(z(t) | 7z ~a, < s) is symmetric under the

exchange of particles x1(t) <> x2(t). Since f is antisymmetric under the exchange of particles, we are done. [

As mentioned in [24], in [23] and [22] it was observed that tail estimates prove to be good ingredients to
construct good couplings. Through the present chapter, they will be most useful in section 4.4, since we will be
able to relate the "distance" of the original process and the coupled process explicitly in terms of time, and we have

estimates for when two particles are neighbors. Thus, we will state the following theorem.
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Theorem 4.1.7. There is c such that for all e > 0

sup Pe[re,a, >t < ¢

swp R (4.1.12)

Moreover, given any T > 0, for any & > 0 and any k > 1 there is c such that for all t < T and for all ¢ > 0

sup P [Npywwy > (6726)Y/278) < (e 2t)7F. (4.1.13)

T1,%2
To show the theorems above, the following proposition is useful.

Proposition 4.1.8. There is c such that for all e > 0

sup P, z1(s) —x2(s)| =1] < ——————,
y1715)2 ’yhyzH 1( ) 2( )l } (6728)1/2

(4.1.14)
where the suffix y1, yo recalls that y;(0) = y;, 1 = 1,2.

Now we define the coupling.

Definition 4.1.9 (Coupling). Recalling the stirring process z, let 2 be a labeled configuration of independent

particles. We suppose, without loss of generality, that the labels are {1,...,n}, thus we let z = (21, ...,2,) and
20 = (29,...,29). Now define:
e o - an arbitrary priority list, defined as a random permutation of {1,...,n};

A particle ¢ has priority over a particle j if o(i) < (7).

As stated in Definition 4.1.2, given a realization of the A/P-process, we define x(t) by looking at the marks in nodes
in A only. In the same space as the A/P-process, we define the "evolution" of z°(¢) = (29(¢),...,20(t)) € A%,
given the initial configuration z°(0) := z(0). The whole process z°(¢) is defined by the times at which each
particle 2?(-) "tries" to jump to a neighbor site. Again, the jumps out of Ay are supressed. For that purpose, we

define:
e t;; - the times when a particle :1:?() tries to move to the left. Similarly, we define ¢; ,..

We recall that the A/P-process is defined in the whole Z. In this way, the jumps outside of A are supressed.
We remark that the times ¢; ;, ¢; , determine go(-), and not the opposite, since we cannot recover from a:o(-) the
attempted jumps that ¢. . registers. In this way, since we cannot recover the times directly from z°(-), we define an

auxiliary process y(t).

Definition 4.1.10 (Auxiliary process y(t)). Let ¢ be the first time there is a mark in the bond {x, x + 1}, and there

is at least one particle in this bond, i.e.,
t:=inf{s > 0| aMz+1,2(0) N{z,z+ 1} # 0}, (4.1.15)

with a clear abuse of notation. We start the process y in 2°(0), that is Vs €]0, ¢[ set y(s) := z°(0). For s < ¢, y(t)

defines 2°(s) as follows.
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e z(0)N{I,N—-1}=10
If |2(0) N {z,z + 1}| = 1, let us denote this particle by x;(0).
If the mark is passive —s y(t) = 2°(0);
If the mark is active — yj(t) = 20(0),Vk # i and y;(t) = 2?(0) &+ 1, 2;(0) = z, where we have
29(0) + 1if 2;(0) = z, or 29(0) — 1, if 2;(0) = = + 1;
If 2(0) N {1, N — 1} = {z;(0),2;(0)}. Let us take o (i) < o(j).
If the mark is passive — yi(t) = 2(0),k # j, and y;(t) = 29(0) — (;(0) — x;(0)). We say
that the particle j collides with particle i. That is, y(t) registers that the particle :c(])() "tried" to jump, while

29(-) stands still;
If the mark is active — yy(t) = 22(0), k # i, and y;(t) = 2?(0) + (z;(0) —z;(0)). We say that the
particle i collides with particle j. That is, y(t) registers that the particle z9(-) "tried" to jump, while 9:‘;()
stands still;
e z(0)N{1,N —1} # 0. Let z;(0) = 1, i.e., the first site is occupied.
If the mark is passive — yx,(t) = 22(0), k # J;
If the mark is active — yx(t) = 29(0), k # j and y;(t) = 22(0) — 1.
Note that the "particle” y;(t) actually leaves A . Now for the time y(s), Vs € [0,t], where we recall that ¢ is the

"first mark time", as in (4.1.15).

e Set2%(s) = y(s) = 2°(0) for s < ¢, and

2(t) =y(t), y(t) € A

20(t) = 2°(0), otherwise

\
I

(4.1.16)

Now with z(t), 2°(t), we define y(s) for t < s < t5, where ¢ is the time of the next mark, by the same rules,
inductively. We remark that with the definition above we have y(¢*) = 2°(¢). That is, while at first a particle
in y may jump to outside of Ay, in the next instant it jumps back to Ay, registering the time at which such
jump happened, i.e., y(t~) = y(t) # y(tT). Moreover, since the jumps out of Ay are supressed, although
y Tegister its time, nothing happens in 2. Moreover, if, for example, a particle ;(t) jumped outside of Ay,
from x = 1 at time ¢, then the two instantaneous jumps are {t;;,t; ,}. Under this case, we only save the
"in" jump, ¢; ». In this way, the process is well defined and, since we know particles only enter to Ay if they

"instantaneously" left, both jumps can be recovered.

From [23], with the definition above, one can show many properties of this coupling, as:

o {t; ,,ti1}i=1:n are mutually independent Poisson processes with rate e 2

e The Law of 2°(¢) equals the law of n independent random walkers in A 5 with jump rate ¢~2;

0

e The particles z;, x;

have different jumps only when one of them is at the site 1 or N — 1; or when there is
a collision with a different particle =, and o(j) < o(%), i.e., ; has a higher priority and "; collides with

"

.’Ej.
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e Foranyiandt > 0, x;(t) is completely determined by y;(s), s € [0,t], where j is such that o(j) < o (2).

o The particle with the lowest priority have the same walk both in the coupled process and the original process,

with probability one, that is

o) = 1A (20(0) = 29(0)) = P(ze(t) = 20(t)) = 1, ¥t > 0. (4.1.17)

On this list, the last two items, together with the theorem that we state below, that quantifies the "closeness" of
the stirring process to the "independent process", will be of great importance for us in section 4.4, specifically, in
showing Lemma 4.4.4. Regarding the last two items above, note that the first relates directly the stirring process,
z, and the "times" process y, where, fixed a particle ¢ in the stirring process, we may only look at all the different
particles in y. The usefulness of the last one is clear: if we manage to choose the priority of a specific particle
as the lowest, then we may only look at the "independent" process. These two, together, allow us to, under some

conditions, treat the stirring process as a system of independent particles.

Theorem 4.1.11. Let T > 0 and z(0) = 2°(0). Then, for any £ > 0 and k there is c such that for all t < T and
foralle >0

Pz, — 2f(t)| > (e 2)Y/*E] < c(e72t) 7. (4.1.18)

4.2 Integral inequalities for the v-functions

In this section, we will start by deriving a particular stochastic equation for the v—function. For simplicity, we
will denote v(z,t) = v(z,t | 1). We recall from the previous chapter that N2L x o1 nz(z) = Anminz(x), and
thus by Kolmogorov’s equation (2.0.32), we have for the stirring process only % pN(x) = Anpl (x). Here, we
will derive a "similar" expression for the v-functions. To take advantage of the sharp gradient estimate in (E.1.4),
and to exploit the smallness of the gradients of the v-functions, we will show that %’U(X 1) = € 2(Lov) (X, t) +
(Ce(e)v)(X ,t), where £ is now the n—dimensional reflected laplacian. In order to do this, we gain an error
(Ce(e)v) (X, t) from both the bulk and boundary dynamics. We "treat" this error by writing it as a function of the
gradients of p. and v(X,t) as much as possible. After this, we will apply Duhamel’s formula , in order to get
an integral expression of the aforementioned differential equation. Settled this integral formulation, we will start
to bound the v—function. In this integral form, we will have transition probabilities, that we will bound with the
results of Appendix E. Every bound (that is, for the error arising from the boundary dynamics and from the bulk
dynamics) will again be a function of both our v—functions and p., but with the difference that the v—function will
have either less or more particles. After writting the labeled version of these bounds, we show, with an iterative
argument, that either we may apply these bounds indefinetly, or at some point we are left with no particles, thus

paving the way for the next section.

Definition 4.2.1 (A4, B, and C operators). For X C Ap,t > 0 we define the linear operator A acting on v such
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that (Av)(X, ) = 0, if | X| < 1 otherwise, it is equal to

(A0)(X, 1) = D7 [(pel@,t) = pely. ) ((X\{a}, 1) = o (X\{y}, ) = (pe(,t) = pely, 1)) *0(X\(z U y), )]

z,xeX
T~y

(4.2.1)

For b(Z, Z',t) € R to be specified later on, with Z, Z' C I, or Z,Z’ C I_ we define B:
(Bxo)(X,t):= Y be(X N1, Z' )o(X\[zN1:]UZ' 1) 42.2)

Z'Cl4+
Letting Bv := (B + B_)v we define C as

(COv) (X, t) == e 2((Av)(X,t) + €°(Bv)(X,1)). (4.2.3)

For simplicity, let 77 (X, t) := [[,c x (n(2,t) — pe(x,t)). Then, for a set X C Ay we define the v-functions by
v(X,t) = B [[,ex(n(2,t) — pe(2,t)) = Eq (X, ). We note that the v-function is symmetric in the variables
{z; : i =1, ---,n}. Therefore we consider it defined in the set of points of the form {(x1,---,z,) : 1 < a1 <
ZTg < +-+ < xp, < N —1}. We extend the definition of the v-function to the boundary of the previous set by stating

that it is equal to zero when restricted to it. Therefore, the v-function v(X, t) is defined on sets of the form
Vi ={(21, -, 2,) €{0,--- N}": 1 <2 <29 < --- <2, <N —1}. (4.2.4)
Observe that when n = 2, the aforementioned set above is simply given by
VE={(z,y) €{0,---,N}?*:0<z<y<N}, (4.2.5)

and its boundary OVZ = {(z,y) € {0,---,N}?> : 2 = 0 or y = N}. In dimension d it is a simplex.

Yy
Q9900
n-1Q@ P99
Q99
Q9
o
1
0f 1 2 T lin &

Figure 4.1: The set Vjy and its boundary 0Vy.
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4.2.1 A discrete equation for the v-functions
Now we derive the discrete equation for the v-functions.
Lemma 4.2.2.

0

S V(X1 = e 2(Lov) (X, t) + (CPv)(X, 1) (4.2.6)

where the coefficients b in the definition of c? (specifically, in By) are such that b(0, Z',t) = 0, if | Z| = 1 then
b(Z,0,t) =0, and

VM € Z: sup |b(Z,Z',t)] < oo 4.2.7)
t,|Z|<M,|Z'|<M

Above the operator £ is the reflected d-dimensional discrete Laplacian defined as follows:

EOf(zlv"'vxn):Z Z {f(x17"'ay7"'axn)7f(x17"'axia"'7'rn)}

=1 [y—ai|=1
ifforalli € {1,---,n} |x; — x;41|> 1, otherwise, if there exists j such that |xj; — xj41|= 1, then

Lof(xy, - an) = Z Z {f(@1, -y, an) = f(ar, - @i, @)}

i v el=t (4.2.8)

+{f(.7x] — 1’$]+17)+f<(.7x]’$]+27) _f<...7$j7xj+1,...)}.
When the points (21, - - -, xy,) are close to the boundary the operator £ is simply N times the discrete derivative.

Proof. Let (X, t) := [[,ex(n(z,t) — pe(z,t)), where 7 is our exclusion process, and p, is the solution of
(4.2.6).
Then by Dynkin’s formula (2.0.33) we have

%’U(X t) = [(ﬁ + S)UE(X t)] (4.2.9)

where the partial derivative acts on p. and the generator on 7. By the product rule we have

B) B
E [ 71X, D] = Bc | o [ [ () = pe(,1)) ] - atps 2, OB (X\z, )] (42.10)
rzeX zeX
thus,
)
570X 1) = Bele (Lo + " L) (X, )] - Be[ Y 7(X\a, 1) pe(w t)]. “2.11)
x€e€X

Recalling that we have an expression for % pe(z,t) from (4.1.3), we claim that we can rearrange the bulk terms to:

E (Lo (X, 1)] — B[ ) 7.(X\a, ) Acpe(, 1)] = € 2 (Lov(X, 1) + (Av) (X, 1)). 4.2.12)

zeX
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Before we proceed we explain how to obtain last display. First let us suppose that X does not contain any pair of

neighbour points. Then,

Lo (X.t) = Y (X \ {z},O)Lofi(e, t) = Y (X \ {z}, ) An(a,t). (4.2.13)

zeX zeX

From last identity we conclude that (4.2.12) is equal to E. ) . 7. (X \z,t) A7j(z, t) ,and by the definition of the

operator £ last expression is equal to €2 (£ov) (X, t).

Now we analyse the case when there are at least two neighbouring points in the set X. To simplify the
exposition, let us consider the set X = {x,x + 1, y}, where y is not neighbour of « nor = + 1. The generalization

to other types of sets is completely analogous. Note that

Lo, (X, 1) = Lo (i (@ + 1,0y, 1)) = il i@ + 1,6) An(y, 1)
+ iy, Lo (ne, ne +1,6) = pee n(z + 1,6) = pel + 1,6)n(,1))
= ij(a, t)ii(x + 1,1)An(y, )
+ iy, t) (77(30 — 1,00z + 1,8) + n(z, (e + 2,t) — 2(z, n(z + 1, t))

— 7y, t)pe(z, t)An(z + 1,t) — 7y, t)pe(z + 1, ) An(x, t).
By writing the term on the fifth line of last display in terms of the variables 1 we get

(z+ 1,t)An(y, t)

iz — 1,0z + 1,1) + iz, )iz + 2,t) — 2z, )iz + 1, t))

Bt}

ﬁoﬁe (X7 t) = 77(33‘, t)
+ 7y, 1)
+7i(y,0) (pela+ L On( = 1,6) + pela = Ltwn(a + 1,8) = pele + 1, t)pc(x = 1,1))

+7(y, t)

N TN 7N

pE(JJ, t)n(x + 27 t) + pe(m + 27 t)n(xa t) - pe(x + 27 t)pe(x’ t))
+ii(y.8) (pela + L Om(@. ) + pela, p(a + 1,1) = pela + 1, )pe(a,1))

— (Y, t)pe(x, ) An(z + 1,t) — 7(y, t) pe(x + 1, ) An(z, ).

Note that the expectation with respect to E. of the two terms on the right hand side of the last display is equal to

(£ov)(X,t). Note also that, in this case, the second term at the right hand side of (4.2.12) is equal to
Eerj(z, )(x + 1,0)Depe(y, t) + Eerj(y, )i(z + 1, ) Aepe(z,t) + Eenj(y, )n(z, t) Aepe(z + 1, 1).

Putting together the previous computations, by a tedious, but simple computation, we can conclude that (4.2.12) is

equal to

Ee (SOU) (X7 t)
+Eci(y, t) (pe(% On(z +2,t) + pe(x + 2,)n(x, 1) — pe(x + 2,) pe(, t))

FEi(y. 1) (pe(x + L@, t) + pela. e + 1,8) = pele + 1, )pc(a.1))
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—Ed(y, Dpe(z, ) An(z + 1,1) = Ecij(y, t)pe(x +1,1) An(z, 1)

—Edi(z, 1)(x + 1,1) Depe(y, t) + Ecfj(y, )i(z + 1, 1) Acpe(, 1) + Ectj(y, )i (z, 1) Depe(x + 1,1).

A simple computation shows that last terms can be written exactly as defined in the operator A and this proves the

claim. Now, we are left with the boundary terms:
9 _ _
€ <E6£:|:776(X7 t) — E. Z nE(X\x,t)DipE(x,t)> . (4.2.14)
xeX

We will study the term D 1 p.(z, t) only, since for the others the analysis is completely analogous. Recalling that

the generator £ acts on each 7(x) we have

EL7.(X,t) =Ec > 7.(X\a,t)Lyn(x,t), (4.2.15)

reX

where we recall that €/ £, n(z,t) = (8D, 1n(x,t) — 6D on(x,t)). That is, we will study
é (5E6 Z (X \z, t) Dy 1m(z, t) — Ee Z (X \x, t) D+ 1pe(, t)) . (4.2.16)
zeX reX

In particular, we are interested in the quantity 5D 1n(z,t)—D4 1pe(z, t). In the end we want to have v—functions,

thus we want to express the aforementioned quantity as a function of p, as much as possible. Thus,
N—-1
Diyan(a,t) = (1= pe(a,t) = (n(w,t) = pe(@,6) [T (n(y,0) = pely, 1)) + pely, 1)) - (4.2.17)

y=z+1

By the distributive property the product term expands to all the combinations of products of |/ (z + 1)]| different

elements:
N—-1
II (@ t) =pely, ) +oclwt) = D T pelzt) [Tz 0) = pelz,1), @218
y=z+1 ZeP(I4(z+1)) z€Z¢ z2€Z

where P(I;(x + 1)) are the parts of I (x + 1). Now we separate the case where Z = (), that is, Z¢ are the

"diagonal" elements:

I eczty+ D> ] pelzt) [](z1) = pe(2.1), 4.2.19)

z€ly (z+1) ZeP(I4(z+1)) 2€Z¢ 2€Z
Z#0
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since [ [, := 1. Replacing this in (4.2.16) we get:

Ec Y 7. (X\z,0)(8D4 11(x,t) — Dipe(x,1)) =

zeX

=B Y m(X\e, 0)(B(1 = pe(w,t) = (n(,t) = pe(w, ) [ pelzit)+

reX z€l4 (z+1)
+ I pczt) [T n(z,8) = pe(2, 1)) = Dypela, 1))

Zevg; (o41)) z€2¢ 2€2 (4.2.20)

==eB> vx,t) [[ ezty-€B8> > I pe(zthv(Zzu X, t)-

r€X z€ly (z+1) reX ZG’P(I;(@z+1)) z€Z°

Z

— ' (1=5) > v(X\z,t)Dype(z ) + €8y > I re(z.t)0(Z U [X\a),1).

zeX r€X ZeP(I4(x+1)) z€Z¢
Z240

At this step, it is not difficult to derive the properties of B. We remark that we only used the term D ;. For D g,
one derives an analagous expression, then after summing both we have the expression in the statement. Doing the

computations for the right boundary we are done. O

4.2.2 Integral inequalities for the v—functions

By Duhamel’s formula and since v(X,t) is solution of (4.2.6) with v(X,0) = 0, which is a consequence of

the fact that both the stirring process and the process in (4.1.3) start from the same configuration. We know that
t t
v(X,1) = Ex | / (CO)(X(s),t ~ 5)) ds| = / So(CO0) (X (s),t — s)ds (4.2.21)
0 0

where S is the semigroup associated to the process X (¢). We recall our discussion regarding the dual process, in
(2.0.43), and Proposition 4.1.3. To express the v-function in terms of transition probabilities for the process X (¢),

we define
P(X 3 Y):=P.(X(s) =Y | X(0) = X), (4.2.22)

for X, Y C Ay where | X| = |Y|. Thatis, P.(X = Y) is the probability that the process starts in X and arrives

in Y at time s. By partitioning the state space for the process at the time s, we can write
t
o(X.t) = x| [ SCO0.t - Loy ds]
0y
Using the linearity of the expectation and the fact that Ex [1x(s)—y] = P.(X = Y) we, conclude that
t
o0 = [ S IPX ) ds 4223)
0y

On the following lemma we bound the terms associated to B:
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Lemma 4.2.3. Let

Yo =€ > PAX 5 Y)yar200(Y N1y, Z)0(Y\(Y N L) U Z t —s). (4.2.24)
Y,Z'CI,

ThenVn,& >0 dc:VX CAnN,|X|=n,s<t < log(efl) we have, for u = +

6—2
ce s
|wu| S E 1{|Z’|:0,‘X”|:1}CWPE(X\X” — W)‘U(WUZ/,Z‘:_S)‘
Z'cI (6 S)I / +1
(z);éx”éx
WCI;

(4.2.25)

Proof. Again, we consider only B ;. Recalling Andjel’s inequality, (E.2.1), we decompose Y into an union of
two elements, one contained in the window I, and another contained in the bulk: Y = W U Z, where W C I¢,
Z C I,]Z| > 0 and clearly, [W U Z| = |Y|. For simplicity, let us denote 1(X) := [] .y 7(x). In this way the

transition probabilities decompose to

PX>3Y)=P(X>WUZ)=P(X(s)=ZUW | X(0) = X)

= Pe(ns(Z U W) | 770(X))~

(4.2.26)

Then, by (E.2.1) we get
P(X =Y)=Pns(2) = 1]m0(X) = )P(n;(W) =1 no(X) = 1). (4.2.27)

Now note that

Pns(Z) =1[no(X)=1) =

= > Pmu(2) =1 ns(Y') =1,m0(X) = DP(ns(Y') =1 [mo(X) =1) < Y P(X HY),

Y’ Y'DZ
[Y'|=1x]
ZCcy'
(4.2.28)
while for W,

Pns(W) =1]n(X)=1)

= Y PnW)=1|n(Y)=1Ln(X)=1)Pn,(Y)=1]n(X)=1)
YISix| (4.2.29)
WcCyYy

< > P(XSY)
YOW

and we can see that

P(X3Y)< ( > P(X S Y’)) ( > P(X S Y)) , (4.2.30)

Y'DZ YOW

by applying Andjel’s inequality to each W and Z fixed, then bounding each probability by their sum. By Ligget’s
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inequality ([21], pages 226 — 228), we have

PxSY)< ][ Y P2y (4.2.31)

From (E.1.2) we have that for X = {z},Y = {y} we have P.(X > Y’) = Pl (z,y). Thus, we want to bound

S D. Pl ). (4.2.32)

Y'DZ xeX yeY’

By (E.1.2) this is bounded by To see this, first note that (in (E.1.2)) z — y > 1. Doing a taylor

(6*25)*C|ZV2+1 '
expansion in the exponential function and multiplying the terms, and noticing that (=2 + 1)1%l > ¢l21/2 1 1 the

bound follows. Now rewrite the W term to the transition probability into W:

Y P(XBY)= > P(X'5HW) 4.2.33)
YOW X'cX

and we can now bound [t | as follows:

23 PX SV NI, Z)|(Y\Y NI)UZ t - s)]
Y,Z'CIy
Y NI #0
ce?? (4.2.34)
< 2 m (Y PX'SW)b(Y NI, Z) (YN NI)UZ,t—s)|.
Y,Z'Cly X'cX
Yﬂ]+;ﬁ@ ‘X/| |W‘

Noticing that Y NI = Z, Y\[Y NI ]NZ" = W and recalling that |b(Z, Z')| < cl{z|=1,|z/|=0} We can bound
the sum in Z’ of the b terms by P(K). By the decomposition of Y, summing in Y is the same as summing in W

and Z, thus

e ?P(K) s
_ce ) Po(X %5 W21t 121 —ove [0(W U 2"t — 5)].
> 2 X (€ 25)2172 4 1 X,Z (X7 = W)Ly zi=1)2/1=0p[V( ) 4233

Z'Cly 0#ZCly WCIS: cX
Wuz|=|X]| | X' [=Iw]
Letting X' = X\ X" : |W| = | X\ X", we have the bound in the statement. O

We remark that the contribution of €~2(Av)(X,t) still needs to be bounded. Before that, we will write the
labeled version of the bound in the previous lemma, and of (Av)(X,t). For that, we order arbitrarily the sites
of X, which will be denoted by z = (x1...,2,). As seen before, v(X,t) is symmetric under the exchange of
position of particles, thus setting v(z,t) := v(X,t), we have that v(z, t) is symmetric under exchange of labels.
We denote by E. , the expectation with respect to the stirring process starting at time 0 from z (i.e., x = z(0)).
We will sometimes write E. , = E. instead, when it is clear from the context. In this way, we denote the labeled

version of the following sets as X"/ = J and Z' = 2/, and noticing that the labeled version of

S PEXX S W)W UZ,t—s)| s Bes|lpoeers) v(g(J)(s)Ugl,t—sH,
Wete. (4.2.36)
[W=|x\X"|
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we can rewrite the bound in Lemma 4.2.3 as:

6—2

J
Z Z Ln=1,121= O}LWEH[ {z()(s)CTI4} v(z! )(S)Uz’,t—S)H, 4.2.37)
0#JC{L,....,n} 2'Clx

where z(*) is the labeled set X except the particles in .J. Moreover, the labeled version of (Av) takes the form:

(A t)i= Y [(poelaist) = pelay, )@, 6) = o@D, 1) = (pelai, ) = pelay. )o@, 0)]

(4.2.38)

Remark 4.2.4. Note that on this expression we are evaluating p. and v at time ¢ with respect to the labeled

configuration/set z = x(0) evolved up to ¢.

Putting the bound (4.2.37) in (4.2.21) with the labeled (Av) we get:

|(“|</ ds| > > Z |J|/2 T L171=1,127 =0} X

u=% P£JC{1,....,n} 2/ Cly (4.2.39)
v (s)Uuz t—s

X (1 (e } + B0 (2(s), -~ 5)) -

Remark 4.2.5. Note that it is the same as erasing the particles ;, j € J either at time 0 or s. The particles can be

erased in the beggining since their labels must be completely new.

Recalling (E.1.4), we bound the gradients of p. in (Av)(x,t— s) as in (4.4.10), and the squares of the gradients

as

2
c c
4.2.4
((e2t)1/“’+1> S(67%)1*’5“’ (4240

by noticing that
(e 2)V27¢ 4 1) = (e 2)7 % f 142 2)V/2 ¢ 11> (e 2)C + 1. (4.2.41)

In this way we have the following bound for (Av):

(@ (s),t —s) v (s),t—s) vl (s),t—s)
Ec|(Av)(z(s),t — s)| < CJ;@ E [ (e=2(t—s))1/2~€ + 1 (e=2(t—s))l=¢ 4+ 1] (4242)

Now we proceed to bound the "gradients" v(z(¥), ) — v(x9), t). For that, we will use the A/P process and, more

specifically, Lemma 4.1.6, by noticing that the function

fii(@:s) = (CO)(@(s)\wi(s),t = 5) = (C0) (a(s)\w;(s),t = 5) (4.2.43)
is antisymmetric under the exchange of i, j.
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Lemma 4.2.6.

t
\v(@i),t)w(g(i), )\ g/ dsBe (17, ;>5/2) %
0

4 " " (4.2.44)
S AP 62 L )4 P62 LD ) oD e - 9

y
Remark 4.2.7. P.(z\)(s/2) —= o/ y) = Pe(z(s/2) = y | 2(0) = 219 (s/2)) where z9)(s/2) is the labeled
process starting from some z'(0) with particle j removed. So this means that we started from z’, evolved it up to
5/2, then set z = (/) (s/2) and evolved it up to s/2 again. Thus, P.(z)(s/2) o2, y) is the probability to arrive

aty of the latter.

Proof. Recalling Lemma 4.1.6, letting f; ;(z, s) := (C’e(e)v)(g(s)\xi(s), t—s)— (C’e(e)v)(g(s)\xj(s),t —s), as
already mentioned, we have that f; ;(z,s) = —f;:(z, s). Thus, if z(s) starts from z with both ¢, j particles we

have

v(@®,) - v(@, 1) = /dE (CO0)w(s)\wi(s), 1~ 5) — (CO)()\ass) 1~ )] (@245)

Note that we are removing particle ¢, j at time s, since our process starts with both of them. By Lemma 4.1.6 we

have

v(z, 1) —v(z(j),t)‘ =

t
/ dsEc [fij(z,8)1(r, ;> s/2}] ’ (4.2.46)
0

and we are almost done. Note that we could choose s/a for any a > 1. The choice s/2 is simply to uniformize the

bounds that we will get. Since

B L5072 (COW) @ls)\wi(s).t — 5)] =

4.2.47)
=EE 0 (s/2) [1{n~j>s/2}(CE(Q)U)@(S)\%(S)»t —5)

we are done. Doing the same for (Ce(e)v)(g(s)\xj(s), t — s) and applying the triangular inequality we have the
desired bound. 0

Recalling that C\”) .= e 2(A+¢"B), we already have a bound for Zy (X 2 Y)|(B+v)(Y,t — s)| from
(4.2.37). Applying this bound for P.(z()(s/2) o2, y) and P, (2@ (s/2) 2 52, y) we artive at

‘U@(i)ﬂg) _ U@(i)’t)‘ <

/ds 22 D e (e —25/2;J|/2+1X

u==% #£JC{1,....,n} 2/Cl+

(4.2.48)
x Ee {1@”(5)@;}1{Ti,j>s/z}‘v(ﬁ sy, t— S)H +

+ Ec 1 e {|(A0)@0(s),t - 5)| + [(A0)@ (). - )| }])
and we can use (4.2.38) to get a function of v-functions and bound p, as in (E.1.4) again. Now, recalling that we
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have a bound for A from (4.2.42):

672E€(A1})(£(S), t—s) <

—9 v(@D(s),t —8) —v(@@(s),t —s)  v(@@(s),t— s) (4.249)
= az;@EF { (e72(t —s))/27¢ +1 (e2(t—s)) =¢4+1]’

we can bound again the v—functions as in (4.2.39) by

|($t|</d8 Z Z Z 62 |]|/2+11{|J|1‘21‘ 0}e X

u= i@;éJC{l n}zC u

vz (s) Uz t—s

X B 1z (erg) |+ (4.2.50)

I o(@?(s),t = 5) —v(@(s),t = 5) | w(@l(s),t~5)
vt 2 E[ G ) S S ) L

Ti,XTjET
Ti~VT 5

The idea is to iterate the bound for v with the inequalites above, truncating this recurrence at some step m. For a

better exposition, let us refer to the (first) bound for |v(z, t)| as

t
|vp (2, t)] < / dsf1(Vn—1,Vn—2,Un—3, Vn—Jtz,t — ), (4.2.51)
0

where we write v,, since we start with n particles, i.e. |z| = n. Similarly, we control the number of particles with
the other indexes on v. By the bound for |v(g(i), t) —v(z\), t)| and replacing the A’s by bounds on p. and v, then

bounding v and so on, it is easy to see that we have successively bounds of this form:

|'Un(x t | </ dsfl Un—1,Un—2,Un-3, Un— J1+z’at )
/ dS/ dt2f1 vn 2, Up— 11+z _s)f?(vn72yvn73vvn74a'UnflfJngzéth)
ty

(4.2.52)
S/ dS/ dt2/ dt?}fl(vn—Jl-l-ziat_S)fQ('Un—?nUn—éhUn—l—Jg-&-zéatZ)x
0 t1 to

X f3 (Un—?n Un—4,Un—5, Un—Q—Jg-&-zév t3)

This recursion will be better quantified in the folowing section. Nevertheless, we can already note that we may
have some J and 2z’ sets such that our v function is empty in a finite number of iterations. Otherwise, we might
iterate the recursion above indefinitely. In this way, it will be important to consider a smart number of iterates and

check wheter we already have a nice bound for v, or if eventually our series of bounds explode.

4.3 The Truncated Hierarchy

In order to iterate (4.2.52), we will classify each term arising in the bounds that we derived in the previous sec-

tion, i.e., starting from the bound for |v(z, )|, (4.2.50), which is a function of the gradient |v(z?,t) — v(z?), ¢)|,
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(4.2.48), and again of |v| but with less particles, etc. Thus, we need to classify the coefficients arising when we
"remove" 1 particle; remove 2 particles; remove or add a set of particles—and specify these sets. Fixed a number of
iterations m, each realization of these sucessive bounds is denoted by skeleton, that we define below inductively.
Thus, we are interested in the bounds comming from the sum of all these skeletons. In summary, we will associate
to each term of each sum of each iteration an index, then we sum over all possible combinations of indexes.
Finally, the series obtained by these finite number of iterations is denoted by the truncated hierarchy. Along
the way, we will need to quantify the time differences ¢t — ¢; and ¢; — ¢;_1. This quantification will be artificial and
chosen as the more useful and simple possible. Defined this, we will specify when each particle is added/removed,
through a branching process, which in turn is defined by the A/P-process. Given the very many sets and sums
in each bound, it is good to interpret the skeletons as a stochastic process that determines additions and removals
of "particles" into/from our system, coupled with the jumps determined by the stirring process and boundary

dynamics.

Definition 4.3.1 (The skeleton). Each skeleton 7 is a sequence m = (m)izlzm(ﬂ), where m(m) = m < M, for
some M to be specified. Each ¢ is a branching "time" (read time being discrete) and, fixed ¢, m; denotes which
particles die or are born. We will start with the particles Ag = {1,...,n} alive. In this way, at each time i we
will denote the set of alive particles by A;, which are determined by the previous values of the skeleton, 7;<; (this

notation will be recurrent and denotes the set {ﬂ'j } j<i ). For each i, the term 7; is a quadruplet
i = (04, Ji, wi, 2;) 4.3.1)

where
e §; € {0,1,2} - determines if we are going to have births and/or dearhs and of which type;
e J; - an increasing sequence of distinct integers such that |.J;| < oo - determines the set of particles that die;
e u; € {—,0,+} - determines where particles are born/die;
e 2, is alabeled configuration, with labels in Jj' - the new set of particles i.e., labeled births.
Say we already know 7; ;. We define inductively m; as follows:

0 =1 — Ay = A1 \{ki, i},

9; =0— A; = A;,_1\{l;} i.e, the particle with the highest label in J; dies.
Remark 4.3.2. Particles k;, [; may not be neighbors.
e/ =2— ui;éO, Jl#w Ai:(Aifl\Ji)UJj.MOI‘COVCI‘,|Ji|:1—> ’Jj‘ >0

e m(n) <M —06,>0, z,=0, |Jmn|=|Am-1], thatis, A,, = 0, and we are considering the case

where all particles die (v = vy).

e m(m) = M then Ay is free: Apy = 0V Aps # (. It doesn’t matter since we will truncate it at this step.
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Remark 4.3.3. Note that we are considering m () to be the maximum number of iterations. That is, fixed
an integer M large "enough", at m(m) we are either without any particle (m(7) < M), or we truncate our
series at the step M, (m(w) = M). Thus, if m(w) = M we may have surviving particles at ¢,;. Note also

thatif A,, = 0, (i.e.,

z(t,,)| = 0) then we cannot define d,, 11 = 2 since we would have J,,, 11 # 0, neither

Om+1 = 0, 1, since we would have |J,,+1| = 2. Thus, the case where all particles die is well defined.

Now we define the times with respect to the stirring process that the particles are removed, according to the

skeleton 7.

Definition 4.3.4 (The branching process). Given an initial configuration z = z(0), a path w € €2 on the A/P-marks
space, that is, a realization of the process that defines z(-), steps m = m(w) < M and times 0 = tg < t; < -+ <
tim < tyma1 =: t, and a skeleton 7, we define x(¢) by following the A/P-process in (¢;,t;11). At the endpoints, we

define as follows. At time ¢;:
e §; =1 — particles z;(t; ) with j € J; disappear from z(t; );
e ); = 0 — particle with label k; remains alive, but the one with label I; dies at the mid point of the time
interval [t t;11], that is, at time ¢; + (¢;41 — ¢:)/2;
e §; =2 — werequire that z;(t; ) € I, forall j € A;_1\J;. Attime ¢; we then add the particles z;.
Remark 4.3.5. Recall that the A/P-marks process does not remove particles at the boundaries, with jumps to

outside of A being supressed.

Now that all the terms of the sums are defined in terms of skeletons, and the times at which we remove the
particles on the skeletons are defined in terms of the branching process, we will look at which coefficients we will

sum at each iteration. For simplicity, p; = |.J;|, and the events R; and T; are defined as:

R; = {.Z‘](t:) S Isl,j ¢ Jl} and T;:= {Tk,i,li(ti) > (tit1 —|—tl)/2} 4.3.2)

2
looking at the (Av) term in the last line of (4.2.48), after the bound from (4.2.49);

o If 5, = 0, we associate Vay, ~an 113 That is, we are removing one particle (I;), and

672
[e=2(t—t;)] = 5+1"
looking at the last term in the last line of (4.2.50).

o If §; = 1, we associate 1y, g, } That is, we are removing two particles ({k;,(;}), and

o If §; = 2, we associate 1g,

the second line of (4.2.50).

That is,

6—2 . . . .
= n P J;"| particles are born and |J;| particles die, as in
EFRETY

In this way, bounding the v—functions by a constant on the iterations 1 : m = m(m), we define

t t 6_2
we(z,t) ::/ dtl---/ dtn, [] —
0 ¢ oy €2 —1)]2 75 41

6_2 H 69—2
_ 1— i .
Pyt [€=2(t; — t;i_1)] £ ey [e=2(t — t;)]” /2 +1 4.3.3)
E. H Lean, (t)~an, (2)} H T; H R;|,
16:=0,1] |6;=0]  |6;=1]
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where the products over the sets |§; = j| are defined as {¢ < m : §; = j}. Recalling (4.2.52), it is clear that we
have |v(z,t)| < ¢) . wx(z,t),for some constant ¢ to be determined, dependent on the "in-out" rates, n and 3*.
Of course, for m(w) = M we may have ] z®(t3;)| > 0. These terms do not appear in the definition above because
we bounded them by 1.

Observing carefully w,, note that if we ignore all constants and drop the +1 in the denominator, we are left

with successive integrals of the following form

v 1

with v < v, a, 8 < 1, which we know that are finite. Specifically, the integral above can be shown to be equal to
Ca,p(v — u)l_(‘”m. Thus, we want to control the difference At; := ;.1 — ¢; suitabily. For that, let us take a
quantity A. Then, A >t — t,, or A >t — t,,,. We say that if At,,, < /A, then the times cluster to t. Otherwise
(At,, > A), we say that the times do not cluster to t. As we will see, when the times do not cluster, proofs are
simpler. When the times "cluster" to ¢, we will need to look only at the last cluster. For future reference, we state

this in the following definition.

Definition 4.3.6 (Cluster to ¢). Recall that the truncated hierarchy induces the partition [0, ] = (J,<;<,, [ti, ti+1],Where
to := 0,t41 :=t, and that At; := t; | —t;. Fixed m, for every skeleton ,,, let A= := {t; : A > At;, i<
m}.

For such skeleton, for the smaller 0 < H < m possible, define
Ty = {tl,...,tm |\V/’LZH tiGAZ,tH_l %AZ} (4.3.5)

Then the times Cr := {tm,...,tm, t} are called the last cluster fo t.
If we have H = 0 then C; = () and, in particular, we have A\ < t — t,,,. In this case, we say that the times do not

cluster to t.

In this way, denote the integrand in (4.3.3) by fi... ... Then differentiate the quantity in w, (4.3.3) between

when we do not have clusters to ¢, or when we do, i.e., wy(z,t) = wl(z,t) + w(z,t),where

t t
Wiz, 1) = / dt - / AL ge, <ty i 43.6)
0 tm—1
t t
w;'(g, t) = / dty - - / dtml{tht,A}fl’m)m. “4.3.7)
0 tm—1

Moreover, we can decompose w./ in quantities associated to each possible last cluster, by letting w,(x,t) =
ZHgm w;:’H(@, t), where the integrand in w? is 173, f1,... m. Note that the skeleton induces a partition of [0, t].
We will fix this partition as the uniform, i.e., t; —t;_1 = #H The reason for this is mostly that this partition is

simple enough. As we will see in the following section, we will need that A < 1. For that, we will fix

A€, (4.3.8)

for some a > 0. The choice of a is only needed when we finally bound w, (z, t), and therefore, the v—function.

53



Specifically, in (4.5.44). Up to that point, we only need that /A < 1. Nevertheless, let us already fix a = KLH

4.4 Bounds for the skeleton

Observing (4.3.3), note that we can bound the products in such a way that we get "full powers" of € and A now
that we can control the differences ¢ — ¢;. In this way, the main problem is the expectation terms. We will solve
this by bounding inside the expectation, while taking advantage of the bounds that we already have for the events

inside the indicator function, from Theorem 4.1.7 and Proposition 4.1.8.

4.4.1 Bounds when times do not cluster

As mentioned in the previous section, we will bound the terms in w’, (z, t) in such a way to arrive at the integral

(4.3.4). This will be used in the main result of this section:

Proposition 4.4.1. V¢ > 0 Je such thatVr : m =m(m) < M,z : |z| =n,e > 0,t <7 :
’LU;. (@, t) < C(e2t)—§MA—S1 (m)65’2(m)th(m)e—Sfle)(m)7 4.4.1)
where, forall i < m
1
Si(m) = |6 = 1] + 516; = 01,

So(m) = 16; = 0,1] 4+ [6; = 2,p; > 2,6;—1 # 0],
442)

1
S3(m) = 5\51‘ =1 +16;=2,pi =1 +|6; = 2,p; > 2,8;-1 =0,

Szig)(m) =(1—=0)(|6; =2,0i—1 > 0,p; > 2[4+ [6; = 2,0i-1 = 0,p; > 2|+ [0; = 2,p; = 1|).

To show this, the main problem is the expectation in the definition of w, (the last line of (4.3.3)). Thus, we

will first show the following auxiliary result. Note that the definitions below are independent of 6.

Lemma 4.4.2. For 7 fixed and m = m(w),tg := 0,tyy1 :=t, and 1 < h < m,let

vh= I leeomayeo IT 10 T 1m (4.4.3)
8;<n=0,1 0;<n=0 di<n=2
1 1
= 4.4.4
Pn H e2(t —t;_ 1) 2+ 1 H e 2(tipr — t)/2+1 ( )
8;>n=0,1 di>n=

Defining 1o = ¢, = 1, and recalling that [, := 1, we have that 3c : Vh < m :

dnEcn < cpp_1Ecpn_y (4.4.5)
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and in particular, Ectpp, < ¢/ T, ;< % =:cg1,. n(t1,...,tn) for some constant ¢, where

.....

1 1
ooy [t — )]+ L[e2(t — 1)) + 1

91,...,h(t17 .. 7th) =

1 (4.4.6)
_ 1/2
6,21 €72 (i — tiz1)] 1
Proof. For simplicity, note that
U = Vn-1 | Lay, tn)~ar, (tn) (I1,00=0 + 1g,=1) + th,éh:Q} : (4.4.7)

Let F; := o—algebra generated by the A/P-process in [0,t), and consider first the case 6, = 0. Then we have

op=0 —

3 U = Yh-1ley, (tn)~ay, (tn) 1T, fOr b < m.

=En = EEr, wh—llxkh(t;)Nzlh(t;)lTh} =E. [¢h_11mkh(t;)wlh(t;)Eﬂh1Th : (4.4.8)

since Ty, ¢ F3, . Note that since we are conditioning on the o-algebra with respect to the interval [0, ¢) with respect
to the marks process and z(s), the stirring process, we have the times ¢, above. Recalling (4.1.7), since we are
conditioning on JF, , we may consider the configuration at the time ¢}, as the initial configuration and bound this

term as follows

Ee 1 c 21/2¢ d
< = < . 44,
Fip tTh = (672%)1/2 +1 (672(Ath))1/2 + 21/2 — (672(Ath))1/2 +1 ( 9)
For simplicity, let .7-";171 =F . Y1 Again by conditioning on this o —algebra,
Eewh—llxkh(t;)leh(t;) = ESE]_.:L1 [wh_llmkh (t;)Nmzh(t;)} =E, [¢h—1E}-t+h1 13“% (ty )y, () |
(4.4.10)

where we conditioned on the time ¢j,_1 4 3 At;_1 because on this time we have 1, € F,'_ (from the definition

of 1 and T, _1). And by Proposition 4.1.8 we have

E

C
Fro 1

th_1 wkh(t;)’\‘l’lh(t;) S [G_Q(th _ th,l)]1/2 + 17 (4411)

where to see this, one needs only to use the loss of memory property of the Markov processes. Collecting the terms

we get

C C

Ey <
1/% — (6_2Ath)1/2 +1 (E_QAth_1)1/2 +1

Ectbp—1. (4.4.12)
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Thus, recalling

c c c c
"= 5H (€208 2 41 H_ 28 21 M A 1 (e 2D P 4 1
(4.4.13)
we have the desired result. Now, for §;, = 1 we have
Sn=1 Y11 _ _ (4.4.14)
h h—1 zkh(th)fva:lh(th)' T

To get the result in the statement, simply take expectations and proceed as in (4.4.10). For d;, = 2, simply bound

1g, <1 and we have

=2 =y 11p, < Yno1. (4.4.15)

To get the quantity g, .. 5, compute the first ratio ¢, —1 /4y, then proceed by induction just as if solving a geometric

recursion. O

Proof of Proposition 4.4.1. From Lemma 4.4.2 since the times do not cluster to ¢, we have

t t—A
wh(z,t) gc/ dtl---/ dtmfi, . m(t1y . tm) (4.4.16)
0 tm—1
where
€2 1
fl,.“,n (tl, . ,t, ) = —
L " 511 (=2t = )] L[t — o)) P 41
11 - ! ! 4.4.17
oo 20— )P T 2t — )] P L e 2l — )] 1 @4
0—2

H €

g [€72(t — ti)P % 41

Note thatVi t—t; > A\, since A <t—t,, <t—t,_1 <---<t.Wecanbound the terms in (4.4.17) as follows.

For the coefficient associated to §; = 1

€2 €2 9 1 €
< < e EATL < ., (44.18)
[e2(t—t)] S +1 [ 2417 +1 [e=2(tip1 —t:)]/2+1 7~ (g1 —t5)1/2
for §; = 0 we have
=2 2
< e ENET 2L (4.4.19)

< <
[e=2(t— )] 41 7 [e2a] P 1
For 6; = 2, we break in two cases. First, let ;1 # 0. Then, since p;/2 > 1 > 1 — &, V€ > 0, by the same
arguments as above we have

-2 20 2601
1s, 120 < 1p>o6 #0775 + lpi=16, 120 775" 4.4.20
)]pi/2+1 i—17 Pi>2,0; 17 (ti _ti71)1_5 Di i—17 (ti_ti_l)l/g_g ( )

[672(252‘ —ti_1
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26,01

For both p; = 1 and 4,1 = 0 we can bound by (CER =

Thus we have the following bound:

. c
(ti —ti—1)/?

—2 A1 A—1/2, 1 € €
AISA
51-_:[ oo © Tt — )2 (4 — ti1)1? (4.4.21)
6’2560 67256071
Ls, 7 1,. o 1, ) ).
5U2 ( 67,—17507[)122 (tz _ tz—])1_£ + ( 107,22,5171—0 + pz—l) (tz _ ti_1)1/2_‘£>

Looking only at the £ terms, note that if did not have the terms e~2/\, then we could bound the & terms uniformly

_t

777> With a > 0, thus bounding /\¢ by one and bounding the products

in M. In this way, now we take A = €* A
of the ¢~%¢ uniformly in M, and we have that the expression in the previous display is bounded from above by

e 2MECy (e, A) fi....m(t1, .. tm), where

Co(e,N) = el0i=1+10:=0]+0(]6:=2,6; -1 70,p;i >2|) = (1=0)(|6:=2,8,—1=0,p; 22| +]6;=2,p:=1|)
, :

(4.4.22)
(A—l)léi=1\+éléi=0|

and

o 1 1
fl...m(tla-”atm) = Il 1/2 H
s 4 — Lt i—&
(tz tz—l) /2-¢ 5,=2 (tl tlfl)q

5;=1
1 1
o (tiv1 — )12 (ty — ti_1)t/2€

(4.4.23)

6=

where for simplicity we defined ¢; = 1,if 6,1 Z0Ap; > 2,and ¢; = 1/2,if (p; > 2N 6,1 =0)Vp; =1.In

this way, our bound for w’, takes the form:

t t—A
_ 1 1
w;(£7 t) < ce 2M§C’9(€,A)/ dty -- / dt,, H (t; —t; )1/2—5 H (t; —t;_1)0~¢
0 tm—1 §i=1 " i—l si=2 " -1 (4.4.24)
1 1 o

51_:[0 (ti'i‘l - ti)1/2 (ti — ti_l)l/Q—f’

and we are finally in the step mentioned in (4.3.4). Iterating the integrals, and making a change of variables, one

can show that

t t—A R t t R
/ dt, - / At i = / dt - / dtmle, <tonfrm <t 4.4.25)
0 0 tm—1

tm—1

with S > 1 (|6, = 1| +16; = 2,p; = 1| +|6; = 2,p; > 2,6,-1 = 0]) — M. O

4.4.2 Bounds when times cluster

We do not bound exactly as when the times do not cluster because now we may have t — ¢t; < /. In this way,
the factors (¢ — ;)= /2 and (t — ;)" lead to a negative S in the final bound. Although this difficulty lies in the

final step of the proof and in a different argument, in the end the problem is completely analogous to consider the
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case 6 < 1.

Definition 4.4.3 ("Old" particle set Gg). Recall that wg 7 denotes the expression (4.3.3) restricted to the last
cluster C'g, and that the times ¢1,...,t,, € Ty. Recall also that 6, < 2 = J; = {k;,l;} (from the definition of

skeleton (4.3.1)). Let
T = {{kj,l}: 8, =0, H<j<i}, (4.4.26)

that is, the set of pairs of particles that may die, from iterations H to i — 1. We define the index set Gy as the

iterations after H where a particle ¢ was alive on iteration H — 1 and is set to die only on iteration i:
Gy ={i>H|[6=01,3€Ag_1NJ;: L& T}, 1} (4.4.27)

Note that in the definition of G'j; it is enough to consider J; = 0 and we do not need to set £ ¢ J ;_, (with
J! defined similarly), since on that case (see the definition of skeleton (4.3.1)) both particles {k;, 1;} would die
(and so their labels), and we would have Ay _; N J; = (). Moreover, let J; ;1 be the particles that are born from

iterations H to 7 — 1, that is:

Thioa= U J (4.4.28)

H<j<i

Then clearly we have that ¢ ¢ J;i, where / is the particle on the definition of G . That is,
¢ (JHha U y) = J7, (4.4.29)

where Jy; = J%,  UJh .

Recalling the definition of the "independent process" z°(s) (4.1.9), the auxiliary process y, where particles
collide and, most importantly, (4.1.17), we attributed a (random) priority list that determines which particles colide.
Letting the particle ¢ have the lowest priority we guarantee that this particle behaves as a simple random walker
from iterations H to ¢ — 1 indepedent of any quantity. In this way, we can couple it with our stirring process, getting
independence in expectations to be determined, and random walk estimates. Together with Theorem 4.1.11, we

can show an analogous result to the one of Lemma 4.4.2.
Lemma 4.4.4. 3c and Vk, 3¢’ such thatVH and ty,. .. ,t, € Tg, andVh : H < h < m we have

PEn < cdf_1Ecbp_1 + (e 2A)7F, (4.4.30)

where 1y, is the same as in Lemma 4.4.2, and for h > H:

1 1
Ph = H NI H ) 172 (4.4.31)
i>hieGy 2 A4 41 i>hi6;=0 [ (i — )]/ +1

where for h < H we have ¢}, := ¢y, as in (4.4.2).
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Proof. We start by considering the case h > H and h ¢ G . Recall that

Un = V-1 | Loy, (tn)~ar, tn) (1700020 + 15,=1) + 1R,L,ah=2} : (4.4.32)

and the events
Ri={ay(t;) € 15,5 ¢ I}, Thi= {mou,(t) > (ti1 +1:)/2). (44.33)

For §;, = 0,1 we can bound 1gckh(th)~:czh(th) < 1 and proceed to bound E ¢, = E. [¢)p_1 (17, 5,=0 + 1s,=1)]

as in Lemma 4.4.2 to get:

c
[€=2(ther —tn)]V/2 + 17

Eewzhzo <Ec[Yn-1lr,] =EkEfr, [Yn-1lr,] < (4.4.34)

while E¢2"=! < 1. For §;, = 2 we bound 1x, < 1.

Now we consider the case h > H and h € Gg. We factor: ¢, = Q/JH,lwfllh ﬁﬁl, where the lowerscript

restricts in ¢ the products over H < ¢ < h and the upperscript restricts to the sets in (4.4.28) and (4.4.29)

# o _
Vhn = [ Lo o 11 I T1 0 Leuriers wmsgns (4.4.35)
H<i<h:;=0,1 H<i<h:§;=0  H<i<h:5;=2 ‘

and vy, = ¥§ 17, where
1 e
Vi = Loy, a0 1L Leperers - (4.4.36)

H<i<h:6;=2

We remark that wffh L z4(-). Bounding 17, as in Lemma 4.4.2, we have

(4.4.37)

¢
Ectn = Ec [vn 1655 vialn, | < B [V 105
€ = K¢ — S C .
" HoAVHATHA T [€2(thsr — tn)]/2 4+ 1
Now we treat the expectation in the last inequality. Since h € G (hence implicit in d)fQL 1)» we know the particle
¢ € Jyn = {kn,ln}. Without loss of generality let ¢ = [;,. Again, by the law of total expectation we condition to

Fiy,_, in order to bound the other terms, thus getting:

E. [vu1Er, (wﬁf,b¢§{7h)} . (4.4.38)

Recalling (4.1.17) and the definition of branching process (4.3.4) we realize and couple the process z°(-) in each
interval |¢;,;+1 [ with ¢ > H — 1 with "births" (with new independent particles and new labels and priorities)
and "deaths" (with corresponding removal of labels) determined by 7. Thus the process 20 starts from #z_1
with "initial" configuration z* = z(t;,). Giving ¢ the lowest priority we guarantee that it remains alive up to ¢,

(see(4.1.17) and (4.4.27)). Moreover, particle £ has initial position . In this way, we will write

E* (wﬁfhwﬁz,h) =Egr, (@b#h@bﬂh). (4.4.39)
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Recall from (4.1.17) that we have
(o(6) =1 Ax(0) = 29(0)) = Pe(me(t) = 29(t)) =1 Vt >0, (4.4.40)

where o = 1 is the lowest priority. In this way, if the particle £ has the same walk both in the independent process
and the original process, any stirring particle position x5, with m # £and t;_; < s < t is then a function of only
the independent processes xg(s), tg—1 < s < tandk # {. Thus, expression (4.4.39) becomes an expectation of
independent particles, since Vi,t > 0, x;(t) is completely determined by y;(s),s € [0,t] and j : o(j) < o(i)
(recall the other items in (4.1.17)). In order to exploit Theorem 4.1.11, we decompose the identity function as

1=x+(1-x), where

X =1y -atnfz@ayire 1L Yareo—sgio) <@y (4.4.41)
H<i<h:6;=2

Now define the event x4, = {Ji € (S = 2) : |welts) — 2P(t;)| > (24)V/4€}. Then {x = 0} =

UHSjgh X? In this way, we have

P*(x=0) < Z P(|ze(t;) — 29(t;)| > (0)1/4F¢) (4.4.42)
1€ (0 pr,n)=2)

and by Theorem 4.1.11, this is bounded by (h — H + 1)c(e 2A)~F = ¢/(e72A)~F for any k > 1, where we used
the bound (t; — tg_1) ™% < (i — (H — 1))"*A~F < A=F, Using this, we have

E* (vtha) = B (VRW0ha(l =) + B (v750hax)

(4.4.43)
< D) B (Vi)

where we bounded wffh, wfi{’ 5, < 1in the first expectation. Now we only need to worry with the last term in the
> 0} = {a(t;) ¢ L, } . In this

> (€72/\)1/4F€} that is, all the sites that are not in a radius of

i

previous display. With a clear abuse of notation we will write {|z(t; ) — I,

way, define the set F;” := {z € Ay : |z — I,
(e72A)Y/4+¢ from any point of I,,,. Define also (87,5, = 2)° #F := {k € (Opr,n) = 2) : 29 (tr) ¢ F }ie., all the

iterations H < k < h where §;, = 2 and the independent particles are in a radius smaller or equal to (6’2A)1/ a+¢

from some point of I,,,. Finally, define

i i=min(6y, = 2)CFF
w= (4.4.44)
h (O =2)"%F = .

The variable above gives the first step when an independent particle is in the aforementioned radius, if such event

ever happens, or takes the value h if that never happens. It is clear that 7, (Strt.n=2) lo=; = 1.

We consider first the case w < h. In this case we have

E | 0hdunx( Y )= Y E (wﬁfhwﬁ,hxlw:i). (4.4.45)

ie(é[H,h,]ZQ) ie(é[Hyh]:Q)
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Looking at the summand in the expression above, we can bound 1/1% nX < 1, thus getting

B @#h%,hxluu:i) <E (wfl,zhlw=i> . (4.4.46)
Treating the indicator function, we get:

{w=i} ={i=min(@uyp =2)" %} = (| {k:ad(ty) ¢ Fu, k> i}. (4.4.47)
ke(0m,n=2)

Thus, Lo—; < L,0(,)¢r, - Moreover, wffh 1) = wﬁfh 1L f(x)) and we can take the expectation of the product

as the product of expectations in (4.4.46):
B 7P (w = i) < B PP (af(t) ¢ F), (4.4.48)

and one can bound P*(29(t;) ¢ F;) < i Now we consider the case w = h. Recall that we want

< Ry A
to bound 3¢5, —2) B* ( #hwg{ﬁxlw:i), and, in particular, the summand E* (1/J§fh¢f{7hxlw:i) , where
¢§1,h = Lay, (tn)~ar,, (1) [a<icns,—2 1, yerc - Note that Vi € (01,5 = 2) with i < h, by the definition of w

and x we have 1w2(ti)¢lui>€1w=h = x1lw=h-

Now let us focus in the term 1,, (¢, )~ay, (t,)X1w=n- Note that,

|@o(tn) — xp,, (tn)| = 29 (th) — 2, (tn) — (22 (tn) — ze(tn))| = |20 (tn) — 2k, (tn)| = [P (tn) — ze(tn))]-

(4.4.49)

If [ (29 (tn) — ze(tn))]| < (€722)Y4+¢ and wy(t,) ~ x4, (tn), the inequality above takes the form
|20 (th) — Thy, ()| < 1+ (e720)1/4FE (4.4.50)

and we can bound lzkh (th)~wzh(th)X1w:h < 1‘m?(th,)kah(th)|§1+(e*2A)1/4+5Xl‘*’:h' Bounding x1,—p < 1 we

get

* 14 * 14
E (wﬁ,h%,hxlw=h) <E (ﬁ,hwﬁ,hl‘rg(,ﬁh)wh ()] <14 (e-20)1 /M) : (4.4.51)

Now we can follow z; by conditioning on the o—algebra generated by all the other variables x?, j # £, that is

F7:£. This way, and recalling that we have already bounded ¢, ,,, we have wﬁh € Fzyand

* #L 0 * #L
E (wH,WH-,hl\xg(m—wkh(th>|s1+<e—m>1/4+f) =E (wH,hE@w1|ac2<th>—wkh<th>\51+(e—m>1/4+f)'
(4.4.52)

Since, under F 4, the particle 2{ is a simple random walker we can bound

Cc

< m. (4.4.53)

Er,, (1|m2(th)kah(th)|§1+(e*2A)1/4+5)
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Noticing that E (¢ H_lwf,eh) = E.¢_1, one can collect all the estimates to get the final bound in the statement.
O

Now we have all the ingredients to prove an analogous bound of Proposition 4.4.1. The arguments for the
proof are analogous, except for one step. Recall that in Lemma 4.4.4 we have the term ¢’ (e "2A)~F for any k.
In this way, in the bound above we chose k large enough for this term to be negligible. Then, one may proceed

analagously to Lemma 4.4.4 to show the bound below.

Proposition 4.4.5. V¢ > 03 ¢ : Vo such that m = m(m) < M,z : |z| = n,e > 0,t < €”” we have

Wl gy (1) < {e( ) MEATSID ST So D=0 ]

(4.4.54)
% {C(GQA)—N[5(6—2A)—%\GH\A%‘6,i2H:2|6(071)|612H:2|} 7
with the Si(-) exponents as in Proposition 4.4.1:
1
Si1(H-1)=16 =1+ §|5i =0,
Sa(H —1) =16; = 0,1] +[6; = 2,p; = 2,0;—1 # 0],
(4.4.55)

1
S3(H —1) = 5\51' =1+16=2,p;i =1+ |6 =2,p; > 2,8;-1 =0,

Sia)(H— 1)=01-6)(6;=2,0;—1>0,p; > 2|+ |6, =2,6,_1 =0,p; > 2|+ |0; =2,p; =1]),

withi < H — 1.

4.5 Proof of the v-functions estimate

Now the main idea is to play with the exponents in such a way that the desired bound arises. If m = M, then
the idea is to bound the terms in order to get an expression slightly larger than M in the exponent. In this way, we
may bound the exponent from below by M and then choose M accordingly. If m < M, then the arguments are
different. The idea is to bound directly in terms of n, thus the arguments will rely in inequalities relating the final
balance of particles. In order to give the reader some intuition for the following computations, we will derive some

inequalities that will be useful for the following proofs.

o Let m(m) = M and wr:

M =6 = 0|+ |6; = 1| +0; = 2| (4.5.1)
M < |6z = 1| + |(51 = 0| + |(Sl = Z,pi > 2| + ‘51 = 2,pi = 1| (452)
n— (|6; = 1] +|8; = 0]) + (K — 1)|6; = 2,p; > 2 >0 (4.5.3)

The first equality is the definition of M. For the second, we simply break |6; = 2| in two. For the last, note that for
m(m) = M we did not kill all the particles. Thus, we have a positive balance of particles: n—deaths+birhts > 0.
For §; = 0,1, the total number of deaths is 2|6; = 1| + [6; = 0|. For §; = 2 we know that p; = 1 = |J;*| >

0, thus we have b1|d; = 2, p; = 1] births under these conditions (for some b; > 0). Trivially, we have under
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these conditions |9; = 2, p; = 1| deaths. Recall that if p; > 2 then JiJr might be empty. Thus, we have ar least
2|6; = 2,p; > 2| deaths (exactly d|6; = 2, p; > 2| for some d > 2) and b2|d; = 2, p; > 2| births, for some by > 0.

Since we may have at most, K births per step, we know that 0 < by, bo < K. Finally, we conclude that
n—2[0; =1 = [0; = 0| + (b1 — 1)[6; = 2,p; = 1| + (b2 — d)|6; = 2,p; > 2| >0 (4.5.4)

For some constants b1, by, d.

Since M is fixed, the number of skeletons is finite. In this way, recalling that |v(z,t)| < ¢> . wx(z,t), it

suffices to show the bounds

mgxw;(g, t) < e(e )", I}rlzgcwgﬂ(g, t) < c(e )" (4.5.5)

Recalling Proposition 4.4.1, we have:

wl(z,t) < c(ezt)7§MA751(m)esl’(m)tsi“(m)e*s‘(le)(m) (4.5.6)

/
s

o m(m) =M, w,,A=¢€",0=1.

Note that since ¢ < 1, we have ¢5:(™) < ¢3192=2.2i=1| Rearranging (4.5.6):

w;(£7 t) S 6(62t)7M§[6A71]‘51:1‘A7%‘51:0‘€|51:0‘+‘51:2,p122,51_1750|t%|51:2,p1:1‘ (4.5‘7)

1

Since all the terms are of order of €, and a < 1 on the definition of A, the idea is to group €, A as [e/A ™2 ]k for
some k function of d; not present in the ¢ and e/A~! terms. In this way, we can bound the exponents to something

"close" to M':

AT 310201 0:=01+18:=2,pi22,8i 1 201 < A~ 310:=01l0:=01+10:=2:p: 22| — [ A~ 3]3(18:=01+18:=2,p:>2])

(4.5.8)
€3 10:=01+10:=2,p: >2,6; _1#0| - 5|8 =2,p; >2| A 116:=2,pi >2|+[6:=0]
Now note that A 9:=2pi>2/+719:=0] < 1 and
€3 10:=01+10:=2,p;>2,6i 1 70| - 316 =2,p: 22| < 6%(lﬁsi:0|+‘5i:2,Pi2275i—1¢0|—|5i:27pi22‘)7 (4.5.9)
where we can bound the last expression by 1 with the following argument. For sets A, B, C' we have
|[ANB|=|AnBN(CUCY)|<|ANBNC|+|ANBNC|. (4.5.10)
Letting A = {6; =2}, B={p; > 2} and C = {6;_1 > 0} we have
16; = 0]+ |6; = 2,p; >2,6;—1 >0 >|6; =2,p; > 2|, (4.5.11)

and we get w'(z,t) < c(€2t) " ME[eA—1]15 =1 [e A~ 2] 2 (10:=01+16:=2.p:22))1316:=2.0i=1]  Since ¢ < ¢®” we can
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set € := max{eA ™!, [eA™2]2,¢27 "} to get
w! (z,t) < c(e_Qt)_Mf[eb}‘51':1‘+|5i:0|+|5i:21Pi22|+‘5i:27pi:1‘. (4.5.12)

By the same argument as (4.5.10) the exponent on €’ is bounded from below by M. Applying the bound on f we
have w’ (z,t) < ¢(e2187)=MEMb and we can choose bM > 2n to get w'. (z,t) < ¢/¢™ . Taking & small enough

and ¢* < 1/2 the proof is done.
o m(m) =M w,,A=¢,0>1.

Note that for this case —S§(m) > 0. Instead of bounding ¢=51(m) < 1 we shall do a little better. Recalling (4.5.1)

note that
16 = 0] + [6: = 1| + |6 = 2,p; > 2| < M. (4.5.13)

In this way, we have that

i =2,p; > 2| > . 4.5.14
|6 pi 22| > K_1 K_1 ( )
replacing |6; = 2, p; > 2| in (4.5.13) we get
1 n K-1 n
- - — )< - - =0 < M—— + —. 4.5.15
(16; = 1| + |5; 0|)(1+K—1)*M+K—1©‘51 1+16;=0<M e e ( )
Thus, we can relate §; = 2 and M, K, n through a nice bound:
K-1 n M —n
=2l=M—(|; = i=1)>M1—-——)— = >10; =2| > ) 45.16
Now note that Sf)(m) > (1—0)]6; = 2| > (6 — 1)2=". This way, we can bound
587 m) < (B-1) M (4.5.17)
Proceeding exactly as for the case § = 1 and leaving the term above be still, we arrive at
wh(z,t) < c(e2+5*)7M£eMb+(071)%. (4.5.18)

Looking at the exponent: Mb+(0—1)(M —n)/K = (M(bK +60 —1) — (6 — 1)n) /K, one can choose MbK >

n(f — 1) to get w’. (z,t) < /e %" for ¢ small enough .

e m(m) =M w,, A= =1

_t
M+1>

Rearrange (4.5.6) to:

w;(g, t) < C(GQt)*Mg[t1/2]Iéi:27pi:1|‘H5i:27pi22x6i71:0|Eléi:27pi22:5i—1760|

(4.5.19)
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We can group and bound the last three terms as follows:
[et—l/Q]\éiZO\-&-Iéi:ll[tA—l]\5i21|+%|5i:0| < [et—l/Q]\éiZO\-&-Iéi:ll, (4.5.20)
since A is of order of ¢. Thus,

w;<§7 t) < c(€2t)—M£ [et—l/Q]|51::0|+\6i:1\6\51':27Pi22,6,1_1¢0|[tl/Q]|61,:2,p7¢:1|+\(Si:2,pi22,5,~_1:0|_ (4.5.21)
Recall that we are considering only "small" times, ¢t < €?”. This way, et™1/2 < el=38" and if B* < 2 we can
bound [et~1/2]1%:=01+[0:=1] < 1,

Remark 4.5.1. Note that 3* < 2 means that our bounds are good only for ¢ € [¢2, €”]. For t < €2 we bound the

v-functions by 1.

With the bound mentioned above we have

w' (z,t) < C(Ezt)7M£€|6i:2’pi22¢6i71760|[tl/z]‘5i:2»pi:1‘+|6i:2api22’6i—1:0‘. (4.5.22)

Again, note that t > €2 = t~M& < ¢72ME& = (24)=M& < (¢2)=4ME This way we have only powers of ¢, but no

6; = 0,1 to relate with M. Still, we can apply (4.5.16) to get powers of M, n and K:

_ B* _ _ _ _
w;(g’ t) < ce~AME 10:=2,pi22,6; 1 7014+ 5 (|6,=2,pi=1|+|3:=2,p; 22,8, -1=0]) (4.5.23)

Now note that €2 < €#” = ¢ < €#/2 thus, we have /%=2:Pi22.0i-1701 < 38" (10:=2.pi>2,0i-170)  and we can
bound

_AME B (8122 pi> 2.6, 9 1| 16im2 s> 2,65 1=
W (1, 1) < ceME T (191=2:p122,8: 1 #0118:=2,pi=11+]8:=2,p: 22,6110

. . (4.5.24)
< 6674M5€%\57~,:2\ < 06741\4565—K(an)_

Letting QB—KM > 3nK we get w' (z,t) < ce*M&e2, Taking ¢ small enough and ¢* < 1/2 we get the result in
(4.5.5).

o m(m) = M,w, A= 47,0 > 1

The result follows by simply applying (4.5.17):

S8 (m) < (0-1)Mn (4.5.25)

)

and proceeding exactly as we did for # = 1. In the end we get
wh(z,t) < e AME B (Mm) (0-1) Mt _ | —aMe P52 (M=) (4.5.26)

Now we may take, for example M > 2Kn.

o m(m) < M,wy, A= 37,0 =1.
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Recall that for m(7) < M all particles have died on iteration m - there is no more v-function. In this way, we have
n—2|0; = 1| = [6; = 0] + (by — 1)|6; = 2, p; = 1| + (b2 — d)|0; = 2,p; > 2| <0, (4.5.27)

and we have that
n <26 =1]+16; =0|+ K|6; = 2,p; > 2|. (4.5.28)

Multiplying and dividing (4.5.6) by t210i=2:pi22,0i170] gpq rearranging the terms we have

w;(£7 t) < C(egt)_Mg(et_l/Q)|6i=0‘+‘5i:1|+|6i=276i—17&07pi22‘

(4.5.29)
£ (16i=2pi=11+18:=2,p: 220) 16:=2.0: 1 20,9 22| (4 A ~1) 3 |6: =0 +18:=1]

Since A is of the order of ¢, we bound the last line on the previous display by a constant. By (4.5.28) and factoring
|0; = 2,p1 > 2| asin (4.5.11) we get

(K +1)|6; =0] +2[0; = 1| + K|6; = 2,p; >2,0;-1 >0[ >n. (4.5.30)
Since

|0; = 0] + 16; = 1] +[0; = 2,6i—1 # 0,p; > 2| >
2 K (4.5.31)

n
> 4; = ——|0; = 1|+ ———[0; = 2,0;— P 2> 2| > ——,
> 16,2 0] + o = 1+ A0z

n

we automatically have the bound w’ (z,t) < c(€*t)~¢M (et~1/2)®+1, which is consistent with (4.5.5) if we have

that ¢* < m
e m(m) < M,w,,A=¢€¢*0=1

Bounding ¢53(") by one and rearranging the terms we arrive at

W (z,t) < c(€2)EM (e A1) 5= (e 7219201 (l0:=2,pi 22,01 >0

C(€2t)7§M(€%A7%)2\57::1\ (6&7%)‘5’::0‘ [6%]K‘5i:2,pi22,51—1>0‘ (4.5.32)

IN

n
c(€*t) "M max (G%A_%,GA_%,C%) i

For the choice of a = KL_H one can check that the dominant term is €3 A~3 , and we have the bound c(ezt) —EM (SR
Provided ¢* < m, this bound is compatible with (4.5.5).

The main problem with considering § > 1 is the inequality (4.5.30). When m(7w) = M, after bounding the
terms we still have to choose M, thus we can treat the terms involving # separatedly, and in the end choose a
number of iterations M such that the bound is as expected. This is possible because we can relate |J; = 2| with
both M and n. When m < M, however, we lose a "variable" and we have inequalities only relating n and the
other terms, |0; = 0, 1|. While we could then group all the terms, and in the end have a bound for w/. where the
exponent is of the order of 6, whenever we try to group the terms, in the end the parameter 6 ends up having no

real effect in our bounds. For the case below, the argument is slightly different from the above, but it is also based
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on (4.5.30), which leads again for our bounds to fail. Of course, the same holds for the bounds for wﬁﬁ y(z,t). In
terms of computations, we found the problem of getting a bound for w, of order ¢ similar to the one for § < 1.
The idea to treat the exponents when 6 < 1 was to group them in such a way that, if m = M, we choose M
accordingly, or if m < M, derive appropriate inequalities. While for m < M we can further restrict the interval
for ¢ such that e %¢ > 1 (which is, clearly, not optimal), when m = M we have the same issue: while for § > 1
we lose the order of the exponent, for # < 1 we have to make more restrictions, and in the end our bounds are
not useful. We know from the original article, [24], that this method does not work for # = 0. Still, one might
expect that works for some non trivial interval in (0, 1). Unfortunately, to our knowledge, this is not the case. For
0 > 1, our conjecture is very reasonable, and since this method works for m = M, there might sill be something
missing. Now that we exposed, in specific, the issue with both 8 < 1 an 6 > 1, for the following cases we will
—53(m)

bound e by 1, and conclude the exposition of [24].

For each case, the arguments for bounding w?/(z, t) are very similar to the ones used to bound w!/(z,t). We
"play" with the exponents and use analogous bounds for the terms in the last cluser. The remaining terms are

bounded similarly. We recall that from Proposition 4.4.5 we have

Wl 2,0) { < cle20) MEA SN SO NS O0DY

61‘2H:2| }
;

(4.5.33)

5,;2;,:2\6(9—1)

X {c(em)—Mé(e—QA)—%\GHIA%
with the Sy () exponents as in Proposition 4.4.1
o m(m) = M,w y,A=¢"02>1

Let [6; = j|l g : [i < H :6; = jland [0; = j|s y := |[i > H : 6; = j| (the definition is analogous for any other

set). If, for example, we have H > % then we can bound the second factor in (4.4.5) to get
wZ)H(g, t) < c(e_zt)_gMeb(H_l) < c(e_2t)_5Me%(M_2), (4.5.34)

where we proceeded exactly as for the analogous case for w!, thus, b is the same. Choosing M such that %b(M -
2) > 2n we get w y(z,t) < c(e2t)"*Me", where we need only that ¢* < 1/2.

IfH < %, we bound the first factor in (4.5.33) by 1 to get

wy gy (2,1) < e(e”2t) M (E0) TR AT = [(0) PO AZ) 2z (4.5.35)
Since

- 2C"YH + |5z - 07 ]-7 {klvll} N AHfl 7é ®|>H S 0’
= (4.5.36)
— ‘(51 = 0, 1,{16'“11} OAH_l - ®| +K‘(5l = 2‘21_[ Z 0,

we have that

(4.5.37)

[NE

i Q\GH|+\57;:2\>
w! (@, t) < c(e24) "M max ([(EZA)—g], A ) =
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Denoting the maximum by ', and applying the bounds in (4.5.36), we have

wl p(z,t) < c(e™2)EM (=0 (i td A A0l 40 =2lo ), (4.5.38)

Now assume that |§; = 0,1, {k;, ;} N Ag_1 # (Z)|2H > %|5Z =0, 1|2H. Then, from (4.5.36) we get that |§; = 2\2H >

37 10: = 0,1]5 , and

1 1
M—-H M
> >,
- 4K T 8K

(4.5.39)

where we used that X' > 1, and this case is done. Now say that we have |9; = 0,1, {k;, ;} N Ap_1 # ®|2H <

1

510; = 0,1|5 ;7. Then we can simply bound as follows

& (16:=0 1 {ki LINA 1 015y +10:=25 1) < (30 (M—H) (4.5.40)

Taking M such that M — H > M /2 we are done.
o m(r)=Muwl, A=—t-0>1

M+12

For the first factor in (4.5.33) we bound as in w’,. For the second, we bound everything by AF=2lzm o get

W (1) < ce WM ePTI0=2n p0=2s (4.5.41)

Now that the exponents are only functions of §; = 2, one can use the same argument as in the analogous case for
wy. . In the end, we will need ¢* < 1/2. We remark that these arguments are exactly the ones we want to use to
show the specific bound already mentioned, for 6 > 1, since Sie)(m) is function of essentially 6; = 2, and also

works for A = €*. As already mentioned, the problem lies in the case m < M.
e m(m) < M,w!,AN=¢€¢*,02>1.

Since all particles die before the iteration M, we derive the analogous of (4.5.28). Recalling the definiton of G

in (4.4.27), since for every particle ] € Ag_1 3i > H : 6; = 0,1,1 € {k;,[;}, it is not difficult to see that we have
|Ag—1| <2|Gyl+ K|6; = 2|. (4.5.42)

The terms in the first factor can be bounded as in the analogous case for w!.. Thus, the bound arising from these

1 1 _ . .
terms is e 2&+0 (") < €2(RFD (n ‘AH*”), modulo the (th)_fM term. We used the last bound in order to group it

with the one from the last cluster, as we will see. The terms from Cp, the second factor, can be bounded as follows
Ap_
(egArgGmAwi:mH _ (ezA)fg(z\GH\)A%(K\sizzm) < max ((62&7%&#)' il ) (4.5.43)

If |[Ag_1| > n, we are done. Otherwise, the largest term in the previous display is Ai, by the choice of a. In the

end, we will need c* < m.
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o m(m) < M,wl,AN=A=3£=,0>1

By the same arguments as for the previous case, we bound the second factor by
2 A\—EM o —1,.1\ 1 An-1l
(E22)~¢M max ((e £)~4 t?K) . (4.5.44)

Again, either if |[Ag_1] < n or |Ag_1| > n, we bound the first factor in (4.5.33) as in the analogous case for

n _ ni‘A
w., to arrive at the bound (€2t) "M (et~ 2) TR < (e2t) =M (e=2¢)” 2

H*ll
@5 If |Ag_1| > n then we are done.

Otherwise, recalling that €2t > 1, and that t > €° *, we have

max ((e%)—%tﬁ) < ’ . (4.5.45)

. . 1 25 . .
To uniformize the bounds, note that t7R% < (e’Qt*I) 2(K+2) for any eX+1 < t < €*. When the dominant term is

(e72t)~%, clearly (e 2¢)~% < (e~2t)”2T+% . In the end, we need c* < oI

+

K"
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Chapter 5

Matrix Product Ansatz

In this chapter we explore the Matrix Product Ansatz (MPA) for systems with the SSEP dynamics acting in the
bulk, and general boundary dynamics acting in a window of size 2. For some models, the MPA allows us to obtain
the probability of any configuration given through a matrix product. For the model studied through this thesis, we
know that the Bernoulli product measure is not an invariant measure, and we have no information regarding what
the invariant measure, in general, might be. The reason that the Bernoulli product measures with parameter -, 1/4\’ s
are not invariant for the whole choice of the parameters «;, y;, 3; and J;, is the following. Suppose that there exists

a constant y such that yf/V is invariant. From (2.0.39) for any cylindrical function f we must have

vV (Lf) = 0. (5.0.1)

(€5}

. For the choice
a1+71

Choosing f(n) = n(1), one can we see that for (5.0.1) to be true, we need to impose v =

f(n) = n(2) we see that we need to impose as = 7. For the choice f(n) = n(1)n(2), we see that we need to
impose y1ag = 0. Then, if ap; = 0, we also have 7, = 0 and we are back to the linear SSEP for which one can
prove that the Bernoulli product measures z/fyv are, in fact, reversible. If we assume that this is not the case, then
we need to have y; = 0. For the choice f(n) = n(1)(1 — n(2)) we see that we get a contradiction. So, apart the

case of the linear SSEP, these measures are not invariant.

As mentioned in the first chapter, we know that for K = 2, as = =5 and 2 = J- there are no explicit
correlations in the integral formulation obtained through Dynkin’s martingale. Under this choice of parameters,
one can simply compute Kolmogorov’s equation and, under the stationary regime, explicitly solve the system. For
a more general choice of parameters that is not possible due to the presence of correlations. In [26] it was shown
that for general K, but ; = 0 = §;,; = 1 = (; and 8 = 1 the (stationary) empirical profile is associated to a
linear function in the continuum setting where the boundary conditions are solution of a polynomial of degree K.
In this way, the MPA formulation is a possible candidate to obtain some information regarding the stationary state.
Unfortunately, as we will see, the current methodology is not enough to solve our problem. Thus, we present here
the problems with the current methodology, study the SSEP with linear reservoirs to give the reader some context
(Subection 5.1.3), and propose an extension for the methodology (Section 5.2). We believe that the first indicator

that our extension works is the consistency of the algebra, which is what we will show in the Subsection 5.2.2.
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5.1 Usual Methodology

The idea of the MPA is to assume that the probability of a configuration 7 in the stationary regime can be formu-
lated as a product of matrices. These matrices, in general of infinite dimension, must satisfy a set of rules induced
by the generator of the process. These rules are given by an algebra. From the Kolmogorov equation (2.0.32), one
gets that the time derivative of the probability of a configuration with respect to the stationary measure vanishes,
thus the stationary measure lies at the kernel of the generator. To get this condition, the current methodology relies
on a cancelling mechanism (also known as telescopic rules), proposed in [8]. Since its proposal it has been shown
that, under some conditions, these rules are consequence of the integrability of the model, and are closely related
to the well known Bethe Ansatz [32]. Unfortunately, this formulation only seems to work for "simple" models.
Here, simple does not mean the complexity of the dynamics per se, but the dimension of the action of each local
operator that defines the dynamics. For closed boundaries, or open but with each boundary acting on one site less
than the bulk dynamics [18] we have a theorem that states the existence of such matrices, if one can show that
the algebra is consistent [19]. Moreover, even showing that such factorization exists, the problem of computing
any physical quantity is not trivial, due to the complex structure of these matrices (for more details in this topic
check [6]). Much simpler are the cases when one does not need the representation of the matrices to compute any
quantity - which was our main motivation for solving this problem. Nevertheless, existence of such matrices is still
a problem not studied well enough in the literature.

We analise deeply the linear SSEP with general rates from the algebraic point of view, in order to give the
reader some insight to what we will do next. Along the way, we make some corrections to the algebra for the linear
SSEP with slow reservoirs. To our knowledge, the subtle incapacities of the paradigmatic algebra for the linear
SSEP with slow reservoirs were never detected in the current literature. Afterwards, we propose a natural extension
of this method, and show under what conditions the algebra is consistent. Given the extent of this thesis, we will
not compute any quantity, but only pave the ground for a future work. Before showing (or not) the existence of such
matrices, we prefered to take advantage of our algebra and check the consistency, given that there is no theorem
that guarantees that our method works yet. Both the representation of the matrices and estimates for quantities of
interest will be addressed in a forthcoming work.

Although previous methodology still "works" for our model, the restricitions to the parameters space are too
strong. We were able to relax these restrictions by considering some extra boundary matrices (or vectors, depending
on the point of view). We have no knowledge of work being done in this direction in the literature. Up to now, our

extension has proven to be successful.

5.1.1 Mathematical framework

In this section we will introduce the mathematical framework for the MPA. We will use the tensor product
formalism, given its simplicity for constructing the probability vectors and in general more compact expressions.
We will make a brief summary of the theory from [32]. For a more detailed exposition, and relationships with
integrable models and the Bethe Ansatz we direct the reader to the aforementioned work. By the time of the
writing of this thesis we noticed that a new formalism has been recently developed, in the context of Hidden

Markov Chains. For more details, we direct the reader to [2].
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Recall that for each site i € A (we now denote a site by ¢ given the different context of this chapter) we have
a local configuration variable 7; € {0, 1}, where 7; = 0 if the site is empty and n; = 1 if the site is full. Note that
we have 2V 1 possible configurations. In order to express the probabilities of configurations in a vector form, we
need to construct a vector space with a chosen basis. Thus, to each configuration n = (11, ...,nN_1) We associate

a basis vector |11, ...,mn_1), and to each 7); we associate a basis vector |7;) of C.

Definition 5.1.1. For 1; = 0, 1 the vector |n) is defined by |1) = (0,1)", |0) = (1,0)f, where . denotes the

transposed vector. {|0),|1)} consititutes the canonical basis of C.
Definition 5.1.2. The vector |7y, ...,ny—1) is defined by |n1,...,pn_1) = |71) @ |m2) @ - - - ® |nn—1) .

Example 5.1.3. The definition above states that we can add more sites by simply taking the tensor product of

elements of our basis. In this way, while the local configuration 7); take values
|0) = 0 and 1) = , (5.1.1)

the basis associated to two sites takes the form:

t

T T
, 1>®|o>=(001o), |1>®|1>:(0001)7
(5.1.2)

|0>®|0>=<1000)T, |o>®1>=(0100)

where each element corresponds to the empty lattice, second site full, first site full and full lattice, respectively.

Now we can define the probability vector as

|P) = (P(0,...,0,0), P(0,...,0,1),..., P(1,...,1,1))

5.1.3
=Y Plmean) ) @ ), G4

0<m1,....nN-1<N
where to each configuration the associated probability is stored as a coefficient. We are interested only on models
such that the dynamics can be encoded by a Markov matrix (a real square matrix with each row summing to 1)
that can be decomposed as a sum of local operators acting only on two neighbor sites. For closed boundaries this

dynamics can be encoded by the operator
N—-1
M=) mi, (5.1.4)
i=1

with m; ;41 a local jump operator acting on sites 4,4 + 1: m; ;41 = 1971 @ m ® 19N ~1=1 'with the conventions
m®® = 1 and m®' = m; where m is a matrix of size 4 x 4 acting on the vector space C ® C (i.e., two adjacent

sites), and 1 is the identity matrix with dimension 2 x 2.

Remark 5.1.4. Notice that under this notation, for local configurations (£,¢’) and (7, 7') with (£,¢') # (7,77),
the element (¢| ® (¢'| m |7) ® |7') corresponds to the probability rate that the system goes from the configuration

(My e sMie1y, Ty Ty Mig2y o N—1) O (M1, -y Mim1,&, & Mit2,-..,mn—1). The reader can thus make a clear
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correspondence between m and the transition rates in the definition of the generator in (2.0.27). Moreover, this
rate depends on the local configuration only, and not on the states of the other sites. This is important because the
rules induced by our dynamics are thus local, taking into consideration only the sites they act on. Altough this

makes the M P A problem simpler, as we will see we also lose some important dependencies in our system.

Example 5.1.5. For the SSEP dynamics, with respect to the ordered vector basis {|0) ® [0),|0) ® [1),|1) ®
[0),]1) ®|1)}, we have

00 00
0-110

m= . (5.1.5)
01 —10
00 00

In practice, to obtain this matrix, one fixes a base, then the entry m(%, j) corresponds to the transition rate to go
from the local configuration associated to the basis vector i to the local configuration associated to the basis vector

j. This will be more clear when we relate more explicitly this local operator with the generator.

In the case of open boundaries with coupled reservoirs acting on a single site each, the operator M simply takes

the form:

N-1
M =" miip1+ Br + B, (5.1.6)
i=1
where By, = by, ® 1°(V=2) and B = 19(N=2) @ by, and by, by are 2 x 2 matrices acting on the first (resp. last)

site.

Example 5.1.6 (Continuation). Consider the dynamics where, at the left, a particle can be injected to the first
site with rate « if that site is empty, and removed with rate -y if the site is full (the classical SSEP with "linear”
reservoirs, the particular case of the dynamics studied through this work with K = 1). For the right, we exchange

ato B and v to 0. Under the ordered basis {|0) , |1) }, these jump operators are written as

—a v -8 9
by = , br = . (5.1.7)
a =y B8 =6

5.1.2 General idea

As already stated, the main idea for the MPA is to assume that the probability of a configuration can be factor-
ized into a matrix product. For that, we associate a matrix F to an empty site, and a matrix D to a full site. In this

way, we can associate a configuration 7 to the ordered product

N-—-1
[T 1@ =n)E+nD]. (5.1.8)
=1

In order to get a real number, we apply a trace operator (since we will only work with 1 specie of particles (i.e., the

particles are not distinguished) one can simply state vectors (W] and |V')) to the product on the previous display,
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and normalize it to send the result to [0, 1]. Thus, since under the invariance condition (2.0.39) we have
(LTuX)(m) =0, VneQn, (5.1.9)

where we recall that (1£)(n) = (LTu)(n) (the transposed operator £ is the adjoined of £ with respect to the

standard scallar product), one can express physical quantities with respect to the stationary measure as

N 1 N—-1
pas(m) = Z— (W] 1;[1 (1 —m)E +n.D]|V) (5.1.10)

where Zn_ is the normalization for a system with IV — 1 sites. Letting C' := D + FE, it is easy to see that the
normalization Zy _; takes the simple form Zy_; = (W|C~~1|V). Recalling the notation in (5.1.3), thanks to
the tensor product formalism one can recast (5.1.3), with a clear abuse of notation, as

Q(N-1)
1

= W
Zo, W b

|P) V). (5.1.11)

Recalling the master equation (2.0.32), one can check that, with this notation, the mentioned equation can be
written as 0 |P;) = M |P;) , where M is the operator defined in (5.1.6). Under the stationary state, the left hand-
side of the master equation vanishes and we get the invariance condition (5.1.9). Defining the Intensity matrix H

by the matrix elements

He, = —c(&,m) E#n S112)

ZneQN\g c(n.§) £=n

where ¢(&, 1) are the transition rates, as defined in (2.0.26), one can check that M = — H is the intensity matrix of
the process generated by £, and we have (Lf)(n) = — > ¢cq, Henf(§).
As already mentioned, the current methodology relies on forcing condition (5.1.9) through a telescopic rule,

which we state on the following definition.

Definition 5.1.7. Let X := (X1, X»)! and X := (E, D)!. Given a bulk local jump operator m, we say that X

and X satisfy the bulk telescopic relation if
mXX=XX-X®X. (5.1.13)
Moreover, we call the vector X the auxiliary vector.
Proposition 5.1.8. If the vectors X, X satisfy the bulk telescopic relation, and we also have
(Wb X = (WX brX |V)y=-X|V) (5.1.14)

then the matrix product state (5.1.11) satisfies M |P) = 0. If |P) # O this formulation provides the stationary

state associated to M.
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Proof. The proof of this result is simple and relies only on computing M |P) and applying the telescopic rules.

For details check [32]. O

Although the telescopic rules guarantee that we have the stationary state (if one has no inconsistencies on the
algebra and the normalization does not degenerate), there is no guarantee to whether one can easily compute any
quantity. We know that some models are algebraically solvable, i.e., one can compute any quantity using only the
induced algebra. Nevertheless, to guarantee that matrices that satisfy these rules exist, one has to either find them,
or be in the conditions of Definition 5.1.7 and Proposition 5.1.8. Advances on the generalization of Poposition
5.1.8 have been very few. For any multispecies dynamics it is known that Proposition 5.1.8 holds with only a slight
modification on the basis and, clearly, the jump operator M. For more details regarding multispecies dynamics
see [32] and [29]. Still, one has to restrict to the action of the boundaries on 1 site only each, and the bulk on
2 sites. A natural and simple generalization was proved successfull in [18], where one can extend the action of
each reservoir to  — 1 sites - still, the bulk must act on r sites. The reason for this is simply that the cancelation
mechanism in Definition 5.1.7 still holds with this choice. Only very recently (in fact, we noticed this by the time
of the writing of this thesis) that the open zero-range process was shown to be exactly solvable through a MPA [5]
- both algebraically and through the matrices representation. On the next subsection we will analyse the algebraic
formulation for the linear SSEP. Since this example will be lenghty enough, we will give its own subsection. The
MPA formulation was first introduced in [8] in a more "heuristic" direction to express correlations for the TASEP,
and since then the MPA has been shown to be a reformulation of a problem, for systems with reservoirs acting
in one site each, and the bulk dynamics acting in two [19], thus not an ansatz method under these conditions.
The slow boundary case was first studied in [28]. Here we introduce a new look on the linear SSEP, presenting
a slight correction in the algebra for the slow boundary case, with a completely algebraic approach and trying to

"dismistify" the choice for the usual algebra.

5.1.3 A new look on the linear SSEP

Recalling the jump matrices (5.1.5) and (5.1.7) one can compute the telescopic rules in Definition 5.1.7:

E E X, X, E
m = ® - ® (5.1.15)
D D X, X, D

to get

0=FEX, - X1E,

ED - DE = EX, — XD,
(5.1.16)

_ED + DE = DX, — X»E,

0= DX, — X>D,
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and for the boundaries

E X1 <W|*OZE+"YD <W|X1

(W/by = (W] & - : (5.1.17)
D X, (W|aE —~D (W] X,
FE X, —BE+5D|V> -Xi ‘V>

br V) =— V) & = . (5.1.18)
D X, BE — 5D |V) — X, |V)

Instead of choosing a priori the auxiliary vector in (5.1.7) as the simplest possible that works, as in [6], we will

exploit the relations to see which choice is the most natural. Bulk relations (5.1.16) can be written as

[EaXl]:Oa [E7D]:EX2_X1D7 [EaD]:XQE_DXla [D7X2}:O7 (5.1.19)

where [E, D] is the commutator of F and D : [E, D] = ED — DE. Thus we must have the consistency condition

[E,D] = EXs — X1D = X,E — DX, < [E, Xs] = —[D, X1]. (5.1.20)

Recalling that C' := D + E, summing [D, X5] = 0 and [E, X;] = 0 on both sides on the previous display we have
by definition

[C,Xs] = —[C, X1] & [C, X1 + X2] = 0. (5.1.21)

Now let us look at the boundary rules (5.1.17). In order for this algebra to be consistent we must have

(W|—aE++D = (W|X; = — (W] Xz) = (W[ (X1 + X2) = 0. (5.1.22)

And for the right we also have (X7 + X5)|V) = 0. Unfortunately, relying only on these relations for the aux-
iliary vector we cannot compute any quantity. Before proceeding, will define more precisely what we mean by

algebraically solvabe.

Definition 5.1.9. Given a MPA formulation for a dynamics where each reservoir acts on K sites (that is, by, bgr
acts on CX), we say that the bulk is algebraically solvable if we can express configurations with a fixed number of
particles in the bulk as functions of configurations with particles at a distance < K from a boundary.

We say the boundary is algebraically solvable if we can express local configurations with a fixed number of

particles in a distante < K from a boundary as a function of the normalization constant only.

The bulk and boundary rules suggest that we have Xy = —X;. As we will see, this is enough to compute at

least up to two-sites correlations. Note that the empirical mean at a site = in a system of N — 1 particles has the

formulation
1 - —l-x
By [n(s)] :=< () >n-1= Z— (W|C* 'DeNTT V), (5.1.23)
where 12 is the stationary measure. Now note also that [D,C] = [D, E], since [D, D] = 0 by definition.
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Moreover, with the choice X = X5 = — X our rules take the form
[E,X]=[D,X]=0, [D,E]=XC, (W|aE—-~yD={(W|X, 6D—-BE|V)=X|V). (5.1.24)
In this way, since [D, C] = X C, one can show by induction that
C*'D=C"?DC—-XC"'=...=DC" ' — (z —1)XC" ", (5.1.25)

Thus, the auxiliary vector defined by X = (—X, X)T induces the algebraic solvability of the bulk. Using this, the

empirical mean takes the form
1 1
<n(z) >y_1= =—— (W|DCN2|V) — (2 — 1) =— (W| X;CV 2 |V). (5.1.26)
ZN_1 ZN—l
Noticing that

(W|X =(W|aE—vD = (W|—(a+7)D+aC < (W|D=W|[(a+v) ' (-X+aC), (5127

one concludes that

o« (W XCN=2|V) 1
<n(x) >N_1= v 7 (x—1)+ ot ) (5.1.28)

Again, X5 = — X induces the algebraic solvability of the left boundary, and by symmetry also the right boundary.
We conclude that the linear SSEP is algebraically solvable under this choice. Note that we do not need to make any
specification regarding the nature of X. This can either be a matrix or a constant. Of course, if we send "particle"
D to the right in (5.1.26) instead, we must have the same result. In this way, we also have

(wleh—2x|v)

! W|CN2DIV)+ (N -1 —z)———1. (5.1.29)
ZN_1 ZN—l

<n(r) >y_1=

By analogous computations as in (5.1.27) we have that D |V) = (8 + )1 (8C + X) |V) . Thus,

N—-2
5, wievEx )

5.1.30
B+9d ZN_1 ( )

(Nz(z1)+61+5>.

<n(z) >n_1=

In this way, to have consistency on the computation for the empirical mean we must equate (5.1.28) and (5.1.30):

o 7<W|XCN’2|V> 1B +(I/I/'|CN’2X|V> <N2+ 1 )

a+y ZN-1 a+y  B+0 ZN-1 B+4 s 131
B 8 (5.1.31)

SWIXCYEW) G
Zn- N—2+ g+ g5
Replacing this in (say) (5.1.28) one gets
Ly _ a5

<n(x) >N_1= —(z—1+ ary } (5.1.32)
n(@) >N-1 o+ ( a+7>N—2+ai7+ﬁi5
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Depending on the structure of the matrices D, F, each component of the auxiliary vector X = (—X, X)T does
not need to be a constant. Still, when computing higher correlations the constant choice seems more obvious. But
before that, note that since we chose general rates, one can also study the slow boundary SSEP easily from the

previous computations. Let

a=N"%" p=N"°% =N o5=N"9%, (5.1.33)
then one gets
a B
o N? aty — B+e
<n(x) >n_1= - (x -1+ ) ~7 ~i - (5.1.34)
C!+’}/ 04+’7 N_2+Oé+’}’+m

We will denote N %o/ by N~%a, N=95' by N—¢3, and so on for simplicity, since it is clear that we are working
on the slow boundary case. Clearly, the empirical mean converges to different expressions depending on the values

of 6. Letting

(W|X,CcN=2|v) 1-6 ala+y)" L =8B+t
Inay=n =N . 5.1.35
o I N1=0 —2N=0+ (a+ )7t + (B +6)7 G159
With this quantity, one can rewrite the empirical mean (5.1.34) as
1 JIn=1(0)  In—1(0)
=) = —uy-1(0) + N7 5.1.36
<n(x) >N-1=p" (u) - uJn_1(0) + e ( )

where we used the substitution u = /(N — 1). Computing the limit N — oo the interested reader can check that

the densitity p(u) := limy_,o, p™ (u) depends on the choice of 6, as expected:

o ad—pB~y
aty ~ YBE ) bel0.D).
— a(1+5+0)+8 ad—py o
(W) = srsratirssm (TpTS — UFrTarrir A 0= 1 (5.1.37)
atp 6> 1.

a+B+6+v7?

In particular, the quantity N ~!Jx_1(0) is the discrete current in the bulk, which is independent of the location
(recall that [D, E] = X C). One can check that these quantities agree with [28] under the choice oo + v = 1 and
B+ 6 = 1. As already mentioned, when computing the correlations some problems arise. The expression for the

two-sites correlation (r < y) is given by

(W|ce—tpcy==-1pcN-1=v|v). (5.1.38)

<n(@)n(y) >N-1= T

For simplicity, denote by < 1 >%_, the weight of the configuration 7, i.e., < n >%_;:== Zy-1 < 1 >n_1.

Moreover, let us introduce the L/ R "operators".

Definition 5.1.10. Given a configuration with a particle at site y, we let L,(xz) < 1 >y_1 mean that we will
send the "particle" y to the site © < y whenever the configuration at sites {x,...,y — 1} is free, that is, there

are no particles fixed in between z and y, i.e., {z,...,y — 1}. Similarly, we write R, (y) < n >y_1 when we
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send a particle from the position z to y with z < y and no particles in {x + 1,...,y}. Moreover, we will write

Ly(1) = L, and Ry(N — 1) = R,,

In this way, to check the consistency for the computations of the empirical mean in (5.1.31) we actually showed
that Zn_4 is such that (L, — R;) < n(z) >%_;= 0. To compute the weight for the correlation the idea is
completely analogous to computing the mean: we want to send a "particle" D to the boundary, use our boundary

relations and check whether we can compute all the terms explicitly. Thus,
Ly < n(@)n(y) >N_1= —(z — 1) (W] XCV2DCN V=1 V) + < n(L)n(y) >K_; - (5.1.39)
Now we compute

L, (W|XCv2DCN~v=1 V) =

o 1
WIXCN 2|V —(y—24+4 — )Y (W|XXCN3 |V
+7<| V) —(y +a+7M | V)

R, (W|XCv2DCN~v=1|V) = % (WIXCN2IV)+ (N —y—1+ L) (WIXXCN=3|V).

B+
(5.1.40)
Thus the condition (L, — R,) (W| XCY~2DCN~v=1|V) = 0 reads
( R B) W|xcN=21v) = (N 34 L 1) W) XXCN=3V) (5.1.41)
at+y B+9 B+ 5T + ' o

Of course, checking when (L, — R,) (W|XXC*3DCN=*=1|V) = 0 results in an analogous expression as
above, but with an extra X and N — 4 explicitly instead of N — 3. Recalling (5.1.31), one can clearly see that
X = x € R\{0} is a very natural choice. Moreover, looking at the expression for the mean (5.1.34) we have that
under this choice - would be a free variable. Furthermore, the choice # = —1 (and therefore X = (1, —1)") is
the canonical choice for the algebra for the (linear) SSEP. To our knowledge, two-site correlations for this model
were first computed through the MPA in [28] — to where we refer the reader for the conclusion of the computations
above (with slightly different parameters). Our goal with this section is to state a quite simple observation and
make the reader familiar with the computations. Let us take X; = z € R\{0} and in-out rates as functions of the
size of our system, as in (5.1.33). Then, note that the correlation for a system with N — 1 sites is a function of

systems with a smaller number of sites. Consider the quantity
< (M1 =n(2)) = (1 =n1)n2)n(N = 1) >§_; . (5.1.42)

We will denote by (W| (resp. M) if we use our left (resp. right) relations to compute a local configuration at the

left (resp. right) boundary. In this way, we must have
(W|(DE — ED)CN™*D|V) = (W|(DE — ED)CN~*DI|V). (5.1.43)

Recalling our algebra (5.1.24), now we have DE — ED = xC'. Therefore we compute:

2(N = 1)f

@(DE — ED)CN_4D |V> =z <n(N—-2)>Y == (5/6 5 ZN_2+ ﬂ

ZN_3) . (5.1.44)
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while

WI(DE = ED)CYDIV) = 2 < n(1)(1 = n(2)) = (1= n(0)n(2) >, +
O 8 2N (5.1.45)
T35 < (A =n2) — (1 =n1)n(2) >§N_o= meN_z + mZN_g.
We conclude that
(W|(DE — ED)CN™*D|V) # (W|(DE — ED)CN~*D|V) (5.1.46)

for 6 # 0. Nevertheless, for large N we clearly have that (N — 1)? ~ N? thus the error is negligible, but still,
it removes one of the main features of the MPA with slow/fast boundaries: exact solutions. The big issue lies in
computing higher order correlations, thus making this error not negligible.

From [28] we know that the MPA solution for (5.1.38) exactly solves the discrete PDE for the correlation
between two sites induced by the model, which has a unique solution — also in accordance with [9]. Both the MPA
solution and the derivation of the PDE, however, were computed with NV 9 fixed throu gh all the computations, which
lead to the correct result. Making N completely dependent of the size of the system through the computations,
however, and we’ll have a small inconsistency. Our "solution" is to simply let X be a matrix. In this way one cannot
decrease the size of the system and X behaves as a "ghost particle”, thus fixing the boundary rates. Although this
trick works for the well studied linear SSEP, for other non algebraically solvable models, or by solving the problem
through the representation, one must have in mind that N~7 is in fact fixed. The problem here lies in knowing
how to formally fix this parameter, connecting with the mathematical framework, which we were not able to.

Proceeding inductively, it easy to see from (5.1.31) that we have

—NN-1 0 0

N N
Z_:WXva( @ —5) ||<'—1 ) 5.1.47
N-1= (W Vo " B+e Iy T84 Ta+a -LAD

5.2 Extension of the methodology

We consider essentially the same base and framework as in (5.1.1), with a slightly different cancelation mech-
anism: at the boundaries we associate different matrices to the local configuration, and at the bulk we consider the
usual cancelation mechanism with auxiliary vectors. The difference lies in not considering any auxiliary vector at
the boundaries, thus letting the cancelation be more "natural”. In this way, our MPA formulation for the invariant
measure takes the form of the ordered product

N-—2
pn—1(n) = Wl (mDr + (1 —mEL)) x (1 =m)E+n:D] x (qn-1Dr + (1 =nn-1ER)) V),

2

(5.2.1)

where the boundary matrices Dy, g, E1, r can be different from the bulk matrices D, E. Dividing by the normal-

ization constant,

Zn_1:=(W|(Dp+ EL)CN*(Dr + Eg) V), (5.2.2)
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we have the invariant probability measure ;1Y,. The exact reason for this will be explained shortly. We let each

boundary act on 2 sites, thus the jump operator M in (5.1.6) now takes the form

2

-2
M= mppe1+Bly+ By _on 1, (5.2.3)
1

E
I

and the invariance condition (5.1.9) is again satisfied if 9; | P(t)) = M |P(t)) = 0. We defined above the boundary
operators as Bf2 = by ® 1N =3 and similar for the right, where by, acts on C ® C. We force this condition by
applying the telescopic rules in Definition 5.1.7 in the bulk only, and forcing the remaining terms to cancel with

each boundary. Thus, letting (5.1.13) act on D, E matrices only, the remaining terms from the bulk are
(WX, X QXN 1@ Xg|V) and (WX, XV 1oX0Xg|V). (5.2.4)

Letting the term in left, on the previous display, cancel with (W] (by, + m)X; ® X ® - - - |V') and the terms in the

right, on the previous display, cancel with (W|--- ® X ® Xgr(br +m) |V'), we have the rules

mMXoX=XoX - XX,
0=(W|(by +m)X,®X — (W| X, ®X), (5.2.5)

0=X@Xr+(br+m)X ®Xg)|V).

5.2.1 Induced Algebra

As already seen in the previous section, the choice X; = — X5 is enough to guarantee the algebraic solvability
of the bulk induced by the SSEP dynamics. In this way, we will let X3 = X = —X; and fix our bulk algebra as in
(5.1.24):

[E,X]=[D,X]=0, [D,E]=XC. (5.2.6)

This way, we write the boundary algebra (5.2.5) more explicitly as:

Ep E Ey s
0=(W| |(m+byp) ® —~ ® , (5.2.7)
Dy D Dy X
E Er -X Eg
0=|(m+bg) ® + ® V). (5.2.8)
D Dr X Dr
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We consider the most general boundary dynamics acting on two sites, in order to have a better control regarding

under which choice of parameters our method works:

(5.2.9)

where we wrote | - and - | as the left and right reservoirs, respectively. The local jump operator acting in the bulk,

m, is as in (5.1.5), but now the boundary jump operators are:

(o1 +az) V2 7 0
« —(oq + 0
by = ’ (01 +72) n (5.2.10)
o 0 —(a2 +m1) Y3
0 o g —(m +73)
—(B1+ B3) 01 5o 0
B1 —(B2 + 61) 0 83
bp = . (5.2.11)
B3 0 —(B1 + 02) 01
0 B2 B1 —(01 + d3)

Addicionally, we will focus on the slow boundary case, as in (5.1.33). Since all entries on by, by are aditive on the

rates parameters, one can simply consider the matrices b(Le) = N"%,, bg) = N"%p.

5.2.2 Consistency

The objective of this section is to find under which conditions our algebra is consistent. As a byproduct, we
will show that a closed expression for the normalization constant, Zy_1() := (W|CLCN3Cr|V), exists,
where Cp, := Dy + Ey, and Cr := Dg + FEg. Given the complexity of the rules (5.2.7) and (5.2.8), we found
more convenient to work under a different "basis". From the previous section, we know that the boundaries are
algebraically solvable if we can transform "particles" D into functions of the normalization constant — more
specifically, in C' matrices. In this way, we will rewrite our rules as functions of C, as much as possible. Since our
boundary dynamics acts in fwo sites each, it is natural to think that the two-sites correlation will play an important
role. Moreover, note that C;, D = DC, — Dy E — Ep D (and similar for the right). In this way, we considered

CrC,DC,DyD and Dy E — Ep D as our fundamental quantities (and similar for the right). Thus, consider the
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following substituitions on the boundary relations

[D,E] =CD — DC, EE =CC - DC —CD + DD,

ED = DC — [D,E] - DD, DE = DC — DD

and defining Ay, = D E — Ep D and Ap = DER — EDg, we arrive at the relations

cLC —(C, — D)X
D;C Cr — D)X
ol s+ oty | P2 | G P ~0
DD —-Dr X
Ag, DX

(5.2.12)

(5.2.13)

(5.2.14)

and similar for the right, with new matrices b*L’g, b}}’e, dependent of @, as in the previous section (these matrices

can be found in (D.2)). By either solving the boundary systems above as a linear system on the boundary terms of

order 2, or by setting the common terms of each relation to be equal until we get a final relation and then replacing

back, that is, for example (for the left):

e Let Dy D be on the left hand-side of all expressions;

Equate them two by two (first with second, second with third, third with fouth);

e Now we have 3 expressions instead of the initial four. Do the same for (say) Ar;

Replace back Dy C into one expression for Ay, (note that they are all the same);

Replace back Ay, into Dy, D and now these three expressions are enough.

Our rules can be reduced to:

(W|DC = (W|dF(N°)CLC + d5 (N?)DL X + d¥ (N?)CL X,
WAL = (W[th(N=)OLC + tE(N°YDL X + th(NY)CL X,
(W|DLD = (W[ f{(N°)CLC + f3 (N*)DLX + f§(N*)CLX

and for the right

CDg|V) = di'(N°)CCr + dj(N*) X D + d5/(N°)XCr V),
Ap|V) =tR(N=)CCR + tR(NOXDg + tR(NO)XCR|V),
DDgp|V) = f{{(N°)CCr + f5'(N*)XDg + f3{(N)XCr |V),

Now we have 2 expressions. Doing the same for (say) D, C shows that these two are already equal,

(5.2.15)
(5.2.16)

(5.2.17)

(5.2.18)

where the exponent on N denotes the order of the coefficient, for example, d; (N°) = O(c), dy(N%) = O(NY),

and so on. To reduce our rules, we programmed a Mathematica routine. The script can be found in here. Moreover,
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the coefficients vanish under the following choice of parameters:

th=02a1+11=0 V awm+p=mta
th=0ca+11=0 V agtax+y+13=0 (5.2.19)

dy =0 az+73 =7 + as.

For the right boundary the roots are analogous, considering the substitutions («,y) — (3,6). We will frequently
write, for example, «, to denote {av, o, a3}, unless it is not clear from the context. The other coefficients vanish

under expressions dependent on 6 (for more details see (D.1)).

We will refer to the boundary algebra through the boundary coefficients in the following way:

db db db [k an
«
Af = | tF &tk and A% S = thodt B | (5.2.20)
gl
s s A

Thus, on this basis our boundary algebra is fully characterized (with some abuse of notation) by

DiC CLC CDrg CCr
W AL | =WAY [ Drx |, Ar |Vy=AY [ XDr | |V). (5.2.21)
DD OrX DDg XChg

Example 5.2.1. Under this local "basis", the linear SSEP boundary algebra, studied on the previous section, is

expressed as

_a 0 __1 i(; 0 %
~fa00 ot Sl ~(Boo pr ot
AY=O = 0 0 1 , A0 = 0 0 1
700 (&)2 1 alaty+l) 000 (Lf 1 B(B+I+)
a+ry a+y (at+7)? B+6 B+6  (B+9)?
(5.2.22)

The main interest of considering different boundary matrices is that (t1°%, 5%, t2"%) £ (0,0,1), that is
Ap r # XC. In this way, we allow the current at the windows (where the reservoirs act) to be different than the
one flowing in the bulk. In order to make the reader believe that this formulation indeed describes the stationary
state, we will start by checking the conditions on the discrete PDE for the mean, that should be satisfied by

definition and, hopefully, without any aparent inconsistency. But first, let us define the boundary recursions:

An_3 = (W|DLCN73CR|V), By_3=(W|CLCN3DR|V), Cn_3=(W|CLCN3CR|V),
D% _5 = (W|D,DCN1CR|V), DR_y=(W|CLON'DDg|V),
Ak _y = (WIALCNTACR|VY, ARy = (W|CLON AR V).

(5.2.23)
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Since the element X will appear on the following computations, we will write
X"Cn_z—p = (W|CLX"CNT3"CR |V) (5.2.24)

and simillar for the other recursions above. Note that X is completely free in the bulk (recall that [D, X| =
[E, X] = 0), thus we can always rearrange it to the left/right. From direct application of the Kolmogorov’s

equation (2.0.32), one arrives at the following left boundary conditions

N <l-m>y1-mn<m>Na+<m>v_1—<m>ya=0
N76&2 < ’171(1 — 7]2) >N-_1 —N7072 < (1 — 771)7}2 >N_1 —|—N76013 < (1 — 771)(1 — 772) >N_1 — (5.2.25)

~ N <mm>No1+<m3>No1 —2<nma >n_1 +<m >n_1=0,

for the sites 1 and 2, respectively. Simplifying the conditions above we arrive at

— <) >y (N (a1 +7m) + D+ <n2) >nv_1 +Na; =0
<) >no1 (N P(az —az) +1)— <n(2) >no1 (N (2 +a2) +2)+ <n(3) >y +  (52.26)

+ <n()n(2) >n-1 N (12 — az + a3 — 73) = 0.

Again, for the sites 1 and 2, respectively. Now note that (W|CD = (W|D.C — Ap and (W|CLCD =
(W|DpC?* — ApC — C,CX. In this way, taking the mean and writing in terms of the boundary recursions

(5.2.23), then sending all particles to the left with the relations just mentioned, one arrives at

—An_sN"%(a1 +7) - A%y 5+ N %aCn_3=0
ANng_e(OéQ — 20[3 — ’72) + AfV,3(N_9('V2 + a3) + ].) — XCN74+ (5227)

+ D5 _ 3N (ya —as +az —v3) = 0.

Replacing our boundary algebra (5.2.15),(5.2.16) and (5.2.17), one has coefficients such that

WON_3+ b XAN_4+13XCn_4=0 and s1Cn_3+ $2XAN_4+53XCn_4=0 (5.2.28)
for the sites 1 and 2, respectively, where

I :NetlL—Oél—f—(Otl +’Y1>d%, lo = (041 +’yl)d§+N9t2L, 13:N‘9t§‘+(a1 +’71)d§,
51 = df(ag — vy — 2a3)N_0 + tf(% + oz3)N_9 + flL(vg — g +ag — 73)N_9 + tlL + OZ3N_0, (5.2.29)
sy =d5 (a2 — 2 —203)N P +t5(ya + as)N ™% + ff (2 =z + 3 — y3) N~ + 15,

S3 = dg(ag — ’)/2 — 20[3)]\776 + té(’}/g + 0[3)]\]79 + f3L(")/2 — (X9 + a3 — 73)]\770 + tg — 1
Although these coefficients are long, the interested reader can check that, indeed, [; = s; = 0 for any parameter
(a,y) and # > 0. For the right, the results are completely analogous. Now that we have checked that the

formulation is correct, one needs to see whether the normalization constant is different than zero, that is, if there

are no inconsistencies in our algebra. For that, let us first find an expression for the normalization.
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Proposition 5.2.2. Forallx € Ay:
(RI — Lw) < Nz >7\}f71: 0< AN73 — By_3 = A%is + A]}%fii + (N — 4)XCN,4. (5.2.30)

Proof. Computing from the left we have L, < n, >%W_1= —(v —2)XCn_4 + An_3 — A%_3, and from the
rightt R, < np >%_ ;= (N — (2 4+ 2))XCn_4 + Bn_3 + AR _,. Equating both expressions we get the result

in the statement. Simillarly, letting x = 1 or x = N — 1 in the left hand-side of (5.2.30), we get

Ry <n()>%_ =0k s+ AR s+ (N-4)XONn_y+By_3=An_3 523D
Li<n(N—-1)>% =-Ak . - AR . —(N-4)XCy_4+ Ax_3 = Byn_3.

The main problem with finding a closed expression for Cn_s, that is, only in terms of Cy_j with k& > 0,
are the coefficients d5*"* and 5. The attentive reader might have noticed that these coefficients vanish exactly
when there are no explicit correlations. Moreover, under these conditions, replacing our algebra it is immediate
that (5.2.30) is a geometric recursion in terms of C' — the same form as for the linear SSEP. However, this is the
only case we found that brings inconsistencies to our algebra. Although this might seem counterintuitive — the
simplest case being the one that does not work — with some thought this does make some sense. Recalling the
normalization for the linear SSEP given in (5.1.47), we must have a%—v #* %, otherwise Zn_1 = 0. For the
more particular and more commonly studied choice of parameters, « + v = 5+ J = 1, we must have o # f.
Recalling that d¥ = t£ = 0 < ay + 93 = a3 + 72, we also have some sort of "equilibrium" in the non-linear
rates, which makes the MPA to fail. To finally see when our algebra is consistent, note that the rules (5.2.15) and

(5.2.17) are not always consistent. For that, we will deduce (5.2.17) from (5.2.15). Recalling the mentioned rules:

(W|DpC = (W|dF(N°)CLC + d5(N?)D X + d}(N?)Cp X, (5.2.32)

(W|DLD = (W| fE(N°)CLC + f¥(N?)DLX + ff(N?)CLX, (5.2.33)

the idea is to reduce (5.2.15) and (5.2.17) by multiplying C through the right, then using commutators and the other
relations to group all the "particles” in the left. We only do the computations for the left boundary, and supress the
vector (W | and L upperscript in the coefficients for simplicity, unless it is not clear from the context. In this way,

note that
D CD=DyDC - DCX =diC,CD+de D, DX +dsCpDX. (5.2.34)
Computing each term on the right hand-side of the last display

CLCD = (DLC AY CLX)C = ((dl — tl)CLC + (d2 — tQ)DLX + (dg —t3 — ].)CLX)C,
DDX = f1CL.CX + foDCX + f3CpL X X, (5.2.35)

CrDX =D CX — AL X =D;CX —t1CLCX —to D XX — t35CL X X,
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we have

D DC —D;,CX =d; ((dl — tl)CLOC+ (dg — tQ)DLCX + (d3 —t3 — l)CLCX) +

(5.2.36)
+ dg (fchOX + foDCX + fgCLXX) + d3 (DLCX —t1C.CX —to D XX — thLXX) .
Rearranging the terms:
D;DC =CrCC (dl(dl — tl)) +CLCX (dl(dg — 13 — 1) + f1d2 — dgtl) + (5.237)

+CL XX (dgfg — d3t3) + D, CX (dl(dg — tg) + dofo +ds + 1) — D X Xdsts.

But by (5.2.17) we must have the last term equal to f1CCC + foDpCX + f3CCX. Equating the expression

in the previous display to the one we just mentioned, and rearranging the terms we have

CLOC (fi — di(di — t1)) = CLOX (da(ds — t5 — 1) + fuda — dsty — f3) + (5.2.38)
+ CLXX (dafs —dstz) + DLCX (di(d2 — t2) +dafo +d3 + 1 — fo) — DL X Xdsto.

Now it is clear the inconsistency by setting d = t& = 0. If these coefficients vanish, then the expression
on the previous display is a closed recursion for the normalization, but inconsistent with (5.2.30). While we
could have that, after replacing our algebra in Dy C X, all the coefficients vanish, this is not the case and we will
always have to make further restrictions in our parameter space. Let d%, % # 0, and most of our problems are
solved. By replacing our algebra in Dy, C' X, one has an expression for Dy, X X as a function of C;,CC,C.CX
and Cr X X. This is good because now we can successively replace this back in (5.2.15) and (5.2.16) to get an
expression for D C and A\, as a function of the normalization only (modulo X matrices). Replacing this in our
expression for the normalization (5.2.30), and doing completely analogous computations for the right boundary,
one can see that Cy_3 = Z_1 is a second order recurrence. While this means that we cannot fully solve the
MPA problem algebraically, we can get good enough approximations for any physical quantity by iterating the
recurrence. Furthermore, we can solve the continuous PDE exactly by simply taking the limit, and noticing that

we have g”"‘ = O(N~1)for6 € [0,1], and g”f“ = O(N~*) witha > 1 for § > 1, just as for the linear SSEP.
N-3 N-3
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Chapter 6

Conclusions and future work

As seen in Chapter 3 and 4, the slow reservoirs impose not much difficulty when § > 1. When 6 < 1, however,
these arguments do not work. In Chapter 3, we saw in the heuristics for the hydrodynamic limit, Section 3.2, that
0 < 1is a problem, since the martingale would "explode" as N — oco. We can work around this by choosing
a more appropriate test function and notion of weak solution. In the formal proof, we see the same problem
when showing the tightness of the sequence {Q%} N>1, by the end of Subsection 3.3.1, and when showing the
Replacement Lemmas. In [3] it is shown that the sequence is tight for all § € [0,1) and K = 1, where the trick
lies in taking a different test function H that, instead of only being in C?, it has now compact support. The same
argument works for general K, but then we run into the problem again in the proof of the Replacement Lemmas—
to be more specific, in (A.0.27), for example, where we bound the Dirichlet form. A solution might be to exchange
the measure to a more appropriate one, through the entropy inequality. Following on this direction, one could use
the MPA formulated in Chapter 5, for K = 2. Nevertheless, we were successful in proving the Hydrodynamic

Limit for 6§ > 1, and in the treatment of the correlation terms.

For the propagation of chaos, from the moment that we compute the bounds for w/. and w! ;; in terms of "full
powers", in Proposition 4.4.5 and Lemma 4.4.2, it is clear that for # < 1 the exponents are too large to treat. For
6 > 1, as already mentioned, we are confident in the bound ¢, (e ~2t)~"?¢" for the v—functions, since we were

able to show it for m = M, that is, when we truncate the series of iterations for the v—functions.

To show the Hydrodynamic Limit for 6 < 1, we have a preliminary work where we consider the generator of a
random walker that is absorbed in the boundaries, instead of reflected as in Chapter 4. This leads to the estimation
of other quantities, after an application of Feynman-Kac’s formula. We believe that the study of the article [24]

will prove to be fruitfull in terms of ideas for the proof.

Regarding the Matrix Product Ansatz, we have not mentioned the existence of such matrices. In fact, a lot of
work has been done in this direction, but it is still not ready yet. Our strategy was to adapt the bulk matrices, D and
E, presented in [8], then apply the boundary relations to find the vectors (Wy| := (W| Er, , (Wy| := (W| Dy, and
similar for the right. From [8], we were able to find 2 more matrices that satisfy the bulk condition [D, E] = C
(note that we considered & = 0 and x = 1). For one of them, we were able to find a reccursion relation for
each boundary vector, thus showing existence. The problem lies in noticing (which we only did in a final stage of

this thesis) that we may sum any constant b to each matrix, and the bulk relations still hold (for example, letting
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D’ := 1b + D), and this constant is, clearly, incorporated into our boundary vectors. Thus, one needs to show
that either the constant is free (in the sense that it vanishes when computing any quantity), or fix it. Even later in
the development of this thesis, we noticed in [5] that one may "force" this constant in order to have the correct
result for the MPA, but with a catch: one needs the explicit solution of the homogenous discrete PDE that the
empirical mean satisfies. The strategy is quite simple: explicitly compute the mean through the left by using the
representation, then through the right, equate them both, and check what the constant b may be in order to match
with the known stationary solution of the PDE. For K = 2 one can, however, explicitly solve the continuous
homogenous equation (the problem lies in solving polynomials of degree 4, but one may choose the parameters
appropriately to simplify the problem). Thus, our strategy is to compute the mean with the representation, take the
limit N — oo then check wether b vanishes or not. But again, we have a new problem. Due to our number of
boundary rules and their complexity, and the infinite representation of the bulk matrices, the vectors have infinite
entries different than zero, and we could not compute any quantity. Professor Gunter M. Schutz suggested two new
matrices, that still need to be tested. Thus, there is plenty of work in this direction.

Regarding the MPA still, we remark that we considered the boundary to act in the same number of sites as the
bulk, and we know that if the boundaries act in one site less than the bulk, the current methodology, in principle,
should work, unless there are inconsistencies in the algebra for any non trivial choice of parameters. One could
consider the opposite problem, and let the boundaries act in more sites than the bulk. To our knowledge, there
has not been any work in this direction. While one could proceed exactly as we did through this thesis, it is clear
that the rules will be completely chaotic. It would be interesting to consider our method as a particular case of a
cancelation mechanism acting in the window that each reservoir acts on —similar to what it is done in the bulk.
In this way, one may focus more in the rules induced by the auxiliary matrices, rather than all the terms in the
boundary relations as we did. Moreover, we know that the TASEP (Totally Asymmetric Exclusion Process) is
algebraically solvable (in fact, the TASEP was the first model solved through the MPA, in [8]), and also the zero-
range process, as already mentioned. It would be interesting to see how consistent the boundary rules are with
respect to the extension in this thesis, under this change of bulk dynamics.

Regardless of all the technical difficulties for # < 1, with respect to the Hydrodynamic Limit and the propaga-
tion of chaos; and the complexity of the MPA’s representation, we were sucessfull in showing the Hydrodynamic
Limit for a new and technically interesting model, and in studying regimes not yet studied in [24] as a particular
case. Moreover, we deconstructed a difficult article and showed that the propagation of chaos still holds for our
model; made corrections in a classic algebra, introduced new tools for an algebraic study, and extended a method
in a direction not yet successfully extended since its formulation, which not only opens new doors for different
extensions, but allows us to study large deviations and the Hydrostatic Limit with a simpler approach for models

not studied yet. And for that, we are proud.
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Appendix A

Replacement Lemmas

In this section we prove the Replacements Lemmas that are needed in order to get the weak formulation of
solutions to the hydrodynamic equation. As already mentioned, we will only make the proofs for K = 2, since
the arguments for general K are analogous. We start with some definitions. We recall from Example 3.3.3 the

definition of the Bernoulli product measure, uﬁ_), defined by the marginals

vaty(m:n(x) =1) = 9(§), (A.0.1)

where v : [0,1] — [0, 1] is a measurable profile. Note that the total probability of a configuration takes the form

1/%) (1) = [eea, V(F))" @) (1— Y(E) 1(®) and if 7 is a constant function then 1/ is invariant for the change

of variables,that is, V,]YV (n@etly = V,]YV (n).

Definition A.0.1 (Dirichlet form). For a probability measure ;. on 2y and a density f : Qnx — R with respect to
1, the Dirichlet form £y of f is defined as (v/f, —Ln+/f),.. In our case we have

<\/?7 _EN\/f>M = <\/’ _LN70\/?>H + Ni f7 L b\[ ;t N \[ E%II; f>;u (A.0.2)

where we recall that (f, g) fQN 1) du, for all functions f, g : Oy — R.

Our first computation is a comparison between the Dirichlet form just defined and the next quantity, also known

in the literature as careé du champ:

Dn(\V/f 1) == Dno(V/fo ) + DNbe %,Lb(\/faﬂ)’ (A.0.3)

where

Dro(VF.h) = Z | [V - Vi) i,

Df (V' m) =D _(\f.u)+ DY (Vf.n) and DNE(V/F,p) = DNE(VF.n) + DN (VF.m),

(A.0.4)

Al



with

_(\/fyu)=%/(a1(1—( + (W) V0L = Fn)? du,
D% (V1) / Br(1 — (N — 1)) + 6n(N — )W FON-1) — VI di,

(A.0.5)

and

DN (VT =5 [ (an()(1 = (2)) + (1 = n() )/ TGP — /T d
DA (VT =5 [[(Ban( = D1 = 0N = 2)) + 82(1 = 0N = )N = )y r"~2) = VT

(A.0.6)

The reason for us to introduce these quantities is simple. Looking at the statements of the Replacement Lemmas
A.0.6 and A.0.5, we will use the entropy inequality (C.3.2) to "exchange" the measure ;N to a simpler one, while
controling the entropy between both. In this way, we want to use a measure where the entropy of the measure
induced by our process with respect to the new one is going to be small enough, and product Bernoulli with
constant profile, as we will see, is enough for # > 1. Once applied the entropy inequality, we can use Feynman-

Kac’s inequality, thus needing to estimate the quantities defined above.

We claim that for > 1 and for 7 : [0,1] — [0, 1] a constant profile equal to, for example, -, the following
bound holds

NV FA Pl N V) +O(NT). (A.0.7)

The following estimates are not difficult to obtain and rely essentialy on writing the terms (Ln .v/f, /) vy as its
half plus its half, summing and subtracting the appropriate terms in one of the halfs to get —Dx (v/f, 1/4\7 ) plus
a new term. Then, group the remaining half and the new term, and make an appropriate change of variables to
take advantage of the particularity of V,]YV being invariant for the change of variables 7 +— 7** %! (for the bulk), or
2

replace v} n) — V,JYV (n®) with a small error, for the boundary terms. Thus, we will refer the reader to C.2.2 for

the full statement, and only refer at the moment that we know that:

<[’N-,0\/?’ \/?>1/f{v = _DN,O(\[v V'Jyv) and <£’LN,—\/?7 \/7>V£>’ S _DZZ\JZ,—(\/fv Vy) + O(Nie)- (A.0.8)

Thus, it is only necessary to control the contribution from £Y%. For that purpose we recall the following lemma

from [4]:

Lemma A.0.2. LetT : n € Qn — T(n) € Qn be a transformation, and ¢ : 1 — ¢(n) be a positive local function.

Let f be a density with respect to a probability measure 11 on Q. Then, we have that

[ D FE@) - Vi) V) dn s - [ e [VITW) - Viw)| der
+ [ i et = ecran "SBN [T + VT

c(n)

(A.0.9)
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From this lemma we have

/azn(l)(l = n0(2) +72(1 = n()n@) [V F (?) — /F )/ f (n)dvs (A.0.10)

S -DNE(VF ) /N— l1— ] V02 =/ f(m))?d (A.0.11)

V'y

where we bounded a2n(1)(1 —n(2)) 4+ v2(1 —n(1))n(2) and aan(1)n(2) +~v2(1 —n(1))(1 —n(2)) by a constant.

Since 1/ is Bernoulli with constant marginals, we have (A.0.7).

Remark A.0.3. For the general case K > 2 the only difference lies in the fact that we will have to consider
EN L = de>2 L%L ** where for each = we have the non linear dynamics acting at the sites 2, ...,z . Just as in

L 7£NL2

the case studied above we have LN with the aforementioned notation. In this way, the error from the

non linear dynamics would be of order (K — 1)N~?.

The next lemma will allow us to prove one of the Replacement Lemmas that is needed in the proof of hydro-

dynamics.

Lemma A.04. Let x < y € Ay and let ¢ : Q — Q be a positive and bounded function which satisfies p(n) =
o(n** L) forany z = x,- -,y — 1. For any density f with respect to Z/,JYV and any positive constant A, it holds

that

SADNGW )+ A

Proof. Note that n(z) — n(y) = Zz;i(n(z) —n(z + 1)). Summing and subtracting ZZ;; f(n***1) we have:

‘<<p(n)(n(x) —n(Y), oy

y—1

e n(a) —n(w). x| < 3 3

[ otz) = ate + D)) — ) v ]
(A.0.12)

=z + 1)) + F==+ )] dvy'| .

Note that since ¢ satisfies () = ¢(n**T1) forany z = z,-- -,y — 1, by a change of variables, we conclude that

the last term in the previous display is equal to zero:

/s&(n)(n(Z) —n(z+ D)) fmdvd = > em)((z) = n(z+ 1) fFm)vd (n) (A.0.13)

neQN

VN’ z,z+1
= Y O+ ) - e )

@ v (8), (A.0.14)
EEQN Y

since )\ has constant marginals we have that v/ (¢*t1) /uN(¢) = 1 and the last expression on the previous

display simplifies to

- >« — &+ D)) AETN (), (A.0.15)

£eQN

Now, we treat the remaining term. Using the equality (o —b) = (v/a—v/b)(y/a+/b) and then Young’s inequality,
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the first term at the right side of (A.0.12) is bounded from above by

13
2

Z=T

Jtemntz) e+ 0)? (VI + Vi) d

[ (Vi - Viw=)

(A.0.16)

y—1
A,

Recalling the definition of Dy o(v/f, v2), clearly we have Dy o(v/f,v2) < Dy (v/F,v}). From the fact that ¢

is bounded,

7(z)|< 1 and f is a density, the term on the left-hand side of last expression is bounded from above

by a constant times A. This ends the proof. O

Lemma A.0.5 (Replacement Lemma 1). Let ¢ : Q — € be a positive and bounded function which satisfies

o) = o> forany z = z,- -,y — 1. Forany t € [0, T] we have that

t
limsupE,, H/o ©(Msnz)(Msnz () — Nenz(y))ds } =0. (A.0.17)

N—+4o00

Proof. The expectation above can be written as

/=

From entropy inequality (C.3.2), for any B > 0, last display is bounded from above by

/0 ©(Msn2)(Msn2 () — Nsn2(y))ds

] . (A.0.18)

H(unIvY) L e /eBEn[ /0 t e(nsnz)(Nsnz () — Nenz(y))ds ]duN. (A0.19)
BN BN v
Now we use Jensen’s inequality and bound the previous expression by
H(#&N) N ﬁ tog [ B, [P 8 #0s2) ena =y 1) 1 W, (A.0.20)
which is equal to
w N ﬁ g B,y | JE 2,2 <m>—nsNz<y>>ds] _ (A021)

Now we apply the inequality e/*l < e* 4+ e~ to be free of the absolute value inside the exponential. Noticing that

limsup N~ log(ay + by) = max{limsup N ! log(ay), limsup N ' log(bx)},
N—+o00 N—+o0 N —+o00

we only need to work with the exponential with positive expoent. It is easy to see that H (py \uév ) < NC,, since

by (C.3.1)

1
H(un|v)) = > p(n)log V’fv(”)) < Y nlm)log . (A.0.22)
neQN

Recalling that v () = [T,cx, 7" (1 = 7)), let y4 := v A (1 — 7). Then w2 v~ N, Since the
Yy
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logarithm is an increasing function, we have

> uln)log —— =l <N DY 1og— < NC,, (A.0.23)

neQN neQN

where we only needed to impose that v # 0,1. By Feynman-Kac’s inequality (C.4.1), expression (A.0.21) is

bounded from above by
S+ fsup {tem @) = nw)), Moy + 5 ENVTA Dy |- (A.0.24)

The supremum above is over densities f with respect to v,,. By Lemma A.0.4, with the choice A = N we have

that

(e (n(z) —n(y)), vy

5

SEDNWEVY )+ £ (A.0.25)

From (A.0.7) and the inequality above, the term on the right-hand side of (A.0.24), is bounded from above by
% + ﬁ Taking N — oo and then B — +o00 we finish the proof. O

Lemma A.0.6 (Replacement Lemma 2). Let ) : Q — Q be a positive and bounded function which satisfies 1 (n) =
(@) forany z =z +1,---,x+eN —1. Foranyt € [0,T) and x € Ay suchthatx € {1,---, N —eN —2}

we have that

meWMmm@wﬁﬁ%umm

limsupE,, {
N—+oco

} = 0. (A.0.26)

Note that for ¢ € Ay such that x € {N —eN — 1, N — 1} the previous result is also true, but we replace in the

previous expectation 72%2 (x) by ?i%z ().

Proof. We present the proof for the case when « € {1,---, N — eN — 2} since the other case is analogous. By

applying the same arguments as in the proof of the previous theorem, we can bound the previous expectation by
eN
G +tsw {W0) = T @): Doy + FEVN Do | (A.027)

where B is a positive constant. The supremum above is over densities f with respect to u . From the definition

of 7 (x) in (3.3.38), first term in the supremum above can be written as
1 x+eN
N > @) =), oy

&
y=z+1

By Lemma A.0.4 with the choice A = % and from (A.0.7), the term on the right-hand side of (A.0.27), is again

bounded from above by % + % Taking N — oo and then B — +o00 we are done. O
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Appendix B

Energy Estimate

In this section we will show that the density p lives in a Sobolev space, almost surely in ¢ € [0,7]. The
procedure is standard, and we will follow mostly [3] and [10]. We start by presenting some notation for this

section.

e (-,+), : inner product in L?([0, 1]) with respect to measure x defined in [0, 1] and ||-|| ;- the corresponding

norm;

e C™™([0,T] x [0,1]) : set of functions m times differentiable on first variable and n times differentiable on

the second variable with continuous derivatives;
e C™"([0,T] x [0,1]) : subset of H € C™™([0,T] x [0, 1]) such that H, has compact support in (0, 1);
e C(0,1) : setof m continuously differentiable real-valued functions defined on (0, 1) with compact support.

Definition B.0.1. The semi inner-product (-, -); on C°°([0, 1]) is defined as:

(G,H), :/0 (0,G)(v) (0, H)(v)dv, (B.0.1)

for G, H € C*°([0,1]), and the corresponding semi-norm is denoted by ||-|.

Definition B.0.2. The Sobolev space on (0,1), H!(0, 1) is the Hilbert space defined as the completion of C°°(0, 1)
for the norm ||- ||§{1 = || Hiz +1- ||f, and its elements coincide a.e. with continuous functions. Moreover, we define

L2(0,T5HY(0,1)) = £/ : [0,T] — H' | [T [ fulloyds < o).

Now we show that the density p lives in the space L2(0,T;H'(0,1)). This result can be summarized in the

following proposition.

Proposition B.0.3. Let Q be concentrated on paths m,(dv) = pi(v)dv. There, exists a function in L?([0,T] x

(0,1)) denoted by 0, p such that

/0 /0 (0,G)(s,v)p(s,v)dvds = —/0 /0 G(s,v)(0yp)(s,v)dvds (B.0.2)
forall G € C%1([0,T] x (0,1)).

B.7



To see this, for simplicity we consider the linear functional ¢, defined in C2-*([0, T x (0,1)) b

T 1 T 1
G)= / / 0,Gs(v)p(s,v) dvds = / / 0yGs(v) dr(s,v)ds. (B.0.3)
o Jo o Jo

By Proposition B.0.4, the proof of Proposition B.0.3 is simple.

Proof of Proposition B.0.3. Since the set of functions H € C%1([0,T] x (0,1)) is dense in L2([0,T] x (0,1)),
and by Propposition B.0.4 £ is Q — a.s. bounded functional in C%([0,T] x (0, 1)), one can extend this functional
to L%([0,7] x (0,1)). As a consequence of the Riesz’s Representation Theorem, there exists a function H €

L2([0,T7] x (0,1)) such that for all G € C%1(]0,T] x (0,1))

/ / Gs( v)dvds. (B.0.4)

From this we conclude that p € L2(0,T;H'(0,1)). O

Proposition B.0.4. There exist positive constants C and c such that

E[ sup {ép(G) - c||G||§H <0<, (B.0.5)
GeCcd([0,T]x(0,1))

where ||G||2 is the L? norm of a function G € L([0,T] x (0,1)).

Proof. By density and by the Monotone Convergence Theorem we only need to show that for a countable dense

subset { G\, }mern on C22([0, T] x (0,1)) holds
E ﬂax{ﬂp(Gk) —c||G*|2}] < C (B.0.6)

for any m and for C independent of m. The upperscript in G corresponds to the index. From [10] we know
that the map m. € Dum[0,T] — maxp<m {£,(G*) — ¢||G*||3}, is continuous and bounded with respect to the

Skorohod topology. Thus, the expectation in the previous display is equal to

k T k
I,ng{/ N_lzaa 2)n.(e)ds —cl@ ||2}

By entropy and Jensen’s inequalities, and changing to the measure 1/4\7 plus noticing that e™#*k<m @ < ZZ;I ek,

lim E,,

N—o0

B.0.7)

the previous display is bounded from above by

C, + _1 log Eué\’ lz efoT Deeay 31:,G§(ﬁ)ﬂ‘<(f)dS—CN|Gk|gd3‘| ) (B.0.8)
k=1

By linearity of the expectation, to treat the second term in the previous display it is enough to bound the term

limsup = logE, N

N —oc0

)

[ JE S eny 8uGs<%>ns<m>dsfczvncn§ds}

for a fixed function G € C%2([0,T] x (0,1)), by a constant independent of G. By the Feynman-Kac’s formula

B.8



C.4.1, the expression inside the limsup is bounded by

T
/0 SI}p{Nl_l/QN S 0 E @) )Y — | GIZHN(Ln /T Ty s (B.0.9)

T€EAN

where f is a density with respect to u . Note that by a Taylor expansion on GG, we can replace 0,, by V+ Gs(%)

with an error of order O(/N~1). Then, summing by parts (recall C.1.1), we get
/ Z Gs(5) (@) —n(z + 1) f(n)dvy. (B.0.10)
QN z=1

By the same trick as most of the proofs in the previous section, we write the previous term as one half of it plus one
half of it, and in one of the parts we exchange 7 — n***1 (recall that I/,JYV is invariant for this change of variables).

Thus, the last display is equal to

l; Gl nte) — nlar + D)) — Fr v Bo1)

By analogous arguments to those used to show Lemma A.0.4, last term is bounded from above by

N-2
Z x,T L Z,T
i |, X G + VI + g [ S/ - )
T= 1 z=1 (B.0.12)

1
Z (&) +  Don (Vo))
eAn
for some C' > 0. From (A.0.7) we get that (B.0.9) is bounded from above by

T
/ 1 X
0/0 145 3 (@3] ds — ellal3 (B.0.13)

TEAN

plus an error of order O(N ~1). Above (" is a positive constant independent of G.

. N .
Since we have that 4 Yweny (Gs(§))? -G g,then it is enough to choose ¢ > C' to conclude that

MW%O/P+*XI (2] ds — eGl3} £ 1 (B.0.14)

N—oo TEAN

and we are done. O
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Appendix C

Auxiliary results

C.1 Discrete calculus

For any function A dependent of x, define the backward difference operator in x, V,, as V, A = A(z) —

A(zx — 1). Then, for any A, B functions dependent of z it is easy to derive a discrete product rule.

V.[A(z)B(z)] = A(z)B(z) — A(x — 1)B(z — 1)
= (A(z) — A(z —1))B(z) + A(x — 1)B(z) — A(x — 1)B(z — 1) (C.L.1)
= B(x)V,A(z) + A(z — 1)V, B(z).

By the product rule above, and considering A(z) = A,, B(x) = B, one can derive the following summation by
parts (also known as Abel’s lemma, or Abel’s transformation).
Lemma C.1.1. Suppose {A,}, { B} are two sequences. Then,

n

n
Z Al(B.L-'rl - B.L) = Aan—l - AmBm - Z B.L(AJ, - Aw—l) (Clz)
r=m r=m-+1

C.2 Dirichlet forms

The following two results can be found in [3] (Lemma 5.1 and Lemma 5.2, respectively). On the following

lemma we only changed the notation to the one used through this thesis.

Lemma C.2.1. Let vy : [0,1] — (0, 1) be a function. Let f : Qn — RT be a density with respect to the measure

l/,]y\é ) Then, if vy is a constant function

<£N.,O\/f7 \/f>u5(_) = *DN.,O(\/E Vé\z.)) (C2.1)

The original lemma above also has a simillar extension for v smooth, which we will not need to use here. The
following lemma is originally stated for a; = « and y; = 1 — «. Following the proof in [3], one can easily see

that the statement below holds.



Lemma C.2.2. Let v : [0,1] — (0, 1) be a function. For any g density with respect to Z/,ZYV we have

(LX-VI: VG = =D (V3 750)) + En(7,9), (C22)

a1

with |En (7, 9)| < C(’y)"y(%) — HN79H9||3§V<_>' A similar equality holds for L, , by replacing (&) -

N-1 B
by ( ) 51;51 )

o
a1+

C.3 Entropy

Theorem C.3.1 (Entropy formula, [17]). If p and v are measures in countable space E , and p is absolutely

continuous with respect to v, the entropy H(u | v) of pu with respect to v is given by

H(ulv) =Y ulz) i (C3.1)

el

and is equal to 0o otherwise.

Proposition C.3.2 (Entropy inequality). For two measures u, v in E and for v > 0:

/ F(n)p(dn) < H(ul V) + i / Ty (dn) (€3.2)

C.4 General inequalities

Theorem C.4.1 (Feynman-Kac inequality[3]). Let {X;}:>0 be a Markov process in the countable space E, with
infinitesimal generator L. Let v be a probability measure in E and V : [0,00) X E — R be a bounded function.

Denote L, = L + V (t) where V, = V (t,-). Define

Po= sup {0V 5+ (Lf Pty (C41)

where (-, -) denotes the inner product in L>(E,v) and ||-||, = (, )é Then
E, [eﬁf wxndr} < eJs Tads, (C4.2)

Theorem C.4.2 (Doob’s maximal inequalities). Let {F;}>¢ be a filtration on a probability space (?, F, P), and

let { M }i>0 be a continuous martingale with respect to the filtration {F; }1>o.

o Letp>1landT > 0. IfE[|Mr|"] < +o0 then ¥Vt > 0,

P( sup |M;| > A) < A PE[|Mr|?). (C.4.3)
0<t<T

o Letp>1landT > 0. IfE[|Mr|"] < +o00 then

p
E[( sup |M])?] < (p) E [|Mr|"]. (C.4.4)
0<t<T p—-




Doob’s inequality is a classical result in Stochastic Calculus and both the proof and statement can be found in

most books on the subject.

Theorem C.4.3 (Markov’s inequality). Let X be a r.v. such that E [| X |’] < co. Then VA > 0,

P(|X| > X) < APE[|IX[F]. (C4.5)

C.5 Topology

The following results can be found in [17], chapter 4

C.5.1 Tightness

Definition C.5.1. A collection of probability measures M defined in a metric space (S, F) is tight if Ve > 0 exist
K compact such that Vi € M we have u(K) > 1 —e.

Definition C.5.2 (Relatively compact). A collection of probability measures M is relatively compact if each

sequence has a subsequence that converges (weakly).

Theorem C.5.3 (Prokhorov’s theorem). Let M be a collection of probability measures on (S, F). If M is tight,

then M is relatively compact. Moreover, if S is complete and separable, the reciprocal is also true.

C.5.2 Skorohod topology

Let Ds[0, T) be the space of cadlag functions with values in S, where S is a separable space endowed with a
distance 9.

In order to avoid big oscilations in the measure as a result of the jumps of the process, we use a more
"smooth" distance than the uniform — the Skorohod measure. First, let us define A = {\ | [0,T] — [0,7] :

A is a continuous and increasing function}. If A € A we let

Alt) — A
| Al] :== sup 10g(()(8)>’. (C5.1)
t#s t—s
Finally, if 4, v € & we define the Skorohod distance as
d(p,v) = inf max{[[Al|, sup 0(ss, va))}- (C5.2)
AEA 0<t<T

Proposition C.5.4. The space Ds|0,T| endowed with the metric d above is a metric complete separable space.

The module of uniform continuity of a trajectory p is defined as

wu(y) = sup (s, pe)- (C5.3)

[s—t[<~vy
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We can modify the definition above to a more useful one:

W (y):= inf max  sup (s, ), (C.5.4)
#() {tito<icr 0Si<r ¢, <s<t<t; i, (M 'ut)

where the infimum on {#; }o<;<, is taken over all the partitions of [0, T] such that 0 =: ty < --- < ¢, := T, and

t; —ti—1 >'y,V1 <1<

Theorem C.5.5 (Aldous’ conditions). Let { PN} y>1 be a sequence of probability measures in Ds[0, T|. Then the

sequence is relatively compact if and only if

1. Forallt € [0,T],e > 0 there exists K¢(¢) C S compact such that

sup PV (u € Ds[0,T) : ps & Ki(e)) < e. (C.5.5)
N>1
2. Ve>0
lim limsup PV (1 € Ds[0,T] w, () >€) = 0. (C.5.6)

70 N

Condition 2. of the previous theorem can be replaced by a more simple to check:

lim lim sup P (1 € Ds[0,7] : wy(7y) > €) = 0. (C.5.7)

70 N
The result that we will apply is the following which guarantees the requirement of (C.5.7)

Proposition C.5.6. A sequence of probability measures { PN} y>1 in Ds[0, T satisfies (C.5.7) if Ve > 0,

lim limsup sup PY (u € Ds[0,T) : 6(prto,,) >€) =0, (C.5.8)
720 Nooo r€T7,0<y

where T is the set of all stopping times bounded (a.s.) by T.
Proposition C.5.7. Let {gi}x>1 be a dense family in C2[0,1]. A sequence of probability measures {QN }n>1 €

Dm0, T) is relatively compact if Vk > 0 {QN:9%} N1 is, where QN9 is induced by the map

¢ : (Dm[0,T],QN) — (Dg[0,T],QN9%) (C.5.9)

(¥ Yeso = {7, gi) }>o- (C.5.10)
The result above is consequence of the duality (7, gx). Now we state Portmanteau’s theorem, which is a
classical result in probability theory and we refer the reader to [16] for more details.

Theorem C.5.8 (Portmanteau’s theorem). For any random elements X, X1, Xo,... in a metric space S, the

following conditions are equivalent
d
1. X, —» X.

2. liminfy P(Xny € G) > P(X € G) for any open set G C S.
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3. limsupy P(Xn € F) < P(X € F) for any closed set F C S.
4. P(Xy € B) —» P(X € B) forany B € B(S) with X ¢ 0B a.s.,

where B(S) denotes the Borel c—algebra in S, and OB the boundary of B.

C.6 Weak solutions

In this section we will define our notion of weak solution of the heat equation with both Robin and Neumann

boundary conditions. In this way, consider the heat equation

Ope(u) = Dpe(u), (t,u) €10,7] x (0,1)
8upt(0) = Uo, te [O7T]

aupt(l) = Uy, te [OvT]

(C.6.1)

First we will (informally) derive a weak solution to the equation above, then we will define the boundary conditions.

Multiplying a test function H € C12([0, 7] x [0,1]) in 9;p = Ap we get:
Opr(u)He(u) = Apy(u)Hy(u).
Integrating on [0, 7] x (0, 1):
1 T 1 T
I = / / Orpt(u) Hy(w)dtdu = / / Ape(u)He(u)dtdu =: Is.
o Jo o Jo
Integrating by parts I;:
1 1 T
I :/ (pr(uw)Hp(u) — po(u)Ho(u)) duf/ / pt(w) 0y Hy(w)dtdu.
0 o Jo
Integrating I by parts twice:

I = /O upr(1)Hy(1) — 8upy(0)Hy (0)dt — /0 /O Oupr ()0 Hy(u)dudt

T T
- / Dupr (1) Hy (1) — Bupy(0)H, (0)dt — / pr(DOLHL (1) — pi(0)0, H, (0)dt

+ /OT /Olpt(u)AHt(u)dudt.

Equating /; and I and using Fubini’s theorem:

1 1 T
| erm) = oo de= [ [ o iwyina
T T
= /0 Oupi(1)H (1) — 0up:(0) H: (0)dt — /0 pe(1)0 Hi(1) — p¢(0)0, Hy (0)dt

+ /O ' /0 () A (),
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that is:

) T 1
0= /0 (pr(w)Hr(u) — po(u)Ho(u)) du — /0 /0 pe(w) (9 + O)Hy(u)dudt— ©67)

T T
- / Dupr (1 Hy(1) — D (0)H(0)dt + / o (D)0, Hy(1) — pr(0)0, Hy(0)dt

Definition C.6.1. A function p : [0,7] x [0,1] — [0, 1] is a weak solution of the heat equation (C.6.1) with

Robin boundary conditions if p satisfies the weak formulation (C.6.7) with

ug = —k(aq — (a1 + ’Vl)ﬂt(l) + (72 - 042)(/)5(1) - Pt(l)))
uy = k(B — (B +61)pe(1) + (62 — B2) (P2 (1) — pe(1)))

(C.6.8)

for any function H € C?([0,7T] x [0,1]), and p € L?(0,T;H(0,1)).
If, instead, we have p satisfies the weak formulation (C.6.7) for any function H € C?([0,T] x [0,1]), and
p € L*0,T;H'(0,1)) but

ug = Uy = 0, (C69)

we say that p is a weak solution to the heat equation with Neumann boundary conditions.

Explicitly, these formulations take the form:

1 T 1
P = [ (oru)n() = ) Ho(w)du = [ [ )01+ 2) )i

T
- /0 Hy(1)(k(Br = (B1 + 61)pe(1) + (62 — B2) (p2(1) — pe(1))))dt—

T (C.6.10)
- /O Hy(0) (ka1 — (a1 +71)pe(1) + (v2 — a2)(p2(1) — pe(1))))dt+
+ /T pt(1)0uHi (1) — p(0)0, Hy (0)dt = 0,
0
and
1 T 1
Fvi= [ (or()Hr() - polw)Ho(w)du— [ [ po(u) @ + AV H,(u)dude+
/0 e /0 /0 (C.6.11)

0
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Appendix D

Matrix Product Ansatz

D.1 Coefficients’ roots

Let

then

and for the right

z = (a1 +71)(c(az +73) + (a3 +72) (2 + 71 +73))+

+ N?((a1 + a2) (1 + a3) + (71 +73) (71 +72) + 2(7 + 73) (01 + 3))

dle = Ne(oq +as)(ar +az+71 +73)+
+ ax(ar(az +73) + (as +72) (a2 + 71 +73))
dyz = N?°(ay — a3z —v2 +3)
dyz=-N*(a; +az + 71 +73)
the = a1yi(y2 — ) + arys(as +42) — azyi(ag + 73) + alys — azyi
the = —N%q + 7)) (a2 — az — y2 + 73)
tgz = Ne(oq +v)(a1 + a2 +71 +73)
fEz =Ny + az)(or + az) + a1 (a2 + azy + as(as +72))
fyz==N’((a1 +m)(as +72) + N%(a1 — az + 205 + 71 + 72)

fiz==Nc1(o1 +7) + N (o1 + a2))

dfiz = N(B1 + Bs)(B1 + B2 + 01 + d3)+
+ B1(B1(B2 + 83) + (B3 + 92)(B2 + 01 + 63))
dffz = —N?(By — B3 — 62 + J3)

Az = N*(By + B2 + 81 + 63)
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t1z = —(B161(62 — B2) + B183(B3 + 02) — B301 (B2 + J3) + 103 — B367)
t5z = —N°(B1 + 61)(B2 — B3 — 02 + 03)

t5z = N°(B1 + 61)(B1 + B2 + 01 + 63)

ftz = NP(B1 + B2)(Br + Bs) + B1(B1B2 + B3d1 + B2(Bs + 62))

f352 = N((B1 + 61)(Bs + 82) + N°(B1 — B2 + 285 + 61 + 62)
(

[z = N9(B1(B1 + 01) + N (B1 + B2))

We can relate the left and right coefficients more elegantly as:

df(afy) = d{%(OQ’Y) d%(afy) = _dg(a,7> dé(a,y) = _d?l)%(aa’}/)
t () = —t'(@,7) ty (a,v) = t5'(a,7) t5(a,y) = ~t5(a,7)
f1L(047’Y) = flR(Oé’/y) f2[/(a77) = _f2R(O‘7P)/) fi%IJ(aa’Y) = —f3R(CM,’Y)

D.2 Rates matrices

—(a1 +a3) 201 +2a3 +71 +72 (o1 + a3z +71 +72) —(1 +az+72)

by — a3 — (a1 + 203 + 72) ar+az+m+ 72 a1+ az + 2 D2.1)
a —(2a1+a+m) artar+yts ay
0 ay + az —(1 4+ a2 +71+73) -1
—(B14B3) 281 +2B3+ 01+ 62 —(B1+Ps+01+62) B1+Ps+ 62
b — B1 —(281 4+ P2+01)  Bi+ P2+ 01+ 03 -5 (D22)
B3 —(B1+263+02) Bi+P3+01+02 —(B1+ B3+ )
0 B1 + B2 —(B1+ B2+ 61+ 03) B1
000 O
000 1
mi = (D.2.3)
000 —1
000 O
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Appendix E

Auxiliary results for the propagation of

chaos

E.1 Bounds for a single random walk with reflections

As in [24], we state some properties of a single random walk in Ay with reflections at the boundaries. For the
proof of the following results we refer the reader to [25]. Although in [24], the jump rates of the SSEP are 1/2,
instead of 1, as through this thesis, the 2 in the denominator can be incorporated by the constants in the bounds.

Let Pt(e) (x,y) be the transition probability of a simple random walk in Ay which jumps with intensity ¢ =2 /2

to its nearest neighbor sites. As in Section 4.1, jumps to outside of A are supressed. Define the quantity

_zr—y

e "2t

Gi(x,y) = , E.1.1
also known as Gauss kernel. Then one can show that we have
Pt(e) (x,y) < cGe-2¢(z,y), VYe>0,t€[0,T),2,y € Ay (E.1.2)
and
PO, y) — POz +1,y)| < =G sy (x,y),Ve > 0,t € [0,T],1 <z < N — 1. (E.1.3)
t ( y) t ( y) = \/ﬁ Qt( y) [ ] — —=

In Proposition 5.1 of [25] it is shown some bounds for the gradients |p.(x,t) — pc(x + 1,t)|. Using the bounds

shown there, one can get the following bound V€ > 0 and 7 > 0

sup |pe(z,t) — pe(y,t)| < ¢ Vt < tloge ! (E.1.4)

z,y€AN:|z—y|<1 (6_2t)1/2—f + 1’

E.2 Inequalities
The proof for the following inequality can be found in [1]
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Theorem E.2.1 (Andjel). If A and B are disjoint subsets of S, then for all n € {0,1}*~ and t > 0,

P( [ ntt2) =1 <P(I] ntt,2) = )P([] n(t.2) =1) (E.2.1)

rx€AUB €A x€EB
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