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Resumo

Consideramos o passeio aleatorio simétrico em tempo continuo e com elo lento
em 7, cujas taxas sdo iguais a 1/2 para todos os elos, exceto para o qual une os
vértices {—1,0}, cuja taxa associada é dada por an=?/2, onde a > 0 e 3 € [0, 00 sdo
os parametros do modelo. Provamos aqui um teorema central do limite funcional
para esse passeio: se § € [0,1), entdo ele converge para o movimento browni-
ano usual. Se € (1,00], converge para o movimento browniano refletido. E no
valor critico § = 1, converge para o snapping out Brownian Motion (SNOB) com
parametro x = 2a, que é um processo do tipo browniano construido recentemente
em [23]. Também fornecemos estimativas de Berry-Esseen na métrica dual limi-
tada de Lipschitz para a convergéncia fraca de distribuigoes unidimensionais, que
acreditamos ser finas. Ademais, sdo apresentados, no ultimo capitulo, possiveis
trabalhos futuros e dificuldades encontradas para obter a propagacéo do equilibrio
local para o modelo de Kipnis-Marchioro-Presutti (KMP) com elo lento.

Palavras-chave: Teorema Central do Limite, Passeio Aleatério com Elo Lento,
Snapping Out Brownian Motion.



Abstract

We consider the continuous time symmetric random walk with a slow bond on
Z, whose rates are equal to 1/2 for all bonds, except for the bond of vertices {—1, 0},
whose associated rate is an=?/2, where o > 0 and 3 € [0, 0c] are the parameters
of the model. We prove a functional central limit theorem for this random walk:
if 5 € [0,1), then it converges to the usual Brownian motion, if § € (1, ], then
it converges to the reflected Brownian motion, and at the critical value g = 1, it
converges to the snapping out Brownian motion (SNOB) of parameter x = 2a, a
Brownian type-process recently constructed in [23]]. We also provide Berry-Esseen
estimates in the dual bounded Lipschitz metric for the weak convergence of one-
dimensional distributions, which we believe to be sharp. Furthermore, in the last
chapter, are presented possible future works and difficulties faced to obtain the
propagation of the local equilibrium for the slow bond Kipnis-Marchioro-Presutti
(KMP) Model.

Keywords: Central Limit Theorem, Slow Bond Random Walk, Snapping Out
Brownian Motion.
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Chapter 1

Introduction

Arguably one of the most important results in probability theory and statistical
mechanics is Donsker’s theorem which establishes a link between two key objects
in the field: random walk and Brownian motion.

In the literature many Donsker-type theorems can be found; however, most of
the results are concerned with limits of random walks (in random environment, in
non-Markovian setting, in deterministic non-homogeneous medium etc) towards
the usual Brownian motion. A significant smaller set of results are about conver-
gence towards Brownian motion with boundary conditions, see [1] for an example.

In this work, we prove a functional central limit theorem for the slow bond
random walk (abbreviated slow bond RW), which is the continuous time nearest
neighbour random walk on Z with jump rates given by a/(2n”) if the jump is along
the edge {—1,0} and 1/2 otherwise.

The jump rates of the slow bond RW are depicted in Figure We remark
that this process was inspired by the exclusion process with a slow bond, see
[8, 11, 12, 13], 14, [15] among others. The slow bond RW can be seen simply as
the symmetric exclusion process with a slow bond with a single particle. For the
symmetric exclusion process with a slow bond, under certain initial conditions,
[11} 12, [13] established a dynamical phase transition in 8. Surprisingly the proof
of that transition neither implies or uses a similar transition for the slow bond RW
nor does it give any indication of how to establish such a result. Yet, it would be
natural to expect a dynamical phase transition for the slow bond RW as well. This
is exactly the content of this work.

1 1 1 1
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Figure 1.1: Jump rates for the slow bond random walk

It was shown here that the limit for the slow bond RW depends on the range
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of . If 5 € [0,1), the limit is the usual Brownian motion (BM), meaning that
the slow bond has no effect in the limit; if § € (1, o] it is the reflected Brownian
motion, meaning that the slow bond is powerful enough to completely split the
real line around the origin in the limit. Finally, and most important, in the critical
case § = 1, the limit is given by the snapping out Brownian motion, which is a
stochastic process recently constructed in [23]. This process can be understood
as a Brownian motion with the following boundary behaviour: until the moment
that the local time at zero reaches a value given by an (independent of the BM)
exponential random variable, the process behaves as the reflected BM. At that
moment, the process is then restarted, according to a fair coin, in the positive or in
the negative half line (at the origin). A precise definition is given in Chapter |2| as
well as a brief explanation of why the snapping out BM is related with the partially
reflected BM, see [16] on the latter process.

A heuristic interpretation for the existence of a phase transition for g = 1 is
as follows: first, it is already known that the random walk at time n is, roughly
speaking, spread over a box of size y/n. Therefore, on the diffusive scaling, the
random walk is spread through a box of size vn2 = n. Thus, each site of that box
is visited on average 1/n of time, which gives us a time n?/n = n. In particular,
the time spent at the origin is of order n and the average number of crossings over
the bond {—1,0} is of order n/n”. This explains why a critical behavior occurs at
f = 1. In this case, the number of crossings over the bond {—1,0} is of order of a
constant.

The partially reflected BM is known to be relevant in many physical situations,
including nuclear magnetic resonance, heterogeneous catalysis and electric trans-
port in electrochemistry, see [16, [17], and the same importance is expected for the
snapping out BM. Some methods of simulations for both the snapping out BM and
the partially reflected BM have been described, see [23, Section 6] and [16, Sub-
section 1.1.4] and references therein. However, no rigorous functional central limit
theorem has been proved until now. Furthermore, the choice of an approximating
model itself was open. Here was presented a very simple discrete model which
rigorously can be shown to converge to the snapping out BM.

A relevant feature of this work is the approach itself: since the slow bond RW
cannot be written as a sum of independent random variables, is not clear how
to use classical approaches as convergence of characteristic functions, successive
replacements (as in [3, p. 42] for instance) or via the d;, distance (see [2, Chapter 2]
for instance). To overcome this difficulty, we deal directly with the convergence of
expectation of bounded continuous functions to show the convergence of the one-
dimensional distributions. The problem is then translated into a convergence of
solutions of a semi-discrete scheme by looking at Kolmogorov’s equation for the
generator.

Convergence of semi-discrete schemes with boundary conditions are often tech-
nically very challenging. However, standard techniques of convergence for these
problems have been avoided. Instead, via the Feynman-Kac formula, we are able to
establish convergence of the semi-discrete scheme by means of probabilistic tools.
The key observation is that it is possible to rewrite the problem in terms of a sim-
ple random walk and a tilted reflected random walk. The main tools developed and



used involve local times, projection of Markov chains, local central limit theorems
and symmetry arguments.

The convergence of the finite dimensional distributions turn out to follow more
or less directly from the convergence of the one-dimensional distributions. Tight-
ness issues have been handled through an appropriate application of the Burkhol-
der-Davis-Gundy inequality to the Dynkin martingale.

En passant, it was obtained, in Chapter[3|an explicit formula for the semigroup
of the snapping out BM and characterize it as a solution of a PDE with Robin
boundary conditions, which is a small ingredient in the proof, but of interest by
itself. A substantial part of this work is dedicated to show Berry-Esseen estimates
for the one-dimensional distributions in the dual bounded Lipschitz metric. The
convergence rates are indeed slower than in the classical case. A discussion of why
this phenomena occurs is presented in Chapter

We believe that the approach of this work could be successful in other situ-
ations, in particular to prove functional central limits of random walks in non-
homogeneous medium. The philosophy behind this work is that analytical prob-
lems inherited from probabilistic problems are easier solved by probabilistic meth-
ods.

The outline of the thesis is the following: In Chapter[2]are presented definitions
and stated results. Chapter |3|is dedicated to present the semigroup formula for
the snapping out BM. Chapter 4| deals with necessary ingredients in the proof of
convergence of one-dimensional distributions and Berry-Esseen estimates, all of
them related to local times. Chapter |5| gives the proof of Berry-Esseen estimates
in the dual Lipschitz bounded norm and convergence of one-dimensional distribu-
tions. Chapter [6] extends the proof to finite-dimensional distributions and proves
the tightness of the processes in the Skorohod’s J;-topology of 2([0, 1], R), the space
of cadlag functions on [0, 1], as presented in [3], p. 109] for instance. Chapter [7|show
some possible continuations for this work, as well as the difficulties which can be
appear. The slow bond KMP is exhibit, as well as the conjecture that it has a phase
transition in the propagation of local equilibrium. Moreover, are presented some
techniques that can help to prove this conjecture. In Appendix [A] we review some
known results for the sake of completeness.

The initial part of this work was accepted for publication in the Journal Annals
of Applied Probability, see [9]. We are trying to continue this work, as will be
shown in Chapter |7, but we do not know if we will succeed.



Chapter 2

Statements of results

This chapter is devoted to presenting the initial definitions and notions, which
will be useful in the course of the work, as well as stating the main results of the
thesis. Before, we will present some important notations that were adopted.

Notation: to avoid overload notation, expectations of any process considered
in this thesis starting from a point = will be denoted by E,. Throughout the work,
the symbol < will mean that the quantity standing on the left hand side of it is
smaller than some multiplicative constant times the quantity on the right hand
side of it. The proportionality constant may change from one line to another, but
it will never depend on the scaling parameter n € N.

2.1 Preliminary notions

The slow bond random walk defined here is the Feller process on Z denoted by
{X;* : ¢t > 0} whose generator L, acts on local functions f : Z — R via

Lof(@) = T [Fz+1) = f(@)] + 700y [fle = 1) = f(@)] 2.1)
where N
—, ifx=-1,
T;L,:c—i-l = T;—«—l,w = 2n6

1/2,  otherwise.

For more details on Feller process, its semigroups (that will be treated hereafter),
generators and adjacent properties, see [26, Subsections 1.1 and 1.2]. Note that
for « = 1 and g = 0, we obtain the usual symmetric continuous time random walk.

The elastic (or plastic or partially reflected) Brownian motion on [0, ) is a con-
tinuous stochastic process which can be understood as an intermediate process be-
tween the absorbed Brownian motion and the reflected Brownian motion on [0, c0).
This elastic Brownian motion can be described as the reflected Brownian motion
killed at a stopping time with exponential distribution: first, for a given positive
parameter x, we toss a random variable Y ~ exp(x) independent of the reflected
Brownian motion; once the local time of the reflected Brownian motion at zero



(that will be defined later) reaches Y, it is killed (at the origin). We refer the
reader to the survey [16] for the connection of the elastic Brownian motion (in the
d-dimensional setting) and its connections with mixed boundary value problems
and Laplacian transport phenomena.

The snapping out Brownian motion process on G := (—o0,07] U [0, 00) with
parameter x, abbreviated SNOB, is a Feller process recently constructed in [23] by
gluing pieces of the elastic BM of parameter 2«. Since the 2x-elastic BM is killed,
it will be restarted in 0" or 0~ with probability 1/2 for each. An equivalent way
of defining it is to consider the x-elastic BM, but when the process is killed at 0+
(equiv. 07), it is restarted on the opposite side 0~ (equiv. 07).

Let 4,(G) be the set of bounded continuous functions f : G — R, which are
naturally identified with the set of bounded continuous functions f : R\{0} — R
with side limits at zero. Denote by 4,(G) C %,(G) the set of bounded, continuous
functions f : G — R vanishing at infinity. Many statements in this work can easily
be extended to far more general spaces of functions. Nevertheless, since Feller
semigroups are defined in terms of %,(G), and this is enough for our purposes, we
will stick to this space.

It has been shown in [23]] that the semigroup of the SNOB is given by:

Theorem 2.1.1 ([23], Proposition 2). The semigroup (P")i> : 60(G) — %o(G) of
the SNOB with parameter k is given by

Pt = B (2R (s
—RL(0t)

1—ce
B (—5—
+ 2

(2.2)
) £(~sgm@IB)].  vuee,

where {B; : t > 0} is a standard Brownian Motion starting from u # 0 and L(0,t)
is its local time at zero.

Above, it is understood that sgn(u) = 1 if u € [07,00) and sgn(u) = —1 if u €
(—00,07]. For the sake of clarity, let us briefly review the notion of local time for
the BM. The occupation measure of { B, : t > 0} up to time instant ¢ is the (random)
measure /; defined by the equality

t
1y(A) = / 14(B)ds, VAecA,
0

where 1 4 is the indicator function of the set A, and 4 are the Borelian sets of R.
In [24], 25], Lévy showed that, for almost all trajectories of the BM, the measure
has a density L(u,t) with respect to the Lebesgue measure, that is

w(A) = /L(u,t)du, Vt>0.
A

In [31], before the advent of stochastic calculus and based on a profound study
of the structure of zeros of BM, Trotter proved that there exists a modification of
L(u,t) (the local time at R up to the time #) which is continuous on R x [0, c0). With a



slight abuse of notation, we denote such a modification also by L(u,t). It therefore
holds with probability one that

1
L(u,t) = ll\r(%2—€/0 Lu—eute)(Bs) ds, Y (u,t) € R x [0,00).
An equivalent and elegant definition of Brownian local times by means of It6-
calculus is provided by Tanaka’s formula

t
Llut) = \Bt—u|—\Bo—u|—/ sen(B.) dB.
0

which holds for any u € R, see for instance [29, p. 239]. On the equivalence
between these two notions of local time, see [29, p. 224, Corollary 1.6]. For some
history on the development of local times and earlier references, see the survey [4],
and for a more modern proof on the existence of the jointly continuous modification
of the local time, see [29, p. 225, Theorem 1.7].

We comment that [23] only states that the SNOB is a strong Markov process.
But the fact that the SNOB is a Feller process is a simple consequence of for-
mula (2.2), continuity, and positiveness of L(u,t), which put together imply that
P*%,(G) C %,(G) by the Dominated Convergence Theorem, as commented in
[23]].

2.2 Statements of the main results

The main result of this work consists of the following Donsker-type theorem,
which is an interesting connects the slow bond random walk with the snapping
out Brownian motion.

Theorem A. Let u € R\{0} and consider the slow bond random walk
{n='Xy . t € [0,1]} starting from the site |un| € Z. Then, {n ' Xy : t € [0,1]}
converges in distribution, with respect to the Skorohod’s .J,-topology of Z(|0, 1], R),
toa process Y = {Y, :t € [0,1]}, where Y is:

e for 5 € [0, 1), the Brownian motion B starting from .

e for 3 = 1, the snapping out Brownian motion B™® of parameter x = 2« starting
from .

e for 3 € (1, ], the reflected Brownian motion B starting from u.

Above, it is understood that B™ is the reflected Brownian motion with state
space G. The semigroup of {B; : t > 0} is

1 (u—y)?
P f(u) = E,|f(By)| = e~ 2t dy, foranyueR, (2.3)
S) = BB)] = = [ F y
while the semigroup of the reflected Brownian motion is given by
1 +eo (u—y)2 (uty)?
e~ e 2 ] dy . for u € [07,00),
B Jomi /0 [ fy)dy [ )
Pref(u) = o
1 / |:e(u2ty)2 + e(u;ﬁ] f(=y)d for u € (—o0,07]
\/2_71‘t 0 y y’ ) *



The main novelty of this work is the proof of the Theorem [Al As already mentioned
in the introduction, we split the Kolmogorov forward equation into two equations
associated with the odd and even part of the initial condition, respectively. It turns
out that the equation associated to the even part coincides with the Kolmogorov
forward equation of simple random walk, which then can be dealt with by stan-
dard results. On the other hand, the equation associated to the odd part can be
analysed in terms of the Kolmogorov forward equation of a tilted reflected simple
random walk. Using the Feynman-Kac formula and a projection technique (see
Proposition the problem can then be reduced to the analysis of local times.
This will be executed in the Chapter

Next, we present a connection between the SNOB with a partial differential
equation with Robin boundary conditions, result that will be proven in next chap-
ter. That proof uses the resolvent family of the SNOB, presented in [23], and the
semigroup expression of the solution, presented in [12].

Proposition A. Let (P™)i>0 : 6(G) — %,(G) be the semigroup of the
SNOB with parameter k. Then, for any f € %,(G), we have that P f(u) is the
solution of the partial differential equation

p(t,u) = FAp(t,u), ) u#0
Dup(t,07) = Oup(t,07) = E[p(t,m)—p(t,o—)}, t>0 (2.4)
p(()?u) = f(u>7 u € R.

Moreover, the semigroup (P;™)i>o : ¢0(G) — %o(G) is given by

sno 1 _(u—y)?
Pt = \/%{/Re % feven(y) dy

(2.5)
Ku e —Kz e z—y+kt _Gow? z+y—kt _Gtw)?
+e e [(—Qt Jem o+ (5 e 2| foaa(y) dydz ¢,
u 0
for u > 0and
snob 1 _7(14—,1/)2
I f(u) = e 2 feven(y) dy
27t R

(2.6)

+oo +o0 gt (z—y)? y—rt (z+9)*
_e—fiu/ e—fiz/ [(%)6_ 2t +(%)€_T fodd(y) dde 5
_ 0

u

for u < 0, where feyen and foqq are the even and odd parts of f, respectively.

In order to state the Berry-Esseen estimates, we review some further concepts
of weak convergence on probability spaces. Given a metric space (5, d), the space
of bounded Lipschitz functions BL(S) is the set of real functions on S such that

Iflloe = sup|f(u)| < oo, and 2.7)
ue



IfllL = usqulss a0 0) < 0. (2.8)
uFv
BL(S) is a normed linear space with the norm | f||sL = || f|l~ + || f|lL- This norm is
known as the bounded Lipschitz norm. Let 22(S) be the set of probability measures
on the measurable space (5,.7), where . are the Borelian sets of S. The dual
bounded Lipschitz metric dg;, on &(95) is defined by

dpr(p,v) = sup ) /fdp — /fdu ‘ : (2.9)
FEBL(S)
IfllBL<1

Under the additional condition that (S,d) is separable, dp;, becomes a metric for

the weak convergence. That is, given pu, i, € Z(S), we have that u, = p if, and

only if, dpy, (s, 1) — 0. See [2, p. 11, Corollary 2.5], for instance.

In this work, the metric space S above will be either R or G. The metric space
G = (—00,07] U [0, 00) has two isolated connected components. In such a case,
the supremum in can be restricted to the pairs z,y belonging to the same
connected component with no prejudice to the facts above. This will be assumed
henceforth. Moreover, the set %Z can be embedded into both sets R and G. When
embedding %Z into G, one must only have the caution of assuming that % = 0" and
to look at test functions f : R\{0} — R that are continuous from the right at zero.

Theorem B (Berry-Esseen estimates). Fix ¢t > 0 and u # 0. Denote by uj;%w the
probability measure on R induced by the slow bond random walk X5 /n starting
from |un]|. Moreover, denote by 15" and ,uff the probability measures on S = G
induced by B and B}*, respectively, and denote by i, the probability measure on
S = R induced by the Brownian motion B,. All the previous Brownian motions are
assumed to start from u. We have that:

o If 5 €[0,1), then
dpr (15, ) S nft.

o If p =1, then for any § > 0,

1 b — 6
der (153", ") < T

o If 5 € (1,00, then

dBL(M;le?Wa :U?f) S max{n_l, nl_ﬁ} :

We comment that the convergences above are slower than the Berry-Esseen
rate of convergence for the symmetric random walk, which is of order n~! (keep in
mind that we are considering the diffusive time scaling n?). An intuition of why
this is so is as follows.

If g € [0,1), the slow bond random walk converges to the usual Brownian mo-
tion. However, the slow bond hinders the passage through the origin, thus making
the speed of convergence slower.



If 5 = 1, as we shall see, an invariance principle for local times of the reflected
random walk plays a protagonist role in the proof of the result above. It is known
that invariance principles for local times of the Brownian motion have speed of
convergenc of order at most n~z. This slower rate of convergence for local times
is thus inherited by the rate of convergence for the slow bond random walk.

If 5 € (1, 00|, the convergence of the slow bond random walk is towards the re-
flected Brownian motion. In this case, the slow bond random walk may occasion-
ally jump over the slow bond, being trapped with high probability in the “wrong”
half line. This fact is responsible for a slower rate of convergence. Note that when
B > 2, then max{n~—!,n'=#} = n~! and the slow bond does not interfere in the rate
of convergence.

Remark 2.2.1. For the case § = 1, in view of [6] it is natural to expect that the
sharpest estimate should be n~'/? times a logarithmic correction. We expect that
it would be possible with our methods to obtain such a bound upon analysing care-
fully and improving existing results on approximations of Brownian local times by
random walk local times. For that see in particular Proposition |4.1.1, which is a
key ingredient.

IWith respect to the diffusive scaling n%. In the ballistic scaling n, used by many authors as

[28], it of course corresponds to a rate of order n /%
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Chapter 3

An expression for the SNOB
semigroup

Here we prove Proposition[A] that is, it will be shown that the SNOB semigroup
is a solution for the heat equation with boundary condition of third (or Robin) type
and, moreover, we provide an explicit formula for it. In spite of the obvious impor-
tance of having an explicit formula for the semigroup (concerning applications), we
explain that its deduction, as we will see, is simply a suitable connection of results
from [23] and [12]. Later, this result will be needed in the proof of the central limit
theorem for the slow bond random walk.

3.1 The SNOB and the heat equation with Robin
boundary condition

Denote by (G,)~0 the resolvent family of the SNOB, which acts on f € %,(G)
via G\ f(u) = Eu[ J2 e f(B;nob)dt} = [ e Mprof(y)dt. We recall the following
result from [23]].

Proposition 3.1.1 ([23], Proposition 1). For any f € %,(G), the resolvent family
(G)a>0 of the SNOB with parameter k satisfies
1
()\ . §A> Gaf(u) = flu), ueG, (3.1)
uGrF(0%) = D.GAF(07) = S[CAF(0%) = Grf(07)] (3.2)

The knowledge on the resolvent family permits to characterize the generator of
a Feller process. See, for instance, [29, Exercise (1.15) page 290].

Proof of Proposition [A] Denote by (PF"™),;>q : 65(G) — %5(G) the semigroup deter-
mined by (2.4). That is, P*"" f(u) denotes the solution of the PDE (2.4) with initial
condition f € %,(G). One can easily adapt the result [12, Proposition 2.3] to deduce

10



that

Ku e —Kz e z—y+kt _Gow)? 2ty—rt (Z+y>
+e e |(=E)e S5 4 (e fuaaly) dydz o,
u 0

for v > 0 and

P f(u) = { /Re_gifeven(y) dy

—Ku e —Kz e z—y+kt _Gow? zt+y—kt (Z‘H/)
—e e [(—Qt Jem 4 (FEE e }fodd( Ydydz g,
0

u

for u < 0, that corresponds to and (2.6), respectively. A brief summary of this
adaptation is given at the beginning of Appendix [A]for the sake of completeness.
Thus, in order to conclude the proof of Proposition [A] it only remains to guar-
antee that P = Py,
We claim that the resolvent family GXP™ f(u) = [ e~ P f(u)dt for also
satisfies (3.1) and (3.2). This follows 1ndeed from a direct computation: since Pf®®
is a solution of (2.4), we have that

1 : 1 & ‘ e 1 .
§AGI§Obmf(u> — §A /0 efAtPtRobmf(u)dt — /O efAt§APtRobmf(u)dt

— / e—Atatf)tRobinf(u)dt Y / G—Atf)tRobinf(u)dt _ f(u) ’
0 0
which gives (3.1).

Furthermore, under the same conditions and using the same tools,
8UG1§°bmf(O+) — au [ / e—AtPtRobmf(O+)dt:| — / 6—AtauPtRobmf(0+>dt
0 0

— / e—)\tauPtRobinf(O—)dt — 8u |: / e—AtﬂRobinf(o—)dt
0 0
— OUG§°bi“f(O_),
and

|: / e_AtPtRObi"f(0+)dt:| — / e_)\tauPtRobinf(O'i')dt
0 0

DLGEM(0%) =
>\t 2 [PROblnf(O+) o -PtRObinf(O_)} dt

Ou
e
g |:/ e—AtPtRobinf<O+)dt . / e—)\tPtRobinf(O—)dt:|
0 0

= S[GRmp(07) =GP (0],

and (3.2) follows. This claim implies that the semigroups P and P;*" have the
same infinitesimal generator. Hence they are equal, see for instance [29, page 291,
Exercise 1.18]. This finishes the proof of the Proposition [Al O
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3.2 Boundedness in the dual bounded Lipschitz
norm for the SNOB semigroup
Recall the definition of || - ||, in (2.8). For later use, we present the following
corollary of Proposition [Al

Corollary 3.2.1. Let f € 6,(G), and consider the SNOB with parameter k. Then,
for any t > 0, we have that P f € BL(G) and

2
1B fller < ufuoo[uzma,/g}.

The result above is obtained basically by analytical arguments applied to bound
the spatial derivative of SNOB semigroup showed in [2.5]and

Proof. Proposition [A] allows to differentiate P;** f(u), by the expressions (2.5) and
(2.6). In fact, for v > 0, we get, differentiating (2.5) with respect to u,

O, P f(u) = &{ / loy) =5 " frven(y) dy

+oo 2 2
A wy—rity )
_/0 [(g—j’f)e Ry (k) U }fodd(y) dy

KU e —kKz e z—y+rt _Gow)? zty—kt (z+y)
+ ke < [(T)e 2+ (5 e ]fodd()dydz -

Then, splitting the expression above in three parts, adopting hencefoth 0, ;™" f (u)
only for u > 0, and using the triangle inequality, we obtain

10uP7" f(u)lloe < A(u) + B(u) + C(u),

where
Alw) = ' é?/ e =5 f >dy‘ =
+Oo —(u—y)* —(u+y)?
0 = | oam [l e |
and
u) = H\/%“em/:ooe_@/oﬂo [(%;i-lﬂlt)e_(ZQf)Q —i—(”g—;’“t)e_(z;g)z] Fy) dydz §

Above, we used that || feven|loo < |[f]loo @nd || fodd|loc < ||f]]oo. Moreover, by the
Cauchy-Schwarz inequality and change of variables, we obtain

Alu) < F Nl / byl o~ 525 g
1 e /2t
= 7l [ 1= (3.3)
1 2t 2
< 7 Al 2= = ey

12



Furthermore, using that the integral of a positive function increases when the
integration domain increase, we can write B(u) < Bj(u) + Bs(u), where

(u—y)?
u—y+Kt| e 2
B u = [e'e) : d )
) = sl [ [
and
u+y— kKt e_(uzf)z
By(u) = OO/ . dy.
Then, by change of variables, we get
U2
y+f<t‘ e 2t
Bi(u) = oo . d
) = ke [ [ S a
2
1yl 6*% / =

Hf\loo[\/%m+g]

By a very similar computation, we obtain that By(u) < ||f|l«(75= + 5), and that

implies that
2
B(u) < ||f||oo[\f+m]

Finally, using the same arguments used in last part, we can write C(u) < Cj(u)+

Cy(u), where
1/l / / z—y+mt _emw?
C = dyd
(W) = Tk === ydz,

and

o) oo — Kt \zTy) 2
02(u) _ Hf2H : et e—nz/ ‘Z+gt R ’e_( ;ty) dde
\V 4T u R

By change of variables, we obtain

2
400 -L
_ Y+ Kt e 2
Ci(u) = oof-@e““/ e“z/ dy dz
) = [l we [ e [ A Sy
2
400 | -
e [yl e
< oo K™ e = dy dz
= 7 / % 2t 2wt
+

Hf” nu/+oo nz/fi€ % du dz
w0 K€ e —
; 2Vt !
+o0o 1
= o KE™ e dz
Il v [ (g +5)

= e[ = + 5]
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Analogously, we obtain that Cy(u) < |[fll«(55 + 5)- Then, we conclude that

Clu) < HfHoo[\/%M]

10,57 flloo < Alu) + Bu) + C(u) < ||f||oo[2ﬁ+3\/7t].

™

Thus, we obtain

By the definition of the norm || - ||;, we conclude that

2
1P flle < [1fll 20431/ =] -

Note that P;™" f(u) is a contraction semigroup with respect to the supremum norm:
1P f()lle = [[ELF(BEN]]], = sup E,[f(B™)]

< sup B, [|f(B™)]] < sup E.[[[flloc] = [If]loo-

e
Then,
1 fllw, = [P o+ 1Bl < 1l 1+ 26+ 3\/%} |
finishing the proof u« > 0. For u < 0, one can use similar arguments. O

We remark that the well known Hoélder continuity of Brownian local times (see
[29, Corollary 1.8, page 226]) and may lead to continuity in space of P™".
However, it would not lead to the Lipschitz property above. This is reasonable:
more smoothness is expected when taking averages, which cannot be deduced from
pathwise continuity.
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Chapter 4

Local times

In the proof of Theorem [Al a joint L'-Invariance Principle for the reflected
Brownian motion and its local time (at zero) will be required, as well as some
extra results about local times. This is the content of this chapter.

4.1 Local times estimates

Recall that the local time of a Brownian motion B at the point © € R at time
t > 0 is denoted here by L(u,t). Denote by {X; : ¢t > 0} the continuous-time
symmetric simple random walk on Z starting from zero with jump rates \(z,y) =
1/2if |z — y| = 1 and zero otherwise, and let {(z,t) = fot 1,3(X,)ds be its local time
atz € Z.

The following result shows that in some sense the pair (X;,£(0,¢)) is close with
high probability to the pair (B, L(0,t)).

Proposition 4.1.1 ([5], Lemma 5.6, and [22]], Theorem 3.3.3). There exists a prob-
ability space (),.%,P) on which one can define on it a continuous-time symmetric
random walk X, on Z and a real valued Brownian motion {Bt St > 0} such that
there are positive constants C; = Cy(t) and Cy = C»(t) such that for any é§ € (0, 1),
any C > 0anyn > 1and any t > n~2 we have the estimate

]P[}g(o, tn®) — L(0,tn*)| > 212t | Cog n} < Cy (n%—%e—@”‘; +n79) 0 (4.1)

Moreover, for the same coupling there are constants 0 < c,a < oo such that, for any
d € (0,1/2] and any pair (t,n) as above,
S

IP’[ sup | X2 — Bapz| > n%} < ce” . (4.2)

s<t
We note that (4.1) was originally stated in [5, Lemma 5.6] for the discrete time
random walk. In order to translate it into the continuous setting one can apply
standard large deviations arguments for the number of jumps and holding times

of the continuous time random walk. Using Proposition above we deduce the
following result.
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Proposition 4.1.2. There exists a probability space (), #,P) such that one can
define on it a continuous-time symmetric random walk X, on Z and a Brownian
motion {Bt it > 0} for which there is a constant C(t) > 0 such that, for any § > 0,

anyn>1andanyt > n=2

2 2
E[ )f(oin ) . L(O;;n )H < C(t) n—1/2—&-57 and (43)
E[%\sz — Buz|| < Cltyn 2, (4.4)

Proof. We only prove (4.3) since the proof of (4.4) follows the same lines of reason-
ing. We use the abbreviation
o O L)

n n

Let 6 € (0,1/2). We now write

E[|4,]] = E[]A.|1 +E[|An|1

1.5 _1 ] 1.5 _1 }
{|An|<3td 0220} {|Ap|>3tT T~ 2120}

The first term on the right hand side of above is bounded by 3t1+9n~2+23. To bound
the second term we apply the Cauchy-Schwarz inequality to see that

E[14.11 ] < B[JA.P]F P14, > 3thtonbe ]t

{|An| >3t +n= 2420
A direct calculation involving the usual local central limit theorem (see for instance
[22, Theorem 2.5.6]) shows that the L?-norm of £(0,¢n?)/n is bounded in n. It is
possible to adapt the proof of Proposition to that end.

To assure that the same L?-bound holds true for L(0,¢n?)/n, it is sufficient to
note that the laws of L(0,tn?)/n and L(0,t) are identical by Proposition and
then to apply Itd’s isometry. Recalling Proposition [4.1.1] concludes the proof. O

4.2 Projected Markov chain and reflected RW

The next step is to adapt the result above to the context of the reflected random
walk and the reflected Brownian motion. For an illustration of the (continuous-
time) reflected random walk { X : ¢ > 0}, see Figure

We recall below the notion of projection for continuous-time Markov chains, also
called lumping in the literature.

Proposition 4.2.1 ([8], Proposition 3.4). Let & be a countable set, and consider a
bounded function ¢ : & x & — [0,00). Let {Z; : t > 0} be the continuous time Markov
chain with state space & and jump rates {((z,y)}syce. Fix an equivalence relation
~ on & with equivalence classes &* = {[x] : € &} and assume that, for any y € &,

D lay) = D @y (4.5)

whenever x ~ '. Then, {|Z;] : t > 0} is a Markov chain with state space &* and
Jump rates (([z], [y]) = >y, C(2,).
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Figure 4.1: Reflected random walk on {0, 1,2,...}. All jump rates are equal to one
half.

NN TN
OO0 @-O-0O-0O—

{-1,0} {—2,1} {-3,2} {—4,3} {-5,4}
1 1 1 1
2 2 2 2
Figure 4.2: Projected Markov chain [X;"| on the state space 2 = Z/~. All jump
rates are equal to one half.

Consider now the following equivalence relation on Z. We will say that = ~ y if,
and only if|
r =y or x = —y-—1.

The equivalence classes of Z/ ~ are therefore given by {—1,0},{-2,1},
{-3,2},... Then, assuming that Z,; is the continuous-time symmetric slow bond
random walk X** on Z, Proposition tell us that the projected Markov chain
[X;°"] has the rates of the reflected random walk X;*, see Figure Therefore,
based on the construction above, we deduce that the local time at zero of the re-
flected random walk is almost surely equal to local time of the usual random walk
on the set {—1,0} (in this coupling).

Remark 4.2.2. Note that the usual symmetric continuous time random walk on 7Z
is a particular case of X" taking 5 =0 and o = 1.

Remark 4.2.3. In the discrete time setting, it is true that the modulus of the
symmetric random walk is the reflected random walk. However, the same does
not hold in the continuous time setting, due to the fact that the waiting time at
zero would be doubled when taking the modulus. This explains the choice of the
equivalence relation above, which uses symmetry around the point —1/2.

The next result is quite intuitive, but not so immediate to prove: the times
spent by the usual random walk at sites —1 and 0 are very close.

Proposition 4.2.4. Uniformly on = € Z, we have the estimate

Eng(o,tn?) B g(—l,tn2)>2} < % (4.6)

n n
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In particular,

2 _ 2
£(0,tn?)  &(—1,tn )H < 47

1
no n ~oyn

]Ex[

Proof. First of all, observe that the function

fla) — [ (002 _ Ly

n n

is such that f(z) < f(0) = f(—1) for any = € Z. The reason is simple: while the
random walk does not reach 0 nor —1, both local times above remain null, which
gives the inequality, while the equality is due to symmetry. Hence, let us assume
without loss of generality that x = 0. Applying the definition of the local time, a
change of variables and symmetry, we obtain that

Eo| (f(o’m2> - 5(_1’m2>)2] — n’Eq {(/0?1{X3n2=—1} - ﬂ{Xsnz:O})dS>2]

n n

t S1

= 2n? Eo{/d&/ dso (]1{X5m2 = X2 = —1} —1{X, 2 =0, X2 = —1}
0 0

— ]I{Xsan =1 , X52n2 = O} + ]I{Xslnz = X52n2 = O}):| .

Interchanging expectation and integrals and applying the Markov property, noting
that s, < s;, the above becomes

t s
2 / ds, / " ds, <]p>0 (X2 = Xonz = —1] = Po[Xapm2 = 0, Xopp2 = —1]
0 0

Py [ Xz = —1, Xypne = 0] + Py Xy, 02 = Xy = 0])

t S1
= 2712/ dsl/ dSQ <P0 [X52n2 = —1] . P—I[X(sl—sg)nQ = —1}
0 0
— Po[ X2 = —1] - Py [ X(5,—s)n2 = 0]
— Py [Xepn2 = 0] - Po[X (5, —spyn2 = —1]
Py [Xonz = 0] - Po[X(sy a2 = 0] ) (4.8)
By symmetry and translation invariance of the random walk, the integrand above
can be rewritten simply as
(Po[Xome = —1] +Po [ Xy = 0]) - (Po[ Xy —sapn = 0] = Po[X(s, sz = 1])
=: F(san, (s1 — 32)712) = F. 4.9)

We make now some considerations on how to estimate each factor in (4.9). Let

.2
dof € 2 /2t

V27t '

pe(z) = Po[Xy=2] and Kz (4.10)
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Figure 4.3: Region of integration (in gray) divided into A, B, C and D.

By the Local Central Limit Theorem (see [22, Theorem 2.5.6, p. 66]),

L
pe(r) = Ki(x)exp {O(% - t_2>}
in the time range ¢t > 2|z|. In particular,
1
) < — fort>2|zl. (4.11)
|p()| 7 ]

Furthermore, adaptingﬂ [22, Theorem 2.3.6, p. 38] to the continuous time setting
it also holds that

ly—zl _ ly—a
|pt($) —pi(y) — (Kt(y) - Kt<x))‘ S @z T 2 (4.12)
where d = 1 in the current setting. We are going to use (4.12) only for ¢t > 2|y — z|
since for all other values of ¢ this approximation is not useful for our purposes.
Noting that

K K 0, K. ze % L
0) — 1)] < su K (x)] = su ‘ S =5,
[:(0) = Ki(L)] < IE[OI,)l]| (@) ze[OI,)l] tV/2rt t3/2
we conclude that
1
]K(sl_SQ)nz(O)—K(Sl_smz(lﬂ < (4.13)

~ (81 o 82)3/2n3 ’

Since the approximations (4.11) and (4.12) only hold for times ¢ > 2|z|, we must
divide the analysis of (4.8) in cases, which will be made through splitting the region
of integration in disjoint sets, as depicted in Figure [4.3

1As commented in ([22], p.6), the discrete time and continuous time random walks with the
same increment distribution have similar behaviour. In this work, the same adaptation will be
used for Theorems 2.3.5 and 2.3.11 from [22].
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Region A. Here s, > 2/n? and |s; — so| > 2/n% Restricted to this region, both
approximations (4.11) and (4.12) are valid. Recalling (4.13), we then get that

FI = (Bo[Xownr = —1] + Bo[Xopn = 0] ) - | (B[ Xy oo = 0] = Po[Xey-aape = 1])|

N

ﬁ‘p(sl_SQ)nz(O) - p(51—52)n2(1) - (K(S1—S2)n2(1) - K(51—52)n2 (O))

+ (Kiorsan(1) = Koy sy 0))|

1 1
< KS,Snzl—Ks,snz()‘
~ /52n2<<(51_52)n2)2+‘ (s1-s2)n?(1) (s1—s2)n2( ))
1 < 1 1 )
< . n
~ Vson?2 \((s1—s2)n?)? (51— s9)3/2n?

< 1 1 < 1 1
~ Vsgn? (s1—s2)%Pn (/s (51— s2)% 0t

where the penultimate step is a consequence of the inequality |s; — so| > 2/n%
Applying this bound and Fubini’s Theorem we obtain that

t—2/n? t 1
2n? dsy dss |F d d

t— 2/’!1 n\/_ 2
TL2 2/n? \/_ \ S t_SQ

= %(W— \/§/n> — $<arctan (\/ 2572) - arctan ( tn§_2)> < l

n

Region B. Here sy < 2/n* and |s; — so| < 2/n?. Restricted to this region, neither
nor ( are valid. Nevertheless, since by definition (4.9) |F| < 2,

2/n? s2+2/n? 1
on? //dsldsglF] < 4n? / d52/ ds; = 4n? — < —
‘n n

Region C. Here s, < 2/n? and |s; —ss| > 2/n?, where only the approximation (4.12)
is valid. Using Fubini’s Theorem again, the inequality p,,,2(—1) + ps,,2(0) < 2 and
(4.12), we then have that

2/n? t
2712 // d81 dSQ |F| = 2n2/ d52/ (psan(_l) +p32n2(0))
c 0 s242/n?

: ‘p(s1752)n2(0) _P(51 52) n2 ‘ d81

2/n
4n? / dss dsy
0 s2+2/n?

- (K(S1782)n2(1) - ]<(81782)n2 (0>> + (K(81752)n2<1) - K(S1782)n2 (0))‘

IN

p(81*82)ﬂ2 (O) - p(51752)n2 (1>

IN

2 t
An? / dsy ; (K sy (1) = Ks1—sa)n2(0)))]
0 so+2/n

20



+ ‘p(51—52)n2 (0) — p(81—82)n2<1) - (K(51—52)n2(1) = K(s;,-s) n2 ‘ )| ds1
) 2/n? t 1 1

< 4 d d

~ /0 > /52+2/n2 "1 (51 — 52)2n " (51— 52)3/2n3

2/n2 t 2
< 4n2/ ds / dsy ——————=,
0 ? s2+2/n2 ' (51 — 52)3/2n3

where again the penultimate step is due to inequality |s; — s3| > 2/n?. Finally, we

have
2/n2 t 2
on? dsydss |F| < 4 2/ d / S ——
n l/ s1dsy |[F| S 4n ; S2 a2 51 (51—82)3/2713

8 2/n?
E 0 \/t_SQ

1 1

- 6( 2/n2—2\/_+£) < 2

n

+ n\/_ dSQ

~Y

Region D. Here s, > 2/n? and |s; — s3] < 2/n?, where only the approximation
(4.11) is valid. Using that |[p(, —5,)n2(0) — p(s,—ss)n2)(1)| < 1, we then have that

t s2+2/n?
2n? // dsy dsy |F| < 2n2/ d82/ ds1(Psynz(—1) + Psyn2(0))
2/n2
D

52

) ‘p(slfsz)nQ (0) - p(51*82)n2)<1)‘

t d so+2/n?
< 2n? / e / dsy
2/n2 V 82”2 So
t
A e 2
2/n2 /52 n n n
Putting together the four estimates above gives us (4.6). Since the L'-norm is
bounded from above by the L?-norm for probability spaces, we obtain (4.7). ]
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Chapter 5

CLT for a fixed time and
Berry-Esseen Estimates

We begin by fixing some notation on the space of test functions.

Definition 1. For any > 0 we define the space BL(3) via

BL(G), i €10,

BL(R), ifB€]0,1). 6.1

BL(§) = {

Fix henceforth f € BL(S) and denote -Z = {...,—2 -1 8 1 1 Tetg :
[0,00) X Z — R be given by

Xslo;v

9t.2) = a(2) = Eu[r(=22)]. (5.2)
Since the slow bond random walk depends on n, so does the function g, whose
dependence on n has been dropped to not overload notation. Our goal is to prove
the CLT directly by studying the convergence of instead of other traditional
methods, as convergence of moments, characteristics functions etc. The forward
Fokker-Planck equation (for more details, see [29, p. 282]) for the generator in
then yields the semi-discrete scheme

9:(TE) + 9:(5) — 29:(2)] Va#-1,0

(5.3)

Note the resemblance of above with the discrete heat equation. To continue
we make some symmetry considerations. Let us consider the following notion of
parity for functions f : 2Z — R, where the symmetry axis is located at —5- instead
of the origin. That is, we will say that feven(n) : %Z — R is an even function if

feven(n) (%) = feven(n) (%) , Ve eZ, (5.4)
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while by an odd function we will mean that

foadm) (2) = — fodam)(F52), Vz € Z. (5.5)

The even and odd parts of a given function f : %Z — R are hence given by

z —l-z ) — f(=L==
f(n)+2f( =) and  foadm) (%) = 1) 2f( ’ )7 (5.6

feven(n) (%) =

and it is clear that f (%) = feven(n) (%) + fodd(n) (%) Denote by P} f(£) the solution
of (5.3) with initial condition f. Due to linearity,

Pl f = P} feventn) + P} foddn) -

5.1 Parity invariance

Next, we argue by a simple probabilistic argument that the semi-discrete
scheme (5.3) preserves parity, which is an indispensable ingredient in this work.

Proposition 5.1.1 (Parity invariance). The semigroup P} preserves parity as de-
fined in (5.4) and (56.5). That is, if h : %Z — R is even (respectively, odd), then P}'h
is even (respectively, odd) for all positive times.

Proof. By symmetry of the jump rates, the distribution of X3} starting from z € Z
is equal to the distribution of the stochastic process —1 — Xy with X3 starting
from —1 — .

Suppose that h : 17 — R is even, that is, h(£) = h(=%). Hence

102) = 5 ()] = . ()]

n ; n
= E_l_x[h(X;gﬂ = g(t,==2),  Vt>0,

)
n n

which means that P}'% is an even function.
The argument for an odd function 4 is analogous: supposing that h : %Z — Ris
odd, that is, h(%) = —h(==%), we have that

n

Xslow _1 _ Xslow
g(t:2) = B [n(Z20)] = By [ n(———0t)]
n n
Xslo;v
- e BOE)] - . v
n
proving that P}'h is also an odd function. ]

5.2 The even part

Let us discuss the case when (5.3) starts from feyen(n). Under our notion of
parity, an even function h satisfies h(=t) = h(2). This observation together with
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Proposition allows us to replace the factors an?—?/2 appearing in (5.3) by any
factor. In particular, we may replace those factors by n?/2, thus concluding that
P} feven(n) (£) is also a solution of

atgt(%) = %Angt(%)a S/ (5.7)
g<07 %) = feven(n)(%) , T € Z,

which is the well-known discrete heat equation, where A, g(z) := n*[g () +g (1) -
29(%)] is the discrete Laplacian. Since the discrete heat equation is also the for-
ward Fokker-Planck equation for the symmetric random walk speeded up by n?,
we have therefore concluded that

Xin2

P?feven(n) (%) = E:}c |:feven(n)< ;L ):| ) (58)
where X, is the usual continuous-time symmetric random walk. Of course, now
the classic central limit theorem gives us the desired convergence towards the
expectation with respect to the Brownian motion B;. There is only one detail to be
handled: the notion of parity previously stated was defined on %Z, not on R, that
is, given f : R — R, the function feven(n) : %Z — R as previously defined depends on
the chosen value of n € N. Denote by feven, fodda : R — R the standard even and odd
parts of f, that is,
flu) = f(=uw)

w and  foa(n) = SRS VueR. (5.9)

Using the two expressions for even functions of (5.6) and (5.9), we get

‘f(%) FAEE) )+ A
2 2

Jeven (U) =

feven(n) (%) - feven (%)

1 —1—=x —x K
- - — (=) < = .

2’f( n ) f(n)‘_Qn’ veeZ, (5.10)
where K is the Lipschitz constant of f € BL(/). Recall that P, is the Brownian
semigroup, as defined in (2.3). We have thus gathered the ingredients to deduce
the following result:

Lemma 5.2.1. Let f € BL(3). Then, there exists a constant C > 0 such that for all
t>1,alln € Nand all u € R we have the estimate

un C
‘P?feven(n) (Ln_J) - Ptfeven(u)‘ S E . (511)
The result above is quite standard. However, since we did not find this exact
statement in the literature, we provide a short proof of it at the end of the Ap-

pendix [Al
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5.3 The odd part

Let us turn our attention to the odd part. Under our notion of parity, an odd
function A : 1Z — R satisfies h( 1) — —h( ). This together with the parity invari-
ance given in Proposmon “ permits to conclude that P} foaarn ( ), forz >0,is a

solution of

3tgt(f;) = EAngt( ), r>1,
090(2) = 21 (2) = 9:(2)] — an* Py, (2) (5.12)
g(ovﬁ) fodd ( ), $20,

which completely determines P} foq4(n) since it is an odd function for all positive
times. Define

S+ -2 (6] oz
£7() - 5] r=0,

which is the generator of the reflected random walk speeded up by n-.
Vo (£) = —an®* P11 (z), we can write (6.12) in the form

{atgt(%) megt( )+V( ) (n)’ x>0,
9(0,2) = foaam) (%), z>0.

The Feynman-Kac Formula, which can be found for instance in [20, p. 334, Propo-
sition 7.1], yields that

P} foadm) (%) = [fodd (X;$2> exp{/ot Vn<X§2>ds}]

= [fodd <Xref > eXP{ —an” P& (0 )H ;

£9,(0) = n? / 10y (2) (X7 ) ds = / 10y () (X) ds

is the local time at zero of the reflected random walk up to time ¢n? and X', is the
reﬂected randow walk speeded up by n?. Using the coupling outlined after Propo-
sition 1] which connects the usual symmetric random walk with the reﬂected
random walk, and the fact that f,qa(,) is an odd function in the sense of (5.5), we
then deduce that

P} foaa(r) (2) = Ex | foaa (% [|Xume + %\ - %]) exp{ = St ((-1,01 )] 5.13)

Let now

Lyf(3) = {

Writing

where

Qufota(w) & By foaa(|Bl) exp { —20Li(0)}], Vu€eR,

where we recall that B, denotes a standard Brownian motion at time ¢ and L de-
notes its local time. With all these preparations at hand we can now formulate one
of the main results of this chapter.
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Lemma 5.3.1. Let f € BL(5), then for all t > 0 and all u € R with u > 0 we have
the estimates

e If0 < <1, then

‘P?fodd(n)(w_:J) — P, foaa(w)| S n”7t.
o If 3 =1, then forall 6 >0

‘P?fodd(n)(tu_y> - Qtfodd(u>‘ < n-2to .
o If B> 1, then

[P foaain) (5) = Eu[foaa(|Bi))] | S max {n™",n'~7}.

n

Here the proportionality constants above depends of || f||sL-

The proof of this lemma will be given in the next two sections.

5.4 Proof of Lemma 5.3.1/for 5 € [0, 1)

Fix v > 0 and f € BL(8) = BL(R) and recall (5.13). Furthermore, we can
replace P} foaa(n) (“22}) by

‘thQ‘

n

Efuny | foaa (=22 ) exp { = S (11,0} (5.14)

paying a price of order n™!, noting that n=* < n’~! for 0 < 8 < 1. In fact, exp { —
2 &2 ({—1,01)} S 1, and

| X2 + 2| 1 X2 1
fodd(n)(¥——) _fodd<| ! |)‘ S -,
n 2n n n

because f is Lipschitz continuous.
By the strong Markov property applied at the stopping time 7" = inf{t > 0 :
X; = 0}, we observe now that

X,
E|un| [fodd( ‘
n

)]l{T<tn2}} = Ejun) []l{T<tn2} E, [fodd(X“;jTﬂ} =0, (5.15)
law

where the last equality follows from the facts that {X,,2 : t > 0} = {—X,,.2: t > 0}

provided X, = 0 and that f,qq is an odd function in the usual sense.
Thus, the term (5.14) can be rewritten as

E|un) [fodd(|Xm2|> GXP{ - %ftn2<{_1> 0})}]

n
— Elun [fmd(’thQ‘)} + Ejun) [fodd<|X7;n2|>]
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= Bp[foaa () exp { — Lee((-1.0p)}]
B (20 e { (1,01 Y]
Bl a5 ]
= B s (5]

X

+ Ejun [fodd( ) eXP{ - %&m({—l, 0})}]1{T<tn2}}; (5.16)

n
noting that, on the event {T" > ¢n?} the exponential factor is equal to 1 and X,
is equal to | X;,2| (recall that we are assuming u > 0, hence not hitting 0 means
not hitting —1 as well, then the local time is zero and the process is in the positive
half-line). Furthermore, guarantees that

Eun) [fodd (XW ) ]1{T2m2}} = Ejun) [fodd (Xt”2>].

n n

X2

The distance between E |, [fodd( o )} and E,[foad(B:)] = Pifoada(u) is bounded by
some constant times n~! < n®"!, which can be seen exactly as in the proof of
Lemma [5.2.1] Hence, in order to finish the proof of the Lemma for p < 1it
is sufficient to show that the last term in converges to zero with the desired
order.

The proof that the last term in (5.16) vanishes in the limit will crucially rely on
the next lemma, which may be interpreted as follows: when starting the usual ran-
dom walk from |[un]| and looking at a time window of size ¢n?, either the local time
(at the origin) is zero or either it is reasonably large. Since {T' < tn?} = {&,,2(0) >
0}, the situation where the local time vanishes is excluded in the second term in
(5.16), which means the local time is reasonably large, which in turn yields that
the exponential in the second parcel of is reasonably small. This outlines
the strategy to be followed in the sequel. Let us first state the lemma mentioned
above:

Lemma 5.4.1. Let v € [0,1) and ' € (v, 1). Then, there is a constant C' = C(v,7') >
0 such that for all n € N large enough and all j < n"' 7,

Plun |17 < &n2(0) < (G+1)n7| < Cw7 (5.17)

We defer the proof of the lemma to the end of this section and we show first
how it implies that the last term in (5.16) converges to zero with the desired order.
Fix § € (0,1 — ). Using that &,,2({—1,0}) > &,2(0) and {T < tn?} = {&,2(0) > 0},
we can then to claim that the rightmost term in (5.16)) is estimated from above by
I + II, where

|th2| (0%

I = Ejun [ fodd( - )‘exp{ - mfth(0)}]1{£m2(0)>n5+5}] and
‘th2| (6

I = Ejun| [ fodd( n )‘ exp{ - mftm (0)}]1{0<§m2(0)§n5+5}} .
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It is then straightforward to see that the term I has the desired behaviour. In fact,
using that 6 € (0,1 — (), foaqa is bounded and e=* < z + 1 for z > 0, we obtain

Xn2 _
I < ELunJ[fodd<| th |)‘exp{—om'8 1}}
< | fodallooE un) (exp{—an”"1}) < n”7t.

To see that the same holds for II, we can also estimate it using that f,qq is bounded:

n6
=0

th2| (6]
" )‘eXp{ - m&w(o)}]l{jn@«mz (O)S(j+1)nﬁ}]

fodd(|

5

S S exp{ a5} B [in® < 60(0) < G+ ).
5=0

Applying Lemma with v = [ is enough to deduce the claim.

Proof of Lemma We first derive the above statement for the local time of a
discrete time symmetric random walk, which we denote by {S,, : n € N}. Moreover,
denote its local time until time n of the point a € Z by (,(a). By [30, Equation (27)],
for any k£ € N, and any a > 0 we have the formula

Po[Cala) > k] = Po[Sneps1 > a+k —1] +Py[Sppt1 >a+k—1]. (5.18)

Note that by symmetry the same formula applies to the local time at zero provided
that Sy = a. Denoting as above by T the first hitting time of zero and applying the
strong Markov property at time 7', we therefore see that for any & > 2,

Pluny [1 < Gu2(0) < K] = Epuny [Lzany Poll < Gua_2(0) < K] (5.19)

Note that under P, the local time at zero is always strictly positive, that is, we
have Py[¢,2_7(0) > 1] = 1. Using (5.18) with a = 0 we deduce that

]P() [1 < <n27T(0> < k] = ]P(] [Sn27T7k+1 <k-— 1:| — ]PO [Sn27Tfk+1 >k — 1] .

Adding and subtracting the cumulative distribution function ¢ of the standard
normal distribution we can write

Po[1 < Goo—r(0) < K]

= P [Sn2—T—k;+1 <k- 1} — Py [Sn2—T—k+1 >k — 1}
Po[Spz_rpi1 <k —1]+P[Sp2_rpy1 <k—1]—1
= 1(k) + (k)

(5.20)

where

k—1
I(k)ZQq)(\/nQ—T—k+1>_1 and

k-1
(k) =Po[Snz-r—r41 <k =1+ Po[Sp2p g1 <k —1] - 2(I)<\/n2 e — 1>~

28



Roughly speaking, we may say that I(k) and II(k) are close to one whenever 7T is
close to n?. Which would be bad, since we are aiming to show that Py[1 < (,2_7(0) <
k] is small.

Therefore, to get a good upper bound on P, [1 < C2or(0) < k}, we need to first
show that the probability that 7" is close to n? is small, afterwards it remains to
bound I and II for those values of T that are reasonably far away from n?.

Let v/ € (7,1) as in the statement of the lemma. The Hitting Time Theorem
(see [32], Theorem 1) states that

P [T =€ = By, (5= 0] (5.21)

Applying'|the Local Central Limit Theorem [22, Theorem 2.3.5] we see that

n2

P un [T € (n2 — nvl,n2 < un Z iﬁ n7/_2) ) (5.22)

t=n2—n"

u2n2 .
Here, one would actually get an extra factor e~ 2 in the sum above. Neverthe-
less, in the considered range of ’s, this factor behaves like a constant, hence it is

omitted. Since { — — is a decreasing function, we have the following inequality

n? 2

> S/ . I

/ 3 2 _pny — n
PR 2_py 1 X2 n n 1

from which we can infer that the probability on the left hand side of (5.22) is of
order n"' 2, which by our choice of 7/ is smaller than n”~!. This provides the first
ingredient of the proof, i.e., (5.19) can be estimated from above by

~
w\ul =

Epunt [ Loty Pol1l < Gor(0) < K]

+ Epun) [H{Te(ntm/,ﬂ)} Po[1 < Gp2—7(0) < k:]}

S Efun) []1{T<n2_nv'} Po[1 < Guz-7(0) < k‘]} +n77t (5.23)
We turn to the analysis of I(k) and II(k). To continue, note that

Pluny [ Gn2(0) € (jn”, (j + 1)n7]]
- PL“”J [QLQ(O) S {17 (j =+ 1)”'7” - PLunJ [CnQ (0) € [1,]%7]} ,

which can be written in terms of differences of (5.23). Thus, in order to get the
desired bounds we need to estimate I((j + 1)n?) — I(jn?) and LI((j + 1)n?) — II(jn").

22

Using that x — e~ 7 is decreasing in |z|, we see that

G+ yn¥—1

VnZ—T—(G+1)n7+1 _ﬁ
2

1/271'/ jnY —1

Vn2—T—jn7+1

1((j + Dn?) = I(jn")| = dx

IThis result is stated for aperiodic processes. Nevertheless, it can be also used for odd and even
times separately.
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2,2

(J+Dn? jn? j*n
< — — 24
- (\/n2—T—(j+1)n7 \/nz—T—jrﬂ)exp{ Q(nQ—T—jm)} 624
LAGG+Y).

Invoking (5.21), noting that 7' > |un| if the random walk S starts at |un], and once
again recalling the Local Central Limit Theorem, we can estimate

Eun) []l{ongnz_m'}(I((j +1)n”) — I(jn”))} (5.25)
= Ejun| [H{Lunnggan’}(I((j + 1)n”) — I(jn”))}

< nQi?li {_uan}A(. 1) (5.26)
~ A g TP Ty g T :

To estimate the rightmost term above, we first note that for all £ as above

{ j2n2'y } < { anQ'y }
expq — exp4 — :
P 2(n?2 —k—jn7)) — P 2(n? —un — jn")

Writing k = n—’ZnQ, factoring out a factor n? of the two square root terms in (5.24),
and making a Riemann sum approximation, it is a long but elementary procedure
to see that (5.26)) is bounded from above by some constant times

2,2y

{ - 2(n? —un—jn”)}

S W (G+1) j
X — - — — dr. (5.27)
/Z ggzexp{ 2I}<\/l—x—(j+l)n7_2 V1—xz—jnr2 !

Note that j < n”~7, thus 1 — z — (j + 1)n""? is always positive in the range of =
considered. Keeping this in mind one can check that « times the integral in (5.27)
is uniformly bounded in n and u, therefore (5.26)) is bounded by a constant times

j2n27

Y1 exp{ — )} < nrt exp{ — C’an%’_l)} < nit

2(n? —un — jn?

for some constant C' > 0, which finally gives us the bound on (5.25). We now turn
to the bound of I, which is easier than the previous bound for I, since there is no
necessity to take differences. Grosso modo, we may say that

< 1
vn2—T—k+1

(k)

by the usual Berry-Esseen estimate for the random walk, see [7, p. 137, Theorem
3.4.9] for instance (of course, some knowledge on 7' is needed to make it precise).
Therefore,

Elun) [H{OSTSnQ—m’}HU”W)} = Ejun []luunmgnz_m'}ﬂ(jn”)]
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n —n'Y

1
Z Plun [T \/n2

Lo {—ny+1

Applying the Hitting Time Theorem, the last expression above is equal to

n —n'Y

1
|un| Z PLun | 0}

£=|un| \/n2—€—jn7+1'

By the Local Central Limit Theorem [22, Theorem 2.3.5], the above is bounded by
a constant times

2_p
" — u’n? 1
|un exp{ } ‘
Jz% 372 20 ) \/n2 —0— jn7 + 1

!
n2—nY 2

< Z RUEHER eXp{_2(€/n2)}\/n2<1—W—!“>

n —n“/ 2

1 U . 1
“aw Z [t/ )3/2 e { - 2<£/n2>} (1 sty

Note now that the second factor above is a Riemann sum approximation similar to
(5.27). Thus, uniformly in j < n?' =7,

ELU”J [1{0§T§n2—n7'}]1(jn’y)] 5 n_la
immediately implying that
Eun| []l{ongnZ_m’}(H(j +1)n") — H(jnv))} < nth,

from which the result follows for the discrete time random walk. A standard Pois-
sonisation argument now begets the result for the continuous time case. Il

5.5 Proof of Lemma 5.3.1/for [ € [1, x]

Proof. Case = 1. Using that 2 — e~* defined on [0, o0) is bounded by one and is
Lipschitz continuous with Lipschitz constant one, we can estimate

P} foad(n)(%) — Qufoaa(%)] ST+ 1T, where

= B s (5 [ 5] = 3]) = a8l | ama

T = Eoogu| 2 €e({-1,01) — 2L0e(0)]].

Here, E, ./, denotes the expectation induced by the coupling introduced in the
proof of Proposition 4.1.2/of X and B, where both processes starts from the origin.
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We first estimate 1. To that end denote the Lipschitz constant of f by L (and seeing
that || fodd|lco < ||floo + || feven|loo < L, by triangle inequality), and note that for any
number a € Z we have the estimate ||a + 1/2| — 1/2 — |a|| < 1. Thus,
1 1
(1) - 1

51) ~5 = 1Bl
L 1 1
< E X Ex,x/n[ (‘thQ + ED - 5 - |th2| + |th2| - |Btn2|
L L
S —+ —X Ew,x/n[ ‘th2| - ’Bth‘ ] .
It now only remains to apply Proposition to deduce directly the desired esti-

n n
mate for I, that is, n='/?%9. To estimate II, using triangle inequality once again, we
write

L
I < — XEm,m/n[
n

)

M < ]Exw/n[|§tn2({_1,03’1)_2§tn2(0)|:| +2Ex7$/n[|§m2(0);LW(O)W
- Ex,x/n{ ’fth(—Dn— ftn2<0)!} +2Ex,x/n[ |2 (0) ;LW(O)W "

The result therefore follows from an application of (4.7) and (4.3), noting that
n-1/2 < n-1/2+6

Case 3 € (1, 00]. We adopt the abbreviation

1 1 1
oK 5] = 5] = Xl

Using as above that = — e is Lipschitz continuous and bounded by 1 on [0, 00),
as well as the boundedness of f (and consequently of its odd part), we see that

‘Etunj [foddm) (leQI(m) exp { - %&n?({—l, 0})}} — Ejun) [fodd(n) (IXmﬂ(n))} ’
< O X Ejyny [M} < Cn' ",

nB

Here, we made use of Proposition to arrive at the last estimate. To conclude
one may now proceed as in the proof of Lemma|5.2.1 Il

5.6 Convergence of the slow bond random walk at
a fixed time

We have gathered all ingredients to prove the main result of this section, which
immediately implies Theorem

Theorem 5.6.1. Let u > 0 and let f € BL(3). Denote by P;" the semigroup of the
snapping out Brownian motion of parameter k = 2a. Then, for all t > 0, we have
the estimates
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o If 3 €[0,1), then
|P?f(%) - Ptf(u)| < max {n_ljnﬁ—l} — Bl

o If 5 =1, then for all 6 > 0,

[Prf(E) = Brof(u)] < nm i
o If 5 € (1,00, then

Py () —EJ[f(B)]] S max{n™! n' 7}

Proof. Case j € [0,1). Writing P} f(£) = P} foadn) (£) + P} feven(n) (%), We can apply
Lemmas |5.2.1| and |5.3.1| to infer that P} f(L“—:J) indeed converges to P, feven(u) +
P, foaa(u) = P.f(u) at the desired rate.

Case 3 = 1. Writing P?f(Z) = P foadawm) (%) + P? foven(n) (%), Lemmas and

imply that P} f (%) converges to P, feven(t) + Q¢ foad(u) at the desired rate.
It therefore only remains to check that P, foven + Q1 foaa = P f, which can be

verified via the following direct computation. Note that

fw)+ f(=uw) = f(lu]) + f(=|u]), VueR, (5.28)
and recall (2.2). Then,
Ptfeven(u) + Qtfodd(u)
g [FB)EICBO) g OBD = JCIBD oo
g [FUBD SR g OB =SB o)
_ g, :1 + exp{ ; 2aLt(O)}f(|Bt|)] N Eu[l — exp{ ; 2aLt(O)}f(—|Bt|)}
= P f(u).

In the penultimate equality above, we used that « > 0. For u < 0, the adaptation
is similar, and then Theorem is valid also for u negative.

Case 3 € (1, 00]. It follows from the equation and Lemmas [5.2.1]and [5.3.]
that there exists a constant C' > 0 such that for all £ > 0 and all n large enough

[Py (1) — By [feven(Bo)] — Eulfoaa(| B)]| S max {n~!,n1 =}

To conclude the proof it therefore only remains to show that

Eu[feven<Bt>:| = Eu[feven(|BtD}a

which follows by the observation (5.28). Il
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Chapter 6

CLT for finite-dimensional
distributions and Tightness in the
Ji1-Topology

6.1 CLT for finite-dimensional distributions

In what follows, since there is no necessity to specify the precise value of 3, we
will use B to denote the respective limiting process in Theorem [A] which can
either be the BM, the snapping out BM or the reflected BM. The same applies for
the notation X** for the slow bond RW.

Fix k € Nand times 0 =t; < t; < ... < t; < 1. We will show in this section that

(% slow ol % slow ) (BSIOW L. 7B§}:W)’ as n — oo s (6-1)

tin2> tan t1

where the arrow above denotes weak convergence. Let

i(slnleSIOWQ+...+skn*1XSI"W2)
1 xslow, (S1,...,8K) == E[e t1n tpn }
nooten

gleslow v<51,...75k)eRk

n tln """

be the characteristic function for the joint distribution of the (properly rescaled
by n~!) slow bond RW at times t;n2, ..., #n% In order to prove the convergence in
(6.1), by ([19], Theorem 6.3) it is sufficient to prove that

ngXslow 1Xslow (Sl,...,Sk) — SOBSIOW leow(Sl,...,Sk), \V/(Sl,...,Sk) GRk

n g n27 n " tpn? tp 0o

We will proceed by induction. First, handling only the times ¢; and ¢, and consid-
ering ¥;, the o-algebra generated by process up to time ¢,n?, the Markov property
gives us that
i(sin—1 slow son—1 slow
ngAXslow2 1xs10w (Sl, 52) = ELUNJ |:€ ( ! Xt1n2+ 2 Xt2"2)i|
nootine’n ty

; —1 xslow —1 yslow
[ i(sin t1n2+52n t2n2)

= Eun) [EtunJ e |%H
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; —1 yslow ; —1 yslow
ison” X 27 tsinT XPOM,
- E\_unJ |:Exslow2 [6 (t2—t1)n j|€ tin . (6.2)

tin

Let us deal with the expectation inside parenthesis above. By Theorem [5.6.1, we

isgn—1Xxslow . isgn—1Bslow . .
know that Ey[e ™ “¢2-tn*] isclosedto Ex[e~ ~¢2—t0»*], uniformly in k € Z. We

therefore conclude that (6.2) converges to

ow

Eu |:EBSIOW [eiSZB?Q—il ] eisl Bfllow] = SOBSIOW Bslow (51’ 82) ,
tq t1 Pty
where the last equality is again due to the Markov property. Suppose now that

1 xslow (31, PN 75]9,1) — @Bglow

) Blow (81,...,8]6,1), v<81,...,8k,1) ERkil.
nT ot _qn 1 k—1

777777777

Thus, considering JF;, , the o-algebra generated by process up to time #;_;n?, the
Markov property again yields that

77777 n_lXtS::Q (Sl, <oy Sk)
[ei(sln_lell"::’Q+...+skn_1X:L°2’2)}

’i(Sln_IXSIOWQ+...+Skn_1XSIOW
tin

tkn2) ’ Sr’tk71i|i|

; —1 yslow ; —1 yslow —1 yslow

ispn X o7 H(s1n TSN 4 s inT X 2)
By [ [ o] O
X

(6.3)

By the induction hypothesis and the same argument as in the previous case with
two times, we deduce that (6.3) converges to

is.. BSlow : slow slow
E, |:Eleow [613k (tk*tk—ﬂ]el(SlBtl +"'+S’V*1Btk—1)] =
tk—1

------

concluding the proof.

6.2 Tightness in the J;-Topology

In this section we show that the sequence {n ' Xy : ¢t € [0,1]} is tight in the

Skorohod’s J;-topology of Z([0,1],R). To do so, we make use of the following crite-
rion that can be found in [3, Theorem 15.6].

Proposition 6.2.1. Consider a sequence (X"),en and a process X in Z([0,1],R).
Assume that the finite dimensional distributions of (X™),en converge to those of X,
and assume that X is almost surely continuous at t = 1. Moreover assume that
there are f > 0, a > 1/2 and a non-decreasing continuous function F such that for
allr<s<t,alln>1 andall x € Z,

E,[|x™ — X729 | x» - X:|2B] < [F(t) - F(r)]™. (6.4)

Then, the sequence (X"),cn converges to X in the Skorohod’s J,-topology of
2([0,1],R).
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As a consequence of the above result we only need to establish the moment
condition (6.4). We claim that it is enough to show that there is a constant C
such that for any pair of times 0 < s < ¢, and any starting point z, the following
inequality holds:

E,[| el Xt
n

Indeed assume that holds and let » < s < t. Then the Markov property

applied at time sn? yields

2] < Clt—s|. (6.5)

sn2

1
B, || X — X2 X — Xl
1
— B [1 X — X E ey [| X5 — X227
< CHt—s|ls—r| < C?|t—r|?,

hence the claim follows. To establish (6.5), recall that Dynkin’s formula yields that
for any function f in the domain of L, (as defined in (2.1)), there is a martingale
A (f) such that

f(Xi‘W) - f(XSlow) +/0m2 Lnf<X;10w) ds + M (f). (6.6)

n n n

Our case is the case in which f is the identity. Note that in this case the definition
of L,, implies that

1 1 : _
" 1 o 9 T 9B lf.fE—O,
_ _ 1 1 .

Lnf(ﬁ) = E[T$’1+1 — ’7'55@71] = — X 5 2 ifx = —1,

n 2n
0, otherwise.

Denoting by ¢ the local time of X", the above considerations then show that the
right hand side of equals

XgN arl 1
F(F) + 215 = 5] [ (0) = i (1)) + Ao ()
Thus, by considering f as identity and using the expression above, to show (6.5) it
is enough to bound the second moment of

[l ar2(0) — Lot (1)) a0 [ () = (1]

Here, we used the notation /,; to denote the local time of X** between times s
and ¢t. We first analyse the local time term above. To that end, we note that
Proposition and the discussion in Remark yields a coupling between
{in2(0) + lyp2(—1) - ¢t > 0} and {&,,2(0) + &u2(—1) : t > 0} under which these
processes are equal. We recall that ¢ denotes the local time process of the usual
continuous-time symmetric random walk. Since

wan,th (O) - gan,th(_l)’ < |€an,tn2 (O> =+ gan,th(_l)‘
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and = — 2? is a monotone function of the modulus of z, we see that it is sufficient
to estimate the second moment of the sum of the respective local times between
sn? and tn?. However, by the coupling just mentioned it is sufficient to estimate

1
ﬁEx (gan,th (0) + gan,th(_l))Q] )

and we obtain the desired estimate as a consequence of Proposition[A.3.1] We turn
to the analysis of the martingale term. To that end we apply the following version
of the Burkholder-Davis-Gundy inequality (see [29], Theorem 4.1):

Theorem 6.2.2. Let M be a cadlag square integrable martingale. For any p > 0
there exists a constant C = C(p) > 0 such that for all T > 0,

E[ sup |Mtyp] < CE[[M,M]J;”]

0<t<T

Note that #,,>2 = #,,2(f) — #,2(f) is also a martingale in ¢ > s whose optional
quadratic variation is given by

2
sn2<r<tn?

1
y — — A Xslow 2
[%a %]tn n Z | r | )

where A, X" denotes the size of the jump of X" at time r. Note that X~ only
does jumps of size one, so that the above is 1/n? times the number of jumps
in the time interval [sn? tn?]. However, since for § > 0 we always have that
a/2n? < max{1/2,a/2}, it readily follows that the number of jumps of X*** in the
time interval [sn?, tn?] is stochastically dominated by the number of jumps of a
continuous-time simple symmetric random walk jumping at rate max{1, a}, i.e., by
Ni—syn2(m), where m = max{1,a} and N(m) is a Poisson process with rate m. We
can now conclude the proof using that

E[Ny—gn2(m)] = (t —s)n’m,

and this implies that
E[ A, M2 < (t—35)m < o0,

satisfying the required hypothesis.
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Chapter 7

Possible directions of extension
and difficulties that may be faced

In this chapter we present some direction of extensions of the present work that
may be attained in the future, as well as related difficulties that may be faced. In
the first section we define the slow bond Kipnis-Marchioro-Presutti model (slow
bond KMP model) and the conjecture that states this model has a phase transition
in the propagation of the local equilibrium. In the second section, we present
the slow bond KMP dual process and a result suggesting that the propagation of
the local equilibrium is valid for that model. The third section presents a possible
coupling technique in order to prove the propagation of local equilibrium, following
the outline of [27]]. Nevertheless, the slow bond presence represents a difficulty to
be dealt with.

7.1 Statements

Inspired by the seminal paper [21]], we define the following process. Let Qxup :=
R% be the state space of reference, whose configurations will be denoted by

0 = ('"79—2a0—1700a917027"')a

where each 0; represents an energy on the site i. The Slow Bond KMP Model on Z
is the Markov process {A(¢) : t > 0} on the state space whose generator Gy acts on
smooth local bounded functions f : Qgmp — R as

a 1
(G f)O) =75 / £l DO+ 00), (L= p) (61 +60), ... = £(6)] dp
S [ [0 ). (1= PO b))~ FO)]
:L“EZ\{ 1}
The vector 0 = (...,0_1,00,61,...) € Qgump Will be called an energy configu-

ration, where Qgyp is the set of energy configurations. This process can be un-
derstood as a one-dimensional infinite chain of oscillators, one for each site on Z.
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To each edge (pair of neighbour sites) it is associated a Poisson clock of unitary
parameter, except for the edge {—1,0}, whose Poisson clock has rate o/N?, where
a >0, € [0,00] and N € N is the scaling parameter. When a certain clock rings,
the total energy at the respective sites is redistributed between them uniformly at
random. Then, the {—1,0} edge behaves as a barrier, hence the name slow bond.

T 1 =2 1 1

=z

Figure 7.1: A slow bond KMP energy configuration

Considering an infinite volume version of the Kipnis-Marchioro-Presutti pro-
cess with the presence of a slow bond at the edge {—1,0}, we intend to prove the
propagation of the local equilibrium, showing a dynamical phase transition accord-
ing to the slow bond’s strength. The conjecture is that if 5 € [0, 1), the propagation
of local equilibrium follows the heat equation; if 5 = 1, it follows the heat equa-
tion with certain Robin boundary conditions at the origin; and if § > 1, it follows
the heat equation with Neumann boundary conditions at the origin. Now we will
provide some definitions that will be useful to state some results and conjectures.

Given \ > 0, let v\, be the Gibbs measure (for the energy) of independent oscil-
lators on Z, which is the following product measure on R%:

dvy, = HAe%w do, .

TE€EZ

It can be checked that this family of measures is invariant, in fact, reversible for
the KMP process with a slow bond. The slowly varying measure dvﬁé,) associated to
a profile v : R — R is defined as the product measure

vy = [ \Ye % dp,, (7.1)
TEZL

where \Y = (7(%))71. That is, dvﬁ_) is a product of exponentials whose parameters

MY depends on the profile v. Let v, S(tN?) be the distribution of the KMP with a
slow bond at time ¢t N2.

Definition 2. Let ;1 be a probability measure on R,. We say that a sequence of
probability measures duy on R% converges locally weakly to a measure du at u € R
if, for any k € N, the marginal of uy at the sites |[uN| — k, ..., |uN| + k converges

weakly to the product measure ) iﬂ;ﬁ . dp.
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In other words, the sequence of measures ;. converges locally weakly if, around
a macroscopic point u € R, it converges to a product measure with marginal ., for
any finite window around the microscopic point |u/V].

If the local weak convergence holds for any u € R, where the measure du =
du(u) depends on u € R, this is known as the local equilibrium property, see [20].
If v : R — R, is bounded and continuous, then the slowly varying measure duﬁ.)
has the local equilibrium property, where, for given u € R, the limiting measure
du(u) is an exponential measure of parameter ~y(u)~.

Consider now some Markov process starting from duy, whose semigroup we
denote by Sy (t), that is the distribution of the process is given by Sy (tax)un, Where
ay is the time-scaling parameter. If the sequence of measures Sy(tay)uy, under
suitable assumptions on uy (for instance, assuming that uy are slowly varying
measures), have the local equilibrium property, we say that the process has the
propagation of local equilibrium property.

Conjecture 7.1.1. Let v : R — R, be a continuous profile, bounded away from zero.
Assume that uy is a slowly varying sequence of probability measures associated to
v, and let Sy(tN?)uy be the distribution of the slow bond KMP at time tN? started
under the measure [iy.

Then, Sx(tN?)ux has the propagation of local equilibrium property. More pre-
cisely, for u € R and t > 0, it converges locally weakly to a product of exponentials
of parameter p(t,u), where

e for f €10,1), pis the solution of the heat equation:

{ Aip(t,u) = 505,p(t,u), >0, u€R

p(0,u) = y(u). ueER 72

e for 5 =1, pis the solution of following heat equation with boundary conditions
of Robin’s type at the origin:

Op(t,u) = 500,p(t, u), t>0, u € R\{0}
Oup(t,07) = 0up(t,07) = a{p(t,0%) — p(t,07)}, t>0 (7.3)
p(0,u) = ~(u), u€eR.

e for B € (1,+0o¢], p is the solution of the heat equation with a boundary condi-
tion of Neumann’s type at u = 0

Oup(t,u) = 505,p(t,u), t >0, ueR\{0}
Oup(t,07) = Oup(t,07) =0, t>0 (7.4)
p(0,u) = ~(u), u € R.

In the next two sections we present arguments in favor of the conjecture above.

7.2 Dual process

We construct in this section a discrete process which is dual to the Slow Bond
KMP on Z.
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Definition 3. Denote

N o= (M2, M1, M0, M1y M - - ) € N2 =2 Qquar (7.5)

where n, represents the number of particles at the site x € 7. Consider the Markov
process taking values on Qgua characterized by the following generator

(11[#—1} + %%:,”) ML
nj + i+ 1

(ANf)(n) = Z

JEZ

floomi—nam + 104 —q,...) — f(n)] .
q=0

(7.6)

11 2 11

2

Figure 7.2: Jump rates for the slow bond random walk for many particles

This particle system can be described as follows. We associate to each pair of
neighbour sites a Poisson clock of parameter one (except the {—1,0} edge, whose
parameter is yz). When a Poisson clock rings, the particles in the corresponding
sites are uniformly redistributed. Furthermore, all the Poisson clocks are taken as
independent. Let [|n[|; = _..;,n; be total quantity of particles for a configuration.
For ||n||; < co and 6 € Qgymp, we define the duality function 2 : Qgua X Qxmp — R by

9.0 = [[ 2

[
TEZ Nz

(7.7)

Note that the product above is finite indeed due to the assumption ||||; < co. Next,
we will make a slight abuse of notation: although already used for the stochastic
process, n and 6 will design configurations, corresponding to the initial state of the
respective Markov processes.

Theorem 7.2.1 (Duality). Let n € Qqua and 0 € Qgmp. Denote by Ey the expectation
induced by the Markov process of generator G starting at the configuration 6 and
denote by E, the expectation induced by the Markov process of generator Ay starting
at the initial configuration n. Then, for all t > 0,

E, [9(77@, 9)} — &, [907, G(t))] . (7.8)

The proof of above is very similar to the one in [21, Thm 2.1], and consists
on checking that Ay%2 = Gy%. Since such an equality is proved by decomposing
the generators in parcels associated to edges, the slow bond factor here considered
makes no difference in the proof. It is possible to check this via [21]], disregarding
the boundary terms there, which does not exist here. As a consequence of the
duality, we obtain:
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Proposition 7.2.2. Assume the hypothesis of Conjecture [7.1.1] In this case, for
u € Rand t > 0, we have that

lim E,, [9(75]\72, luN|)| = p(t,u),

N—voo
where p(t,u) is
e the solution of if B €[0,1);
e the solution of if 3=1;

e the solution of (1.4) if 5 € (1, +00),

where 0(t, ) represents the energy quantity at the site |uN| in time tN? for the
process 0(t).

Proof. Let n = ¢, be the configuration which has a single particle, located at the
site y € Z. It is simple to check that the process starting from 7 coincides with
the slow bond random walk. Remember that this model is the Feller process on Z
denoted by {X;*" : ¢t > 0}, whose generator L,, acts on local functions f : Z — R via

Lnf(@) = o [fla+1) = f@)| + 2 [fe -1 - f@)], @9
where N
— ifz=-1,
Ti\;ﬂ = Tgﬁl,x = { 2NF (7.10)
1/2,  otherwise.

Note that the process of generator Ay as defined in starting with a single
particle is a lazy random walk. That is, when the Poisson associated to a given
edge rings, the particle stands still with probability one half, which implies the 1/2
factor in the rates above.

By the equations and (7.7), we obtain, respectively, the equalities below

n(t,x)
Eo[2(1.00))] = E,[2(n(t).0)] = E[H%I

TEZ

where 7)(t, x) represents the quantity of particles at the site = in time ¢ for the
process 7)(t). Since this process is conservative and starts from 7 = §,,, we have that
n(t,x) € {0, 1} for any positive time. Denote f : Z — R as f(z) = 0,, where 6, is the
initial configuration for the KMP process with a slow bond. Since 7(¢,z) € {0,1}
and the fact that the process 7(¢,z) starting from a configuration with a single
particle is the slow bond random walk, then

By [2(6,,0()] = E[0(t,2)] = B, [f(XF")],

where E, denotes the expectation with respect to the probability P,, which repre-
sents the probability associated to the slow bond random walk started at site z. In
particular, letting z = |uN | and choosing tN? as the time, we obtain that

Eg[2(6uny, 0N?)] = Epun [F(X52)] - (7.11)
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Define now

oy = 7(%) Vjez,

where 7 : R — R, is the bounded continuous profile in the Theorem Hence,
replacing the initial condition 4 in (7.11) by 6", we get

Eov [2(8)uny, 0()] = Epun {V(X;JVIVW)] .

By Theorem and (7.11), we have that Eov [Z(6.y, 0(t))] converges to
(a) E,[v(B,)],if B € [0,1);
(b) E, [y(BF)], if 5 = 1
(© Eu[7(sgn(w)| B, if 5 € (1, +o0]

It is known that E, [y(B;)] and E, [y(sgn(u)|B:|)] are, respectively, the solutions
of PDE’s (7.2) and (7.4). Furthermore, it was proved in Section 3.1/that E, [y(B{"*)]
is the solution of (7.3). O

An important role can be played by the so-called ¥ correlation function, in order
to prove the propagation of local equilibrium, which is given by

V(O,21,...,2,:1) = EQQ(Z%,G(&) ~[[Ee2(5...0(1)). (7.12)
=1 =1

Here E, denotes the expectation induced by the Markov process of generator Gy
starting at the configuration 6, as defined in Theorem and Y ", d,, denotes
the configuration with particles located at positions z1, ..., z,.

The main aim is to prove that 7 goes to zero when ¢ goes to infinity, as done
in [10] for the symmetric exclusion process (SEP) and in [27] for the symmetric
inclusion process (SIP). However, in these works it was strongly used that the SEP
and the SIP are self-dual process, which is not valid for the KMP process.

7.3 Coupling

Here, we present a theorem from [27], which shows the propagation of lo-
cal equilibrium of the symmetric inclusion process (SIP), see [27] for a definition
and more details. First, consider the coupling (X(¢),Y(¢),U(t),V(t)), such that
(X (t),Y(t)) evolves as two SIP(m) particles, and U(t) and V(¢) are two indepen-
dent random walkers moving at rate 7.

In order to define the generator of this coupling, we denote by e;3 the vector
(1,0,1,0) and e,y the vector (0,1,0,1). Moreover, defining x := (z,y,u,v), we have
that the coupling generator is
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L) = T 3 [(Fx+cens) = fx)) + (Fix+ eeas) = ()]

e==1
+ ]l{|x—y\:1} (f(SL’,JJ, U, U) + f(ya Y, u, U) - 2f(x7y> u?”)))‘

This coupling is interpreted in this way: random walk jumps are performed to-
gether, while the inclusion jumps are performed only in the first two coordinates.
The follow result, which is an ingredient to proof the propagation of local equilib-
rium, claims that, when the particles begin at the same site, we can keep them
closer than p+v/t for t large, for all p > 0, with probability close to one.

Theorem 7.3.1 ([27]). In the basic coupling (X(t),Y(t),U(t),V(t)) between two
SIP(m) and two independent random walkers moving at rate %, starting at the
same initial positions, we have

_ 2
X (0) — U)] =0, (7.13)

lim
t—o00

where the limit is in L', and hence in probability, for every position with X(0) =
U(0),Y(0) = V(0). The same statement holds for |Y (t) — V(t)|.

In order to obtain propagation of the local equilibrium for the KMP, we may
need to prove a version of Theorem for the slow bond random walk. Our
version of this theorem consider (X (¢), Y (¢)) evolving as two particles in slow bond
RW and U(t), V (t) as two independent particles in the same process. Nevertheless,
the slow bond presence makes this a difficult task .

Another possibility is to prove that the limit in for the symmetric random
walk implies the same limit for the slow bond RW. However, theoretically the slow
bond makes the particles in X (¢) and U(¢) to be closer than in symmetric case.
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Appendix A

Auxiliary tools

A.1 An explicit solution to a PDE with Robin bound-
ary conditions

Here we summarize the idea from [12] on how to obtain the explicit solution of

PDE (2.4).
8tp - %Ap7 u 7é 0

Oup(t,07) = Dup(t,07) = £[p(t,07) — p(t,07)] (A.1)
p(0,u) = f(u).
Denote by 7} f(u) the solution of (A.1), where f is the initial condition and denote
by feven(u) and foqqa(u) its even and odd parts, respectively. By linearity, the solu-
tion may be written as the sum of T} foyen(u) and T foqa(u). Since the PDE
preserves parity, we conclude that 7} feyen(u) is solution of
Op = % Ap
p(oa u) = feven(n) (u) (AZ)
aup<t7 0+) = a’up(t7 O_> = 07
which boundary condition can be dropped due to the fact that fe., is an even
function. That is, 7} feven(u) is simply the solution of usual heat equation

{atp = %Ap
p(O,u) = feven(u)-

which solution is given by the classical formula
e_y2/2t

p(t,u) = /Rfeven<u_y) \/ﬁdy

On the other hand, again by preservation of parity, we can deduce that
TF foaa(u) is given by

(A.3)

op = %Ap, u>0
p(0,u) = foaa(u), u>0 (A.4)
Aup(t,07) = Qup(t,07) = kp(t,0%), ¢ >0.
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on the positive half line, with analogous definition on the negative half line. The
standard technique to solve the (A.4) is to define

v(t,u) == kp(t,u) — dup(t,u), (A.5)
which will be solution of

o = %Afu, u >0
v(0,u) = K foad(u) — frgq(u) ©w>0 (A.6)
v(t,0) = 0.
with analogous definition for the negative half line. Note that the equation above
has Dirichlet boundary conditions, which can easily solved by the image method

(see [18], p. 56). Once we have the expression for v, solving the linear ODE
gives us the expression for 7} f,qq(u).

A.2 Scale invariance

Proposition A.2.1. The random variables L(x,t) and L(x+/n,tn)/\/n have the same
distribution.

Proof. Doing the changing of variables u = sn, we get

1 1 du

t tn
L(z,t) = 21{1%2—5/0 1B, cz—cate)ds = l%%_n/o ]lBu/nE(I—e,x-i-E)?

‘ 1 tn du
= o 0 LB, e@vi-evmaymreym

Due to the BM’s scaling invariance, the last expression is equal in law to

du L(z+/n,tn)

1 p—

tn
li o 1 —ev/n,x\/n n)~ .
EI{% 25n/0 Bug(@yn—evnayntevn) vn

A.3 [? norm estimates for local times

The next result is likely standard, however we were not able to find it in the
literature, so we provide a proof. Recall that ¢,,2(0) denotes the local time of simple
random walk at the origin.

Proposition A.3.1. Let ¢ € N, then for all s,t > 0 there exists a constant C > 0
such that for all n € Nand all x € Z,

E, [(fsnz,th (0))q:| 5 |t - 8|%nq :
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Proof. For simplicity we prove the result only for s = 0, however since our es-
timates are uniform in the starting point, the general case is a straightforward
consequence. First note that a change of variables yields that

2

tn t
Em2(0) = / Tix,=0 ds = n2/ ]l{Xsnzzo} ds.
0 0

We then see that

q
[(&nz( = n2qql/ d81/ dss - - / dqup(si_si_l)nz(O), (A.7)
i=1

where we set s, = 0. We apply now the local central limit theorem [22, Theorem
2.5.6], which states that there is a constant ¢ such that for all ¢t and all n

C
nptnz((]) ~ —=.

S

Plugging this estimate into (A.7) we may now finish the proof. O

A.4 Proof of Lemma

Next we furnish a short proof of Lemma [5.2.1

Proof of Lemma By the triangle inequality, we have

‘P?feven(n)<%) - Ptfeven(“)‘ < ’P?feven (%) - Ptfeven(tu_:Jﬂ
+ |Ptfeven ) ptfeven( U:J)‘

Due to the Lipschitz continuity of u +— P, feven(u), the last parcel above is bounded
by a term of order 1. Then, it is enough to prove (5.11) with P, feven(u) replaced

by P, feven(n) (L“:J ). Moreover, with a slight abuse of notation un will henceforth
denote the integer part of un. Then, using the equation (5.8) and symmetry p;(z) =
Py [X; = 2] = P,[X, = 0], we can now write

P?feven(n LU:J Z feven n) ptn2< (u - Z)) . (A.8)

zenZ

We now apply the local central limit theorem, [22, Theorem 2.3.11] which states
that for z € 17,

npmz(nx) = Ki(z)exp {O(# + (|tnn—a;|;> } )

where K;(z) is the usual heat kernel, as defined in (4.10). We use this estimate in
(A:8) for all = € 1Z such that |n(u — z)| < n*/*. Since there exists a constant C' > 0
such that for all = € [0, 1) we have the estimate |¢” — 1| < C|z| the above states that
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Inpm2 (n(u — 2)) — Ky(u — z)| < € for the range of 2’s just mentioned. Moreover, note
that
> feenmEpme (= 2)| < [l Pol [Xina] = n¥4],
ZE%Z:
In(u—z)|2n5/4
and by [22, Proposition 2.1.2 (b)] we see that the above is bounded by
Ce—Cen ®. for some constants C; and C,. The proof may now be finished by us-
ing the above approximation of the continuous heat kernel by the discrete one and
by a standard Riemann sum approximation. We omit the details. H
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