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Abstract

We consider the symmetric simple exclusion processes with a slow site in the discrete torus with 7 sites.
In this model, particles perform nearest-neighbor symmetric random walks with jump rates everywhere
equal to one, except at one particular site, the slow site, where the jump rate of entering that site is equal
to one, but the jump rate of leaving that site is given by a parameter g(n). Two cases are treated, namely
gn) =14 o0(1),and g(n) = an~P with B > 1, a > 0. In the former, both the hydrodynamic behavior
and equilibrium fluctuations are driven by the heat equation (with periodic boundary conditions when in
finite volume). In the latter, they are driven by the heat equation with Neumann boundary conditions. We
therefore establish the existence of a dynamical phase transition. The critical behavior remains open.
© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

In the seventies, Dobrushin and Spitzer, see [22] and references therein, initiated the idea
of obtaining a mathematically precise understanding of the emergence of macroscopic behavior
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in gases or fluids from the microscopic interaction of a large number of identical particles with
stochastic dynamics. This approach has turned out to be extremely fruitful both in probability the-
ory and statistical physics (e.g. see the books [24,13]) and it still raises attention nowadays. In this
context, recent studies have been made in hydrodynamic limit/fluctuations of interacting particle
systems in random/non homogeneous medium, see for instance [9,6,8,12] and references therein.

So far, most of the work done in this field concerns the bulk hydrodynamics, i.e., the derivation
of macroscopic partial differential equations arising from the bulk interactions of the underlying
particle system. To this end, one usually considers an infinite system or a finite torus with
periodic boundary conditions and then takes the thermodynamic limit. However, in applications
to physical systems one is usually confronted with finite systems, which requires the study of a
partial differential equation on a finite interval with prescribed boundary conditions. This raises
the question from which microscopic boundary interactions a given type of boundary condition
emerges at the macroscopic scale.

This is an important issue both for boundary-driven open systems, where boundary interac-
tions can induce long-range correlations [23] and bulk phase transitions due to the absence of
particle conservation at the boundaries [3], and for bulk-driven conservative systems on the torus
where even a single defect bond between two neighboring sites can change bulk relaxation be-
havior or lead to macroscopic discontinuities in the hydrostatic density profiles.! Given such rich
behavior due to boundary effects in non-conservative or bulk-driven systems it is natural to ex-
plore the macroscopic role of a microscopic defect on a torus in a conservative system in the
absence of bulk-driving and to ask whether such a defect can be described on macroscopic scale
in terms of a boundary condition for the PDE describing the bulk hydrodynamics.

In this work we address this problem for the symmetric simple exclusion process (SSEP) on
the discrete torus in the presence of a defect site. The model can be described as follows. Each
site of the discrete torus with » sites, that we denote by T,, = Z/nZ, is allowed to have at most
one particle. To each site is associated a Poisson clock, all of them being independent. If there
is a particle in the associated site, this particle chooses one of its nearest neighbors with equal
probability when the clock rings. If the chosen site is empty, the particle jumps to it. Otherwise
nothing happens. All sites have a Poisson clock of parameter two, except the origin, which has a
Poisson clock of parameter 2g(n). If g(n) < 1, the origin behaves as a frap, and (in average) it
keeps a particle there for a longer time than the other sites do. We call this site a slow site. The
main results of the present work are the hydrodynamic limit and the equilibrium fluctuations for
the exclusion process with such a slow site.

Specifically, for g(n) = 1 4 o(1) it is shown here that the limit for the time trajectory of the
spatial density of particles is given by the solution of the heat equation with periodic boundary
conditions, namely:

(1.1

{8[,0([, u) =02p(t,u), t=>0, ueT,
p(0,u) = po(u), uet,

where T is the one-dimensional continuous torus.
Moreover, considering the same particle system evolving on Z, we prove that the equilibrium
fluctuations of the system are driven by a generalized Ornstein—Uhlenbeck process ); which is

1 See [11,20,1,4,2,17] for numerical, exact and rigorous results for the asymmetric simple exclusion process and
[21,19] for a review, including experimental applications of interacting particle systems with boundary interactions in
physical and biological systems.
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the solution of

dyt = Aytdt + V ZX(p)VdW;

where W; is a Brownian motion on the space S’'(R) of tempered distributions and x (p) is the
compressibility, which is a coefficient related to the invariant measure of the system. Both results
are true irrespective of whether o(1) is positive or negative, i.e., of whether the origin is a fast
site or a slow site.

On the other hand, if g(n) = an#, « > 0, B > 1, the limit for the time trajectory of the
spatial density of particles is given by the solution of the heat equation with Neumann boundary
conditions, namely:

dp(t,u) =d2p(t, u), t>0, ue,1),
3up(t,07) = 3,0(1,07) =0, >0, (1.2)
p(0, u) = po(u), u e (0,1),

where 07 and 0~ denotes right and left side limits, respectively. This represents no passage of
particles in the continuum limit.

Again considering the same particle system evolving on Z, we prove that the equilibrium
fluctuations of the system when g(n) = an~#, & > 0, B > 1 are driven by the solution of

dY: = Aneudrdt + V2x(p)VNeud W,

which is essentially a version of the previous generalized Ornstein—Uhlenbeck process associated
to the PDE (1.2), in the same setting of [8]. These Ornstein—Uhlenbeck processes are precisely
stated in Section 2.

We point out that a similar model with conservative dynamics on the torus has been considered
in [6,8,9], which consists in the SSEP with a slow bond of intensity g(n) = an P, a > 0,
B > 0. In that model particles perform nearest-neighbor symmetric random walks, whose jump
rate is equal to one at all bonds, except at a particular bond, where it is equal to g(n). From
[6,8,9] it is known that hydrodynamic limit/fluctuations for exclusion processes with a slow bond
have three different behaviors depending on the regime of .

For the SSEP with a slow site that we treat here the methods used for the slow bond problem
cannot be adapted in any straightforward fashion as the asymmetry at the slow site gives rise
to novel difficulties in the study of its hydrodynamic behavior and fluctuations. The model is
reversible, as is the SSEP with a slow bond, but it is not self-dual, in contrast to the SSEP
with a slow bond. Moreover, the invariant measures for the SSEP with a slow site are not
translation invariant, as happens for the SSEP with a slow bond. As a consequence, the proof
of the hydrodynamic limit for the SSEP with a slow site requires different approaches from the
ones of [6,8,9] and one cannot naively extend the results obtained for the slow bond to the case
of the slow site.

As described above, in this paper we are able to characterize the hydrodynamic limit and the
equilibrium fluctuations for g(n) = an™® whena > 0, 8 > 1. The case 0 < B < 1 remains
open. However, we present and motivate a conjecture on the behavior of the system in that case.
Moreover, since we present also the hydrodynamic limit and the equilibrium fluctuations for
g(n) close to one, namely g(n) = 1 4 o(1), the existence of a dynamical phase transition in the
behavior of the system from periodic boundary conditions to Neumann boundary conditions at a
critical value of § in the range 0 < B < 1 is established.
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In order to put our results into a broader perspective conservative particle systems with defects
we point out that for a single slow bond the SSEP treated [6,8,9] exhibits the same hydrodynamic
behavior as non-interacting random walks with a single slow bond. On the other hand, with a
single slow site both hydrodynamic limit and fluctuations of non-interacting particles would be
driven by a disconnect behavior for any 8 > 0, leading to Dirichlet boundary conditions with
boundary densities 0. Thus the similarity between the SSEP and non-interacting particles that
one finds for a slow bond breaks down for a slow site, adding further motivation for a detailed
investigation of the SSEP with a slow site.

It is also worthwhile to compare our result with a result derived in [12] for a related problem.
The model considered there is called the Bouchaud trap model. In that model, particles perform
independent random walks in a random environment with traps given by i.i.d. alpha-stable
random variables. In [12] it was proved that the hydrodynamic limit for such model is given
by a generalized partial differential equation depending on an alpha-stable subordinator. The
present paper suggests that a trap model of exclusion type should not have the same limit as
obtained in [12] for a trap model of independent random walks. For the SSEP the asymmetry at
the slow site yields a limit that has some properties in common with a slow bond and therefore a
behavior completely different from the one observed in [12].

Here follows the outline of this paper. In Section 2 we give notations, precise definitions
and statements of the results. In Section 3 we present the hydrodynamic limit of the model. In
Section 4 we present the equilibrium fluctuations (in infinite volume). In Section 5 we state a
conjecture on what should be the complete scenario for exclusion processes with a slow site.
In Section 6 we present an extra result on the hydrodynamic behavior of the SSEP with k
neighboring slow bonds, which we use as an argument to sustain our conjecture in Section 5.

2. Statement of results
2.1. The model

A particle system can be constructed through its generator or via Poisson processes. In this
work we will make use of both.

LetT, =7Z/nZ ={0, 1, ..., n — 1} be the one-dimensional discrete torus with n points. The
simple symmetric exclusion process (SSEP) with a slow site is the Markov process with state
space {0, 1} and with generator £, acting on functions f : {0, 1T - Ras

Safm= Y En@A =g O™ = fF@], 2.1)

x,yeTy
lx—y|=1

where the jump rates £ are given by

£ = gn), ifx=0,
L if x € T, \ {0},

where g(n) > 0 and n***! is the configuration obtained from 7 by exchanging the occupation

variables n(x) and n(x + 1). Formally,

1 nx+1), %fy:x,
) = {n), ify=x+1, (22)
n(y), otherwise.
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Fig. 1. Exclusion process with a slow site.

Its dynamics can be described as follows. To each site we attach two Poisson processes, one
corresponding to jumps from x to x 4 1 and the other corresponding to jumps from x to x — 1. If
the site x is occupied and the site x + 1 is empty, the particle moves from site x to site x 4+ 1 at a
time arrival of the Poisson process associated to {x, x + 1}, and analogously for sites {x, x — 1}.
The jump rates corresponding to those transitions are shown in Fig. 1.

For fixed n, let {n; : T > 0} be the Markov process with generator £,. Notice that 7, depends
on g(n), but we do not display this dependence in the notation. We denote by {n; : t+ > 0} the
Markov process with generator n>£,. This time factor n? is the so-called diffusive time scaling.
We observe that this is equivalent to define n; = 7,2..

Next we establish a family of invariant measures (in fact, reversible) for the dynamics
introduced above.

Proposition 2.1. For any p € [0, 1], the Bernoulli product measure v, on the space {0, 1}Tn
with marginals given by

—3% ifx=0
vplns n() =1} =mp) = (1= p)+ <5 ’ (2.3)
P if x € T, \ {0},

is reversible for the Markov process {n, : T > 0}.

The proof of this proposition consists only in checking the detailed balance equation, which
is straightforward and for that reason it will be omitted.

Above and in what follows, a sub-index in a function means a variable, not a derivative.
Denote by T the one-dimensional continuous torus R/Z = [0, 1) and by (-, -) the inner product
in L2[0, 1].

2.2. Hydrodynamics

Definition 1. Let py : T — [0, 1] be a measurable function. We say that p is a weak solution of
the heat equation with periodic boundary conditions given by

{a,pu, w)y=a;p(t,u), t>0, ueT, 2.4)

p(0, u) = po(u), ueT,
if, for all ¢ € [0, T'] and for all H € C*(T),

t
(o1, Hy) = (po, Ho) — /0 (ps, 92Hy)ds = 0. 2.5)
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Next, we define what we mean by weak solutions of the heat equation with Neumann
boundary conditions, as given in (1.2). We introduce first some technical background on Sobolev
spaces.

Definition 2. Let ! be the set of all L! functions ¢ : [0,1] — R such that there exists a
function 9,¢ € L?[0, 1] satisfying

(0,G, &) = —(G, &),
for all G € C*[0, 1] with compact support contained in (0, 1). For ¢ € H!, we define the norm
1/2
el = (16 a0y + 188 1220 1))

Let L2(0, T; Hl) be the space of all measurable functions & : [0, T] — H! such that

T
2 . 2
€120 7701, = fo 1812, dt < co.

Abusing notation slightly, we denote by C2[0, 1] the set of functions H : T — R that are
continuously twice differentiable in T \ {0} and have a C2-extension to the closed interval [0, 1].

Definition 3. Let pp : T — [0, 1] be a measurable function. We say that p is a weak solution of
the heat equation with Neumann boundary conditions

dp(t,u)=02p(t,u), >0, ue(,1),
dup(t,07) = 8,p(,07) =0, >0, (2.6)
(0, u) = po(u), u e (0,1),

if p belongs to L20, T; H') and for all ¢ € [0, T] and for all H € C2[0, 1],

<pl? H> - (IOO» H> _/0 <,Os’ 83H>ds

t
- / (05 (07) 3, H(OF) — py(07) 8, H(07)) ds = 0.
0

Let D(R., {0, 1}T7) be the path space of cadlag” trajectories with values in {0, 1}T. For a
measure 1, on {0, 1}, denote by P, the probability measure on D(R, {0, 1}T) induced by
the initial state ,, and the Markov process {», : ¢ > 0}. Notice that in fact P,,, = Pﬁ(n")’” but we
will not carry the dependence on n nor g in order to not overload notation. By E,,, we mean the
expectation with respect to IP;,,,.

The notation 7. is reserved to represent elements of the Skorohod space D(R.., {0, 1}Tr),
i.e., time trajectories of the exclusion process with a slow site. This notation 7. should not be
confused with the notation 1 for elements of {0, I}T".

From now on we fix a profile y : T — [0, 1], representing the initial density of particles. To
avoid uninteresting technical complications, we assume that y is continuous at all x € T \ {0}
and bounded from below by a positive constant:

¢ = ;requry(x) > 0. 2.7

2 From the French, “continuous from the right with limits from the left”.
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Theorem 2.2. For eachn € N, let 11, be a Bernoulli product measure on {0, 1Y with marginal
distributions given by

X
s @ =1} = (). 28)
n
Then, for any t > 0, for every § > 0 and every H € C(T), it holds that
. 1 x
,,l”;opun n.: ‘; Z H (;) N (x) —AH(u)p(t, u)du‘ > 8} =0, 2.9)

xeT,

where

e for g(n) = 1+ o(1), p is the unique weak solution of (2.4);
o forgin) =an P, a >0, B > 1, p is the unique weak solution of (2.6);

and where, in both cases, the initial condition of the corresponding partial differential equation
is given by pg = y.

Remark 2.3. About the constants: To avoid repetitions along the paper, we fix, once and for all,
the assumptions ¢ > O and 8 > 1.

Remark 2.4. About the statement of the Theorem: If at the initial time the density of particles
converges to the profile y (-), then, in the future time ¢, the density of particles converges to a
profile p(z, -) which is the weak solution of the heat equation with the corresponding boundary
conditions and with initial condition py = y.

Remark 2.5. About the scaling: In the claim of Theorem 2.2 one can see that the space is
rescaled by n~! (space between sites) and time is rescaled by n2, since the “future time” is
indeed rn>. This is the diffusive time scaling.

Remark 2.6. About the initial measure: We can weaken the hypothesis on w, by dropping the
condition of being a product measure, and assuming that {1, },eN is associated to y (-), see [13].
In that case the statement of Theorem 2.2 remains in force. However, this hypothesis would
complicate the attractiveness tools at Section 3.5 and for this reason we assume (2.8).

Remark 2.7. About the weak solution: The weak solution of (2.6) is a function defined on the
interval [0, 1], not on the torus. But, as already explained, Lebesgue almost sure, it is the same.
Thus it makes sense to integrate p in the torus T, as it appears in Eq. (2.9).

2.3. Equilibrium density fluctuations

In this section we consider 7; evolving on the one-dimensional lattice Z and starting from the
invariant state v, with p € (0, 1). Therefore, the generator of the process is given by (2.1) with
T, replaced by Z, namely

Safmy= Y En@A =)0 = f@],
x,yEL
Jx—yl=1

for local functions f : {0, 12 - R.



T. Franco et al. / Stochastic Processes and their Applications 126 (2016) 800-831 807

From now on we fix p € (0, 1). In order to establish the central limit theorem (C.L.T.) for
the density under the invariant state v, we need to introduce the fluctuation field as the linear
functional acting on test functions H as

. 1 X
Yy (H) = ﬁéH(;)(m(x) —mp (), (2.10)

where m ,(x) is the mean of n,(x) with respect to v, introduced in (2.3). We emphasize that
{n; : t > 0} is the Markov process with generator n2£,,. Denote by P » the probability measure on
the Skorohod path space D(R, {0, 1}%) induced by the initial state v, and the Markov process
{n; : t > 0} and we denote by E,, the expectation with respect to I,,.

Now we introduce the space of test functions. Since the hydrodynamics is governed by
different partial differential equations, the state space for H depends on the jump rate g(n) that
we defined at the slow site.

Definition 4. Let S(R) be the usual Schwartz space of functions H : R — R such that H €
C*°(R) and

d*H
IH ke = sup [(1+ |x|* ) = (xX)| <00,

xeR

for all integers k, £ > 0. We define Sney(R) as the space composed of functions H : R — R
such that

(1) Except possibly at x = 0, the function H is continuous and infinitely differentiable,
(2) The function H is continuous from the right at zero,
(3) For all integers k, £ > 0,

k
I H llk.e.+ = sup |(1+ |x|* )—H(X) < 00,
x>0
and
d*H
| H e, 2= sup (1 + [x]) S ()| < oc.
x<0

(4) For any integer k > 0,
d2k+l d2k+]

fim lim T &) =

x—0F W(X)

Notice that it is not required that H is continuous at x = 0. Intuitively, this space Sneu(R)
corresponds to two independent Schwartz spaces in each half line. The chosen notation comes
from the expression Neumann boundary conditions.

Both spaces S(R) and Sneu(R) are Fréchet spaces. The proof that S(R) is Fréchet can be
found in [18], for instance. The proof that Sney (R) is Fréchet is quite similar and will be omitted.

The set of continuous linear functions f : S(R) — R and f : Sney(R) — R with respect to
the topology generated by the corresponding semi-norms will be denoted by S’ (R) and S{, (R),
respectively.

The notation V and A mean the first and second space derivatives. In the case of Sneu(R), we
will make use of the following definition:
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Definition 5. We define the operators Vney : SNeu(R) — Snew(R) and Aney @ Sneu(R) —
SNeu (R) by

dH .
d—(lxt), if u ;é O,
WeaHw) =1 " g
Iim —u), ifu=0,
u—lg)l‘*' du @), ifu
d*H
—(u), ifu#0,
du?
ANeuH (u) = 2
Ml_l)l’%)1+ 7(1/{), ifu=0.

Notice that these operators are essentially the first and second space derivatives, but defined in
specific domains, which changes the meaning of the operator. Roughly speaking, the operator
ANey is the operator associated to a system blocked at the origin.

2.4. Ornstein—Uhlenbeck process

Denote by x(p) = p(1 — p) the so-called static compressibility of the system. Based on
[10,13], we have a characterization of the generalized Ornstein—Uhlenbeck process, which is a
solution of

dY, = AV,dt + /2x (p)VdW,, Q.11

where d)V; is a space—time white noise of unit variance, in terms of a martingale problem. We
will see later that this process, which take values on S’(R), governs the equilibrium fluctuations
of the density of particles when the strength of the slow site is given by g(n) = 1 4+ o(1).

On the other hand, when the strength is given by g(n) = an~#, the corresponding Ornstein—
Uhlenbeck process will be the solution of

dYr = Aneudidt + /2% (P) VNeud Wi, (2.12)

and taking values on S (R).

In what follows D([0, T1, S’(R)) (resp. C([0, T], S'(R))) is the space of cadlag (resp.
continuous) S’ (R) valued functions endowed with the Skorohod topology. Analogous definitions
hold for D([0, T], Sy, (R)) and C([0, T, Sy, (R)).

The rigorous meaning of Eqs. (2.11) and (2.12) is given in terms of the two next propositions.
Denote by 7; : S(R) — S(R) the semi-group of the heat equation in the line (see [7] for
instance). It is well known that

Proposition 2.8. There exists an unique random element Y. taking values in the space C([0, T,
S’ (R)) such that:
(i) For every function H € S(R), M,(H) and N;(H), given by

t
My (H) = Yy (H) — Yo(H) — / Vo(AH)ds,
0 2.13)

Ni(H) = (M) = 24 (p) £ IVH 2 .
are Fi-martingales, where for eacht € [0, T], F; .= o (Vs(H);s <t, H € SR)).
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(i1) Yo is a Gaussian field of mean zero and covariance given on G, H € S(R) by
Ep[Yo(G)Vo(H)] = X(P)fRG(u)H(M)du- (2.14)

Moreover, for each H € S(R), the stochastic process {Y,(H) : t > 0} is Gaussian, being the
distribution of Vi(H) conditionally to Fy, for s < t, normal of mean Ys(T;—s H) and variance

Jo CINTHI, g, dr

We call the random element ). the generalized Ornstein—Uhlenbeck process of characteristics
V and A. From the second equation in (2.13) and Lévy’s Theorem on the martingale
characterization of Brownian motion, the process

172

CxPIVHIFag) " Mi(H) (2.15)

is a standard Brownian motion. Therefore, in view of Proposition 2.8, it makes sense to say that
Y. is the formal solution of (2.11).

Now, let TlNeu : SNeu(R) — Sneu(R) be the semi-group associated to the following partial
differential equation with Neumann boundary conditions:

du(t, x) = d2u(t, x), >0, x eR\ {0}
Au(t,0Y) = 0,u(r,07)=0 >0 (2.16)
u(0, x) = H(x), x € R.

See [7] for an explicit expression of T,Ne“. In a similar way, we have

Proposition 2.9 (See [7]). There exists an unique random element ). taking values in the space
C([0, T, 8, (R)) such that:

(i) For every function H € Sneu(R), M;(H) and N;(H) given by

t
M (H) = Yi(H) — Yo(H) —/ Vs (AneuH)ds,
0 2.17)

Ni(H) = (Mi(H))? = 2x(p) £ Ve H 22

are Fi-martingales, where for eacht € [0, T], F; .= o (Vs(H); s <t, H € Sneu(R)).
(ii) Yo is a Gaussian field of mean zero and covariance given on G, H € Sney(R) by (2.14).

Moreover, for each H € Sneu(R), the stochastic process {Y,(H) ; t > 0} is Gaussian, being the
distribution of Y;(H) conditionally to F, for s < t, normal of mean yS(TNe”H ) and variance

r—
Jo VTN 2, o dr.

We call the random element ). the generalized Ornstein—Uhlenbeck process of characteristics
VNeu and Aney. We are in position to state our result for the fluctuations of the density of
particles.

Theorem 2.10 (C.L.T. for the Density of Particles). Consider the Markov process {n; : t > 0}
starting from the invariant state v, under the assumption g(n) = 1+o0(1). Then, the sequence of
processes { Y} }neN converges in distribution, as n — 400, with respect to the Skorohod topology
of D([0, T], S'(R)) to V; in C([0, T1, S'(R)), the generalized Ornstein—-Uhlenbeck process of
characteristics A, V which is the formal solution of the Eq. (2.11).
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On the other hand, if we consider g(n) = an~?, a > 0and B > 1, then {)]'} N converges in
distribution, as n — 400, with respect to the Skorohod topology of D([0, T], S}v(eu R)) to V; in
c([o, 11, SI’\, o R)), the generalized Ornstein—Uhlenbeck process of characteristics ANeus VNeu
which is the formal solution of Eq. (2.12).

3. Hydrodynamics

We proceed to define the spatial density of particles of the exclusion process, where we embed
the discrete torus T, in the continuous torus T.

Let M be the space of positive measures on T with total mass bounded by one, endowed with
the weak topology. Let r/' € M be the measure on T obtained by rescaling time by n?, rescaling
space by n~!, and assigning mass n~! to each particle, i.e.,

1
7 (0, du) = — 3 (%) dejn(du), 3.1)

xeT,

where §, is the Dirac measure concentrated on u. The usual name for 7/' (1, du) is empirical
measure. For an integrable function H : T — R, the expression (7;', H) stands for the integral
of H with respect to 7;*:

ot ) = 3 H (5) .

xeT,

This notation is not to be mistaken with the inner product in L>(T). Also, when 7, has a density
p, namely when 7 (¢, du) = p(¢t, u)du, we sometimes write (p,, H) for (r;, H).

To avoid unwanted topological issues, in the entire paper a time horizon 7 > 0 is fixed. Let
D([0, T], M) be the space of M-valued cadlag trajectories 7 : [0, T] — M endowed with the
Skorohod topology. For each probability measure 1, on {0, 1}T, denote by Qy,, the measure on
the path space D([0, T'], M) induced by the measure w, and the process 7" introduced in (3.1).

Recall the profile y : T — [0, 1] and the sequence {u,},en of measures on {0, I}T" defined
through (2.8). Let Q be the probability measure on the space D([0, T'], M) concentrated on the
deterministic path 7 (¢, du) = p(t, u)du, where

e if g(n) = 1 + o(1), the function p is the unique weak solution of (2.4);
e if g(n) = ’%,, the function p is the unique weak solution of (2.6).

Proposition 3.1. Considering the two possibilities above for the function g, the sequence of
probability measures {Q), }nen converges weakly to Q as n — oo.

Since Theorem 2.2 is an immediate corollary of the previous proposition, our goal is to prove
Proposition 3.1.

The proof is divided in several parts. In Section 3.1, we show that the sequence {an tneN 18
tight. In Sections 3.4 and 3.6, we show that, for each case of g, Q is the only possible limit along
subsequences of {Qﬁn }nen- This assures that the sequence {@Zﬂ }nen converges weakly to Q, as
n — oo.

3.1. Tightness

In order to prove tightness of {m}' : 0 < t < T},cn it is enough to show tightness of the
real-valued processes {(7/', H) : 0 < t < T},en for a set of functions H € C(T), provided



T. Franco et al. / Stochastic Processes and their Applications 126 (2016) 800-831 811

this set of functions is dense in C(T) with respect to the uniform topology (see [13, page 54,
Proposition 1.7]). For that purpose, let H € C*(T). By Dynkin’s formula,

t
M!(H) = (n}', H) — (n}}, H) — / n?L, (", H) ds (3.2)
0
is a martingale with respect to the natural filtration F; := o (n; : s < t). Moreover,
t
(M (H))* - / (nzs,,[(nf, H)P? = 2(x", H) &, (", H)) ds (3.3)
0
is also a martingale with respect to the same filtration, see [13]. In order to prove tightness of
{n'(H) : 0 <t < T}uen, we shall prove tightness of each term in the formula above and then

we invoke the fact that a sequence of a finite sum of tight processes is again tight.

Since (3.3) is a martingale, doing elementary calculations we obtain the quadratic variation of
M]'(H) attime T as

T x+1 X ?
(M (H))p 2/0 > ((ns(x)—ns(x+ D) (H (T) ‘H<Z>>> @

x€T,\{0}

T
+ [ (O =m0 + gm0 = (1)
2
() G) e
n n
T
-FA (=11 = 050D + gy OV = (1))

() )

The smoothness of H implies that lim, oo E,, [(M"(H))7] = 0. Hence M}.(H) converges to
Zero in LZ(IP’,M) as n — oo and, by Doob’s inequality, for every § > 0,

lim P, { n.: sup |[M;(H)| > 8} =0. 3.5)
n— 00 0<t<T

In particular, this yields tightness of the sequence of martingales {M;"(H) : 0 <t < T},eN.
A long computation, albeit completely elementary, shows us that the term n>g, (', H)
appearing inside the time integral in (3.2) can be rewritten as

x+1 x—1 X
" H< )+H< >—M1—)mm
xe%\:{0}< n n (n)
1 —1 0
—l—ng(n)(H (—) + H <—> —2H (—))ns(O)
n n n
-1 0
+n(l — g(”))[(H (—) —H (—)) ns(0) ns(—1)
n n
1 0
+ (H (—) —H (—)) 15(0) m(l)]- (3.6)
n n
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We note that the first term above corresponds to the discrete Laplacian leading to the heat
equation, while the other two terms arise from the boundary conditions.

By the smoothness of H again, there exists a constant cy > 0 such that |n2£n (!, H)| < cH,
which in turn gives

t
/ n2L, (", H)ds

r

<cult—r|

By the Arzela—Ascoli Theorem the sequence of these integral terms is a relatively compact set,
with respect to the uniform topology, therefore it is tight. The term (rj, H) is constant in time
and bounded, thus is tight as well. This concludes the proof that the set of measures {Q}, }nen is
tight.

3.2. Entropy

Denote by H(w|v,) the entropy of a probability measure  with respect to the invariant state
v,,. For a precise definition and properties of the entropy, we refer the reader to [13].

Proposition 3.2. There exists a finite constant Ko .= Ko(p), such that
H(ulvp) = Kon,
for any probability measure i on {0, 1}Tn.
Proof. Recall the definition of v, and notice that
Hubp) = 30 wontog(Z0) < S uintog(5- ).
n€{0,1)Tn p(m) n€{0,1)Tn vp ()
Recall (2.3). By the assumption 0 < p < 1 and the inequality
() = (p A (L= p)" ™" (mp(0) A (1 —m,(0)))
we conclude that H(u|v,) < Kon for some Ko > 0 depending only on p. [

A remark: In particular, the estimate H(jt,|v,) < Kqn holds for the measures (t,, defined in
(2.8).

3.3. Dirichlet form
Let f be any density with respect to the invariant measure v,. In others words, f is a non

negative function f : {0, 1}™» — R satisfying [ f(mvp(dn) = 1. The Dirichlet form D, is the
convex and lower semicontinuous functional defined through

SA/5=—/¢ﬂm&¢ﬂmme

Invoking a general result [13, Appendix 1, Prop. 10.1] we can write ©,, as

2

2,0/ = 22 [0 - aan{yrorh - VT vpan
1 2

+3 [ noa=aonfyrarn - Vim ) van
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1 2
+3 [ =0 = non{\reo=n - V] vy
2
£ [0 —nem[yrae=h = V7w vy

+% )3 /{ /f(nx,x+1)_\/m}2vp(dn)’ 3.7)

x€Ty
x#0,—1

where 7***1 has been defined in (2.2).

Proposition 3.3. Let Q* be a limit of a subsequence of the sequence of probabilities measures
{Q)L, Inen. Then Q* is concentrated on trajectories 7 (t, du) with a density with respect to the
Lebesgue measure, i.e., of the form w(t, du) = p(t, u)du. Moreover, the density p(t, u) belongs
to the space L2(0, T; Hl), see Definition 2.

The proof of the proposition above can be adapted from [6, Proposition 5.6] and for this reason
it will be omitted. For the interested reader, we briefly indicate some steps of this adaptation.

We begin by observing that [6, Proposition 5.6] is in fact a consequence of [6, Lemma 5.8].
Thus we just describe how to prove, in our case, the statement in [6, Lemma 5.8].

There are two basic ingredients in the proof of [6, Lemma 5.8]. The first one is that the
entropy (with respect to the invariant measure) of any probability measure on the state space of
the process, namely, {0, 1}T» does not grow more than linearly. In our case, this result is proved
in Proposition 3.2.

The second ingredient in the proof of [6, Lemma 5.8] is the fact that, except at the defect, the
Dirichlet form of the considered process coincides with the Dirichlet form of the homogeneous
exclusion process. This fact indeed holds for the exclusion process with a slow site and therefore
the same proof of [6, Lemma 5.8] applies here.

3.4. Hydrodynamic limit for g(n) = 1 + o(1)

Proof of Proposition 3.1 for g(n) = 1 + o(1). Let Q* be the weak limit of some convergent
subsequence {QZ{U }jen of the sequence {QZH}"EN' In order not to overburden the notation,
denote this subsequence just by {Q', },en. By Proposition 3.3, the probability measure Q* is
concentrated on trajectories 7 (¢, du) = p(t, u)du such that p(t, u) € L?(0, T; HY). Our goal is
to conclude that p is a weak solution of the partial differential equation (2.4).

Let H € C*(T). We claim that

t
Q*{n : (. H) — (70, H) — / (s, 82H) ds = 0, Vt € [0, T]} =1 (3.8)
0
To prove this, it suffices to show that

@*{n; sup ‘(m,H)—(no,H)—/t (ns,alfH)ds‘ >5} =0,

0<t<T 0
for every 6 > 0. Since the supremum is a continuous function in the Skorohod metric, by
Portmanteau’s Theorem, the probability above is smaller or equal than

t
> 8}.

(e, H) — (o, H) — / (ms, 92H) ds
0

lim inf Q7 {JTI sup
n—o00 n 0<t<T
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Since an is the measure on the space D([0, T], M) induced by ]P’Zn via the empirical measure,
we can rewrite the expression above as

limianF’Mn{n. :osup
n—oo 0<t<T

t
(", H) — (!, H) —/ (", 92 H) ds‘ - 5}.
0

Adding and subtracting n” £, (', H) to the integral term above, we can see that the previous
expression is bounded from above by the sum of

t
limsupIP’un{ sup (nt”,H)—(ng,H)—f n22n(ns",H)ds‘ >5/2} (3.9)
n—oo 0<t<T 0
and
limsupP,, | sup )/ n? S, (n, Hy — (2", 92H ))ds‘>8/2}. (3.10)
n—o00o O<z<T

As already verified in Section 3.1, the quadratic variation of the martingale M;' (H) givenin (3.2)
goes to zero, as n — 00. Therefore, by Doob’s inequality, expression (3.9) is null.

It remains to show that (3.10) also vanishes. Recall (3.6) for n2 £, (', H). Let us examine
its terms.

The first term in the sum (3.6) is

v X ( (B e m () 2 (2) o

x€T,\{0}

from which one can subtract

ez = Y 0 H (5) n,

xeT

this difference being bounded (in modulus) by c /n, again because H € C*(T), where ¢y > 0
is a constant depending only on H.
The second term in (3.6) is

n(l n 0(1)) <H (%) +H <_71> —2H (g))ns(o),

which converges to zero as n — 00, because H € C 2(’H‘).
The last term in (3.6) is

-1 0
n(l — g(ﬂ))[(H (—) - H (—)) 15 (0) ns(=1)
n n
1 0
+ (H <—> —-H <—>> 15 (0) ns(l)],
n n

which goes to zero, as n goes to infinity, because H is smooth and g(n) = 1 4 o(1). By the facts
above we conclude that (3.10) is zero, proving the claim.

Now, let {H;};>1 be a countable dense set of functions in C%(T), with respect to the norm
[1H |oo + 1104 H || co + ||83H loo- Intersecting a countable number of sets of probability one, (3.8)
can be extended for all functions H € C?(T) simultaneously, proving that Q* is concentrated
on weak solutions of (2.4). Since there exists only one weak solution of (2.4), it means that Q*
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is equal to the aforementioned probability measure Q. Invoking tightness proved in Section 3.1,
we conclude that the entire sequence {Q), },en convergesto Qasn — oo. U

3.5. Law of large numbers for the occupation at the origin

Recall the definition of u, given in (2.8).

Proposition 3.4. Consider g(n) = an™P. Let y : T — [0, 1] be a continuous profile, except
possibly at x = 0 and satisfying (2.7). Then, for allt > 0 and ¢ > 0,

t
lim Pﬂn{n. : ?/ (1= s (0)) ds > e} —0. 3.11)
n—oo 0

This statement says that the site x = 0 remains empty a fraction of time smaller than 1/n.
A simple heuristics for this statement is the following. The time a particles takes to escape the
slow site is, at least, an exponential random variable of parameter g(n). If a random variable has
exponential distribution of parameter A, its expectation is 1/A. Hence, the time average that a
trapped particle takes to escape from the slow site is at least n? /o (if its neighboring sites are
occupied, the trapped particle can spend even more time there). As time goes by, the slow site
will remain empty a fraction of time at most g(n) = an™#. Since 8 > 1, this would lead to
(3.11).

Despite the simplicity of the heuristics above, it is not straightforward to transform it into
a rigorous argument. In order to prove Proposition 3.4, we will make use of attractiveness and
the knowledge on the invariant measures. For that purpose, in {0, 1}T» we introduce the natural
order between configurations: n < ¢ if and only if n(x) < ¢(x) for all x € T,. A function
f :{0,1}T — R is said to be monotone if f(17) < f(¢) whenever 5 < ¢. This partial order is
naturally extended to the space of measures.

We write ] <g w2 if, and only if,

[ram = [ rau

for all monotone functions f. In this case, we say that w1 is stochastically dominated from above
by w2. The next result is well known and can found in [15] for instance.

Theorem 3.5. Let i1 and ps be two probability measures on {0, 1Y, The statements below are
equivalent:

(1) pr st m2s

(2) There exists a probability measure i on {0, 1T x {0, 13T such that its first and second
marginals are 1 and |y, respectively, and (1 is “concentrated above the diagonal”, which
means

af{mo n=¢h=1

Next, we construct such a measure i, with the aforementioned property, by means of the
so-called graphical construction.

Fix n e N. For each site x of T, we associate two Poisson point processes A’;°~ and Ny ),
all of them being independent. The parameters of those Poisson process agree with the Fig. 1. In
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other words, the parameter of N} and of NY * is one for all x € T,, except for x = 0, for
which the parameter of V)"~ and N *is equal to g(n).

Given an initial configuration of particles n € {0, 13T and the “toss” of those Poisson
processes, the dynamics will be the following. At a time arrival of some Poisson process, let
us say, a time arrival of NP, if there is a particle at the site x, and there is no particle at the site
x — 1, the particle at x moves to x — 1. The analogous happens with respect to a Poisson process
of type Ny “*, in which the movement (if possible) is from x to x 4 1. This construction yields
the same Markov process previously defined via the generator given in (2.1).

Consider now two probability measures @ and pp in {0, 13T such that p) <g po. By
Theorem 3.5, there exists a measure jz on {0, 1}T x {0, 1}T» concentrated above the diagonal,
as it is stated there. Evolving a configuration (', %), chosen by /i, by the same set of Poisson
point processes described above, we are lead to ntl < 77,2, for any future time # > 0. A stochastic
process enjoying this property of preserving the partial order is said to be attractive. See Liggett’s
book [15] for more details on the subject.

Notice that the specific value of g(n) does not play any role in the argument above. In resume,
we can say that the defect does not destroy attractiveness.

Having established attractiveness of the exclusion process with a slow site we make the
following observation. Once Theorem 2.2 is true for initial measures p, conditioned to have a
particle at the origin, the statement will remain in force for initial measures ;. This is explained
as follows.

By attractiveness, we can construct both processes (the one starting from p, and the one
starting from w, conditioned to have a particle at the origin) in such a way that these processes
will differ at most at one site, for any later time ¢. Therefore, the empirical measures (3.1) for
each process will have the same limit in distribution.

Without loss of generality, we assume henceforth that there is a particle at the origin at the

initial time.
Proof of Proposition 3.4. Since we have assumed y (x) > ¢ > 0, for all x € T, since there is a
particle at the origin and since u, is a product measure, we can find p > 0 small enough such
that ,, > vp, for any n € N.

Fix ¢ > 0. By attractiveness,

ot ]l

which in turn implies

t

1:(0)ds > s},

IEDM /(1—m(0))ds>a} < IP’ /(1—m(0))ds>s}

By Chebyshev’s inequality and Fubini’s Theorem,

Ep[} /Otu—ns(onds]
(1 - %/Ot IE,,[m(O)]ds).

IA

m S m S

t
Pp{n. : ?/0 (1 —ns(0))ds > 8}

Since

P

(n)
vpln s n(0) =1} = —E2——,
b (0 =p)+ 5
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we obtain that

n t
J}Dﬂn{n. : ?/0 (1 = 1,(0)) ds >s} <

™| S

P
(1 3 g(n) >
p b
(1 - P) + g(n)

finishing the proof since g(n) =anf, > 1. O
3.6. Hydrodynamic limit for g(n) = an™

Recall that we have denoted | en |, the integer part of en, simply by en. Define the right average
at 1 € Ty, and the left average at —1 € T, by

n—1

en,R — i S en,L, 1y ._ i
R = Sn;n(y) and "M== — 30 00, (3.12)

y=n—en

respectively. Notice that none of these sums involve the occupation at the slow site 0 € T,,.

Proposition 3.6. For anyt > 0,

/0,<m(1) — "R ds| | =0
/Ot(ns(—n — =) ds| | =o.

The last result says that we can replace the occupation at the neighboring sites of the slow site
by their averages in closed boxes, provided that these boxes do not cross the slow site. This kind
of argument appears often in the literature and can be found, for example, in [14].

limsup limsup E,, [

5\1/0 n—o0o

and

limsup limsup E,, [
£l0 n—00

Proof. We treat the case x = +1, the case x = —1 being analogous. From Jensen’s inequality
and the definition of the entropy, for any N > 0, the expectation appearing in the statement of
this proposition is bounded from above by

w + ﬁlong[exp{Nn ‘/Ot{ns(l) —~ n§"~R(1)}dsH]. (3.13)

By Proposition 3.2, H(u,|vp) < Ko n, hence the term on the left hand side of last expression is
bounded from above by Ko/N. Now, we bound the remaining term. Since e/*! < ¢* + ¢~ and

1 1 1
lim sup — log(a, + b,) = max{lim sup — log(a,), lim sup — log(b,) } (3.14)
n n n n n

n

we can remove the modulus inside the exponential. Moreover, by the Feynman—Kac formula®
the term on the right hand side of (3.13) is less than or equal to

¢ sup | [ = R an = n D,/ as.

f density

3 See, for example, Lemma A1.7.2 of [13].
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Notice that the expression above does not depend on N. We claim now that, for any density f,

/{n(l) — R Fvp(dn) < 26 +n Dy (V1)

Since N is arbitrary large, once we prove this claim the proof will be finished. By the definition
in (3.12),

l en
/{n(l) — " ROV f vy (dn) = /{; ;(n(l) - n(y))}f(n) vp(dn).

Writing n(x) — n(y) as a telescopic sum, the right hand side of above can be rewritten as

1ot
/{ 3 ) - 0+ 1))}f(n) vy (dn).

ylzl

Rewriting the expression above as twice the half and making the transformation n — n>**! (for
which the probability v, is invariant) it becomes

1
28n

ZZ / @) — 1+ DIFO) — FOF+1) vy(dn),

By (a — b) = (\/a — v/b)(y/a + +/b) and Cauchy—Schwarz’s inequality, we bound the previous
expression from above by

MZEA/M(@—MHD} (VF@ /1 @7) vyam)

y=1z=1

2£niyi /\/fT? \/m) vp(dn),

for any A > 0. Since f is a density and recalling (3.7), the expression above is bounded by
A7'D, (f) + 2Aen. Choosing A = 1/n we achieve the claim, concluding the proof. [

Proof of Proposition 3.1 for g(n) = an™?,a > 0, > 1. Again, let Q* be the weak limit of
some convergent subsequence {QZ’,;/, } jen of the sequence {Qﬁn }nen and to keep notation simple,
denote this subsequence by {an }nen- Recall that by Proposition 3.3, the probability measure Q*
is concentrated on trajectories 7 (¢, du) = p(t, u)du such that p(t,u) € L0, T; HY). By the
notion of trace in Sobolev spaces, the integrals

t t
/ p(s,0)ds and / o(s, 1)ds (3.15)
0 0

are well defined and are finite. See [5] for the properties of Sobolev spaces. More than that, since
the Sobolev space in one dimension is composed of functions which are absolutely continuous,
p has indeed left and right limits at zero.

Our goal here is to conclude that p is a weak solution of the partial differential equation (2.6).
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For this purpose, let H € C 2[0, 1]. Notice that, if H is seen as a function in the torus, H is
possibly discontinuous at zero. We impose that H(0) = 0. We claim that

t
s o )=t ) = [ (oot s

t
— / (05(0) 8, H(0) — ps(1) 9, H(1))ds =0, V1 € [0, T]} =1. (3.16)
0

To prove this, it suffices to show that

t
Q*{T[: sup ‘(th)_(lOO?H)_/ (pS983H)dS
0<t<T 0

t
- /0 (P (©) 8, H () = (D) 3, H(D) ds | > 8} =0,

for any § > 0. Since the integrals in (3.15) are not defined in the whole Skorohod space
D([0, T], M), we cannot apply Portmanteau’s Theorem yet.

For that purpose, let (. (1) = 8_11(()’5] (#). Adding and subtracting the convolution of p (¢, u)
with ¢, at the boundaries, we bound the previous probability by the sum of

Q*{n :sup

0<t<T

(pr. H) — (po. H) —/0 (py. 02H) ds

t t
— / (ps * 1)(0) 3, H (0) ds +/ (ps % 1:)(1 — £) BMH(I)ds‘ > 5/2} 3.17)
0 0
and

t t
Qfw: sup \/O <ps*ze><0)auH(0)ds—/0 (ps % 1e)(1 — &) 3, H(1) ds

0<t<T
t t
_ / (ps(O)auH(O)ds—i—/ ps(l)auH(l))ds‘ >5/2}.
0 0

Since p has left and right side limits, taking ¢ small, the previous probability goes to zero, as
n — oo. It remains to bound (3.17). By Portmanteau’s Theorem and since there is at most one
particle per site, (3.17) is bounded from above by

t
lim sup (@Zn{n: sup ‘(TL’;’,H)—(]TS,H)—/ (ns,ai Yds
0

n—oo 0<t<T

t

t
— / (n,”,g*ll(o,g])auH(O)der/ (nf,e*ll(l_g,l])auH(l)ds‘ >5/2}. (3.18)
0 0
Noticing the identities

R = (2, e M) and pfH(=1) = (2, e o)),

we can rewrite (3.18) as

lim sup Pun{’/ :sup

n—oo 0<t<T

(T[[naH> 770, / (ﬂs,af

t
—/ ni”’R(l)BuH(O)dH/ L (—1) 9, H(1)ds
0 0

> 5/2}.
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Recalling Proposition 3.6, in order to prove that the limit above is equal to zero, it is enough to
show that the limit below is null:

t
lim sup Pﬂn{n: sup )m,”,H)— (ng,m—/ (", 82 H) ds
0

n—oo 0<t<T
t t

- [ nwanods+ [ nenamwds| > o).
0 0

Adding and subtracting n* £, (', H), the previous expression is bounded from above by the
sum of

t

limsupIP’Mn[ sup (n,”,H)-(ng,H)—/ n? &,(x", H) ds >5/4} (3.19)
n— 00 0<t<T 0
and
‘ ‘
limsupIP’Mn{ sup f n? L, (7", H) ds—/ (n", 92 H) ds
n—oo 0<t<T'JO 0
t t
—/ ns(l)auH(O)ds—i-/ ns(—l)auH(l)ds‘ > 3/4}. (3.20)
0 0

As can be easily verified, by the imposed conditions on the test function H, the quadratic
variation of the martingale M’ (H) given in (3.2) goes to zero, as n — 00. Therefore, by Doob’s
inequality, (3.19) is null.

It remains to show that (3.20) also vanishes. Recall (3.6) for n? Ln(ml, H). Let us examine
its terms. The first term in the sum (3.6) is

H x+1)+H<x_1>—2H ’—C)S( ),
nxeTZn\{o}< ( s ” (n) Ns(X

which we split into the sum of

+1 x—1 X
n H(x )+H< )—ZH ad )ns(x) (3.21)
xe’]l‘,,\{X—:l,O,l}( n n (”)
(1 (3) -2 (3) Jmeo-sn(m (5) -2 (7))
alH(Z) =28 (=) )y +n(H (=) =28 (=) )ns(=1). (3.22)
n n n n

The difference between (3.21) and

and

(x!', 02H) = % > oiH (;—C) 15 (x)

xeT,

in bounded (in modulus) by cy /n, because H € C 2[0, 1], where ¢y > 0 s a constant depending
only on H. The second term in the sum (3.6) is

(o () () 20 () oo
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which converges to zero as n — 00, because § > 1. The last term in (3.6) is

—1 0
n(l — g(ﬂ))[(H (—) - H (—)) 1s(0) ns(—=1)
n n
1 0
+ (H (—) —-H (—)) 15(0) ns(l)],
n n

which can be rewritten as the sum of

- sof (o (3) () o (o 2) () o] e

n(ns(0) — H(1 — g(n))[(H (%1) —-H <g>) ns(—=1)
()5 (2)) )

By Proposition 3.4, the time integral of the last term in the previous expression converges to

and

zero in probability, as n — oo. Since H (%) = 0 and B > 1, the expression (3.22) plus the
expression (3.23) is equal to

() () -n (2

plus an error of order n!~#. The expression above is, asymptotically in 7, the same as

ns(1) 8, H(0) — ny(=1) 9, H(1),
whose time integral cancels with the remaining time integrals of (3.20) and therefore proves that
(3.20) vanishes. This concludes the claim (3.16).

Now, let {H;};>1 be a countable dense set of functions on C 2[0, 1], with respect to the norm
1H |loo + 1104 H |lco + ||83H||oo. Since (3.16) is true for each one of these functions H;, we can
extend (3.16) for all functions H € C2[0, 1] simultaneously by intersecting a countable number
of sets of probability one. This proves that Q* is concentrated on weak solutions of (2.6). Since
there exists only one weak solution of (2.6), it means that Q* is equal to the aforementioned

probability measure Q. Invoking the tightness that we have proved in Section 3.1, we conclude
that the entire sequence {Q/, }nen converges to Q,asn — oco. [

4. Equilibrium density fluctuations

In this section we prove Theorem 2.10. Recall that here we take the process evolving on Z
and recall also (2.10). By Dynkin’s formula,

t
MIH) = Y"(H) — Vi (H) — /O n?£, V" (H) ds, 4.1
is a martingale with respect to the natural filtration F; := o (n; : s < t). Besides that,

n 2 _ ! 2 n 2 n 2 n
(/\/lt (H)) 0 (n L4 (VI(H))? = 2" (H)n? g, V! (H)) ds, 42)



822 T. Franco et al. / Stochastic Processes and their Applications 126 (2016) 800-831
is also a martingale with respect to the same filtration. By
t
I'(H) = / n? £, V" (H) ds
0
we denote the integral part in (4.1). First we observe that the expression
x+1 x—1 X
2 (5)+ (57) 20 ()
n n n
xX€Z

is well defined since H decays fast and is equal to zero. Analogously to (3.6), some direct
calculations then yield

20 VHY — 3/2 x+1 x—1y x\ -
setarer3: (5 (2 O

x#—1,0,1
+n3/2[H <3) +H <9> —2H (1)}%(1)
n n n
o[ (@) e (2) o s
n n n
1 0
+n3 (1 — g(n))[(H (;) - H (;)) 15 (0)n5(1)
—1 0
+ <H (7) _n (;)) ns<0)ns<—1>]

+n3/2g(n)[H (%) +H <_71> —2H (g)]ns(O) + O(n, p, H), 4.3)

where 7, (x) = n(x) — mp(x) is the centered occupation variable, as in (2.10) and

ol (2) (3]
n n n

The next two propositions are direct calculations very similar to [8], and for this reason their
proofs are omitted.

Proposition 4.1. Consider g(n) = 1 4+ o(1) and H € S(R). In this case,
. n 271 2
lim B, [ (M7 ()] = 20 X (W IVH 5

and

limsup E, | (Z7'(H))* | = 801 x (PIVHIE,

n—oo

®)”

Proposition 4.2. Consider g(n) = an B a >0, B > 1, and H € Sneu(R). In this case,

2
. Voo H (12
n—oo P ;L e L2 (R)
lim E,| ( M?(H) 2t x(P)IVN I
and

. 2
limsup B, | (Z7'(H))* | = 801 x ()| ViewH 122 5.

n—oo
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The next result is concerned with convergence at initial time, for either case of the function
gn).

Proposition 4.3. {yg}neN converges in distribution to ), as n — 00, where ) is a Gaussian
field with mean zero and covariance given by (2.14).

Mutatis mutandis, the same proof of [8, Prop. 3.2] applies and is suppressed here.
4.1. Tightness

Here we prove tightness of the process {)}'; ¢t € [0, T]},en in both cases of g(n). First we
notice that by Mitoma’s criterion [16] and the fact that S(R) and Sney(R) are Fréchet spaces, it
is enough to prove tightness of the sequence of real-valued processes {V;'(H); t € [0, T]}nen,
where H € S(R) if we consider g(n) = 140(1), and H € Sneu(R) if we consider g(n) = an=#,
a>0,8>1

In order to prove tightness of {V/'(H) : 0 <t < T'},cN, we shall prove tightness of each term
in the formula (4.1).

Fix a test function H belonging to the respective space for each case of g(n). By (4.1), it is
enough to prove tightness of the stochastic processes {)j (H)}nen, {Z;'(H); t € [0, T1}pen, and
(M (H): 1 € [0, Tpen.

By Proposition 4.3 we have convergence at initial time, hence {) (H)},eN is obviously tight.

To show tightness of the remaining real-valued processes we use the Aldous criterion:

Proposition 4.4 (Aldous’ Criterion). A sequence {x;';t € [0, T'1},en of real-valued processes
is tight with respect to the Skorohod topology of D([0, T1, R) if:

(1) limp s yoo limsup, P(SupOggT x| > A) =0,
(i) for any e > 0, lims—o limsup,_, , o, sup,s sup,c7, P(x7 , —x7| >¢) =0,
where It is the set of stopping times bounded by T .

For the martingale term, the claim (i) of Aldous’ criterion is achieved by an application of
Doob’s inequality together with Proposition 4.1 or Proposition 4.2 (depending on the chosen g).

By Proposition 4.1 or Proposition 4.2, the claim (i) of Aldous’ criterion can be easily checked
for the integral term. It remains to check (ii). Fix a stopping time t € 77 and suppose that
g(n) =1+ o(1). By Chebyshev’s inequality,

1
Py (| My (H) = ME(H)| > &) < ;EP[(MZH(H) - M;’(H))z].

Thus, by Proposition 4.1,

IA

1 2
8—22)((17) MIVHI;

limsupP, (|M?, (H) — Mi(H)| > ¢) ®
n—oo

IA

1 2
S2(P)SIVHI .

which vanishes as § — 0. Similarly,

1
By (|2 () = TL(H)| > ) = SB[ (T2, (H) = Ti(H))']
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Again by Proposition 4.1, we obtain

. 801
limsup P, (|77, (H) — TM(H)| > €) < 8—5X(p)||VH||iZ(R),

n—oo

which vanishes as § — 0.
The proof in the case g(n) = an~# is analogous (invoking is this case Proposition 4.2) and
for this reason will be omitted. This finishes the proof of tightness.

4.2. Characterization of limit points for g(n) = 1 + o(1)

We shall prove that any limit of {)'(H)},en is concentrated on solutions of the martingale
problem described in Proposition 2.8, with H € S(R). Suppose that {)}'},,en converges along
a subsequence to ). In slight abuse of notation, we denote this convergent subsequence also by

{V'hnen.

In this case H € S(R) is smooth, hence we have

‘n2|:H <x+ 1) +H (x _ 1) —2H (’—C)] _ AH(x)‘ <
n n n n

A similar analysis to the one presented in (4.3) for the hydrodynamic limit implies that

t
My (H) = Y} (H) — Yy (H) _/o V{(AH)ds + e(n),

where the error function e(n) is bounded, in modulus, by cn~!/2. Since we are supposing that
{)V"}nen converges, we conclude that {M} (H)},cn converges.

By similar arguments to those presented in [8], we know that the sequence of martingales
{M?(H)}pen is uniformly integrable. This implies that the limit of { M} (H)},en, which
we denote by M,(H), is again a martingale. By Proposition 4.1, its quadratic variation is

2x(p)t||\VH ||%2 ®) Now, Proposition 2.8 finishes the characterization of limit points in this
case.

4.3. Characterization of limit points for g(n) = an™P

We shall prove in this case that any limit of {V]'(H)},en With H € Sneu(R) is a solution of
the martingale problem described in Proposition 2.9.

In this situation, there is no analogous result of Proposition 3.4. The key ingredient here will
be the following tricky lemma:

Lemma 4.5. Let g(n) = an™? and x = +1. For some constant C > 0 not depending on n the
estimates

t
B[ ([ (#2000 = 0:0) = andFr 1 =m0 ds)” | < €',
0

hold.

Proof. We prove only the inequality for x = 1, the case x = —1 is completely analogous. By
the Kipnis—Varadhan inequality (see [13, Proposition A1.6.1]), the expectation

t 3 2
B[ ([ (#2001 = 1e(O) = an P, 001 = (1)) ds)
0
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is less or equal than

rswp | [P = no) s, an

feL?(vp)

§,ﬂ 2
—ani [ 91 = 1) Fopvptan — 1D,

where ©,, is the Dirichlet form* given in (3.7). In the first integral inside the supremum above
we perform the change of variables 7 — 1!-?. Thus, the expression above can be rewritten as

t sup f n3200)(1 — (1)) £ (", @n®h
fELZ(Vp)

—ani~ / 1O = 1) f vp(dn) = n*Da(f)]. 44)
Now, from (2.3) we have that
Vp({no’]}) B (mp(0)>7l(1)( p )?7(0)< 1—p )1—77(0)<1 _mp(0)>1—77(1)
vp(n) U p m(0) 1 —mp(0) 1—p

from where we get

/n3/2n(0)(1 W) F ) = /an%—ﬂn(m(l D)0 O, (.

and therefore (4.4) is the same as

¢ s fand [ = n)(£0") = F)v(an = w2040},

feL?(vp)

2
By the inequality xy < ATXZ + zy—A, VA > 0, the expression above is smaller than

Aan>P 2
¢ s {25 [0 —nan (st = o) vtan
fELz(Vp)
3-p
+ 2 [0 = nayyn - w22,05)

for any A > 0. Picking A = /n the last expression becomes equal to

t sup
feLz(Vp)

2—-8 2
(<= [noa = (£ = rm) vptan

1-p
+ 2 [0 = nanvan - w22,0)).

4 Notice that here the Dirichlet form is evaluated at f instead of 4/ f as in Section 3.3.
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Since the Dirichlet form (3.7) is a sum of positive terms, and since the first term above is exactly
the first term in n29D,,( f), we conclude that the expression above is less or equal than

toml_ﬂ

/n(O)(l — n()vy(dn) = Cn' P,
for C > 0 not depending on n. This concludes the proof. [

Let us proceed to the characterization of limit points in this case. We begin with an observation
that will strongly simplify the analysis.

First of all, we notice that M7} (H) defined in (4.1) is a martingale where H € Sneu(R) does
not play any special role, except the decay at infinity to make the sum well defined. In fact, we
can take H = H, depending on n. We will do that in the following way. For each n € N, we
impose H, (£) = H (%) for all x # 0 while for x = 0 we impose

n(2)- 4o ) )

In this way, we obtain

H, (l) + H, <__1) —2H, (9> =0, VneN (4.6)
n n n

which cancels two parcels in (4.3). To simplify notation we will write H instead of H,, keeping
in mind (4.6).
We examine carefully all the terms in (4.3). By the discussion above, both ©(n, p, H) and

3 1 -1 0
n32g(n) [H <—) +H <—> —2H (—)}7(0) 4.7)
n n n

vanish. Let us see the remaining terms. The first sum on the right hand side of (4.3) is equal to
1

X\ -
ﬁx’é;o’l ANedH (;) 75 (x)

plus an error of order om=Y 2). Since the side derivatives of H € Sneu(R) at zero vanish, we
also have that the second and third terms in (4.3) are equal to

[ (2) 2o () n (e

plus another error of order O (n~!/?). By (4.5), the expression above can be rewritten as

n32r -1 1\ n3/? 1 —1
2 L n nj | 2 n n

Last expression together with the remaining two parcels in (4.3) gives us the sum of

WL (-1 ] n3/?
—|H (—) —H (—) 1) + (1 = gm)

n n

_— IV
x| H (—) —-H (—) 15 (0)n, (1) 4.8)

n n
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n3/2 1 -1 n3/2
T[H (—) ~H (—)}7(—1) + -1 = g)
n n 2
—1 1
X [H <—) - H (-)}m(o)m(—l)- 4.9)
n n

At this point, we will use (4.7). Regardless of the fact that (4.7) is null, we can split it in two

parts, namely n3/2g(n)[H (%) —H (%)]U(O) and n3/2g(n)[H (%) —H (2)]7}(0). The first
one we add to (4.8) and the second one to (4.9). Recalling (4.5), it gives us the sum of

and

n3/? —1 1
T(H (—) —H (—)) [ (D1 = 1,00 = g0 O)(1 = 1,(1)] (4.10)
n n
and
n3/2 1 —1
7<H (—) ~H (—))[ns(—l)(l —15(0) = gm O =0y (=1)]. @11
n n

Lemma 4.5 asserts that the time integrals of expressions (4.10) and (4.11) are asymptotically
negligible in L?.

For H € Sneu(R), the sequence of martingales { M} (H)},cn presented in (4.1) is uniformly
integrable. This implies that the L2-limit of {M?(H)}nen, denoted by M;(H), is again a
martingale which quadratic variation given 2y (p) t || VNeu H ||i2 ®) assured by Proposition 4.1.

The entire previous discussion on the integral part of M7 (H) lead us to conclude that M, (H)
satisfies

t
M (H) = Vi(H) — Yo(H) —/0 Vs (AneuH) ds,

which concludes the characterization of limit points by Proposition 2.9.
5. Open questions and conjectures

As presented in this paper, the critical defect strength and behavior at the critical point remains
open in sense that it is not clear what should be the limit for 0 < 8 < 1 when g(n) = an~ P,
o > 0. One conceivable scenario is that for any 8 > 0, both hydrodynamic limit and fluctuations
would be driven by a disconnect behavior corresponding to Neumann boundary conditions,
meaning that the critical point would be 8. = 0.

Our guess instead is that the correct critical point should be achieved at § = 1, much more
close to the scenario of [6] where a slow bond is considered instead of a slow site. The physical
intuition behind the dynamical phase transition taking place at 8 = 1 is the fact that, in a large but
finite system and at large but finite times, the particle current, which is of diffusive origin, will be
of order 1/n everywhere (with some space-dependent amplitude that depends on the initial state)
before equilibrium is reached. However, a weak site with 8 > 1 cannot allow such a current
to flow and hence it acts like a total blockage corresponding to Neumann boundary conditions.
On the other hand, a defect rate with 8 < 1 does not make a current of order 1/n impossible,
corresponding to a macroscopically irrelevant local perturbation of the particle system.
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1 an™? an=f an=? 1

/\/\/\/\/‘\/‘\/\

OnOnOy nOn nOnGm G

\_/\_/\_/‘\/‘\/‘\/‘\/

1 an™® an™? anf 1 1
Fig. 2. Exclusion process with three neighboring slow bonds.

Specifically we conjecture that the behavior for § = 1 should be described by the partial
differential equation

dp(t,u)=02p(t,u), t>0,uce0,1),
Bup(t.0%) = dup(1,07) = %(p(r, 0F) — p(t.07)), 120, .1
p(0. 1) = po(u). ue (0, 1),

where 0T and 0~ denotes right and left side limits, respectively. This conjecture is motivated by
the observation that the equation above is the hydrodynamic equation of two neighboring slow
bonds at 8 = 1, a claim made precise in next section. Thus our conjecture in the slow site setting
is the following.

e Fora > 0and 0 < B < 1, the hydrodynamic limit and the equilibrium fluctuations for
g(n) = an™" should be driven by the heat equation periodic boundary conditions, achieving
the same limits we have obtained for g(n) = 1 4 o(n).

e For « > 0 and B = 1, the hydrodynamic limit and the equilibrium fluctuations for
g(n) = an? should be driven by (5.1) in the same sense of [6,8,7] with the correction
of 1/2 in the boundary condition.

6. Hydrodynamics of the SSEP with k neighboring slow bonds

Here we characterize the hydrodynamic behavior of the SSEP with k neighboring slow bonds,
see Fig. 2 for an illustration of the rates in the case k = 3. This is an additional result we append
in order to support the conjecture presented in Section 5. We point out that, for the regime 8 = 1,
the result presented here is not a corollary of [6,8], since here we consider k neighboring slow
bonds, while the mentioned references considered macroscopically separated slow bonds.

The notation and topology issues will be the same as those we have considered in this paper.
Fix k a positive integer. The SSEP with k neighboring slow bonds is the Markov process on
{0, 1}T defined through the generator

k—1
Sof) =) SU@ Y = fal+ Y o = fm)
x=0 x€Tp

acting on functions f : {0, 1}T» — R.

Definition 6. Let pp : T — [0, 1] be a measurable function. We say that p is a weak solution of
the heat equation with Robin’s boundary conditions given by

dp(t,u)=d2p(t,u), t>0,ue(,1),
dup(t,0%) = 8,p(t,07) = %(p(r, 07) —p(,07), >0, (6.1)
PO, u) =yu), u € (0,1,



T. Franco et al. / Stochastic Processes and their Applications 126 (2016) 800-831 829
if p belongs to L2(O, T; Hl) and for all t € [0, T'] and for all H € CZ[O, 1], such that
3 H(O") =8,H©07) = %(H(0+) —H(O7)), (6.2)
holds that

t
(o, H) = (v, H) —/0 (ps. 03 H)ds = 0.

Proposition 6.1. For each n € N, let p,, be a Bernoulli product measure on {0, 1T as in (2.8).
Then, for any t > 0, for every § > 0 and every H € C(T), it holds that

nlirgopﬂn{n.: (% Sou (%) 7 (x) —/TH(u),o(t,u)du

xeT,

> 3} —0, (6.3)

where

e if 0 < B < 1, the function p is the unique weak solution of (2.4);
e if B =1, the function p is the unique weak solution of (6.1);
e if B > 1, the function p is the unique weak solution of (2.6).

Proof. As usual, the proof consists in proving tightness of the process induced by the empirical
measure, plus the uniqueness of the limit points.

Tightness can be handled in same way as we have done in Section 3.1. Characterization of the
limit points for the cases 8 € [0, 1) and B € (1, co) follows closely the steps of [6,8]. The case
B = 1is tricky and described in more detail below.

Let G, : {%, %, ceey "T*I} — R be some function depending on n. Performing elementary
computations, n>£, (', Gn) can be rewritten as the sum of

o (1) () (o (51) - )
(e (130 (2)

oo (1) - () o
YT R0 A O AT O

n Y (Gn (le) +G, (xgl) —2G, (%)) 7s(x). (6.5)

xeTy
x&{0,....k}

Let H € C?[0, 1] satisfying (6.2). We define G, by

and

H<)—C), ifxe{lk+1,...,n—1},
n

G, (i‘) - . (6.6)
n HO) + E(H(OJF) —H@O™)), ifxe{0,... k.
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In other words, the function G, is equal to H outside the region where the slow bonds are

contained. At the sites {0, 1, ..., k}, the function G, is a linear interpolation of H(0") and
H(O™).
Since H € C2[O, 1], (6.5) is close to (', 83H). We claim now that (6.4) converges to zero,

as n — oo. First, notice that (6.6) tells us that

oo (122) - () oo (5) - (o

j=1

is null. Let us analyze the remaining terms in (6.4). Since 8 = 1, the term

(e () e () e (e (57) e ()

converges to

Y - _ +
8,H(O") + = (HO) = HOY),

which vanishes by (6.2). The same analysis assures that

(0 ()0 () () ()

converges to zero as n — 00. Provided by this claim and similar arguments of those in Section 5
one can conclude the proof. [
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