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Abstract. We consider the symmetric exclusion process with jumps
given by a symmetric, translation invariant, transition probability p(-).
The process is put in contact with stochastic reservoirs whose strength is
tuned by a parameter 6 € IR. Depending on the value of the parameter
0 and the range of the transition probability p(-) we obtain the hydro-
dynamical behavior of the system. The type of hydrodynamic equation
depends on whether the underlying probability p(-) has finite or infinite
variance and the type of boundary condition depends on the strength
of the stochastic reservoirs, that is, it depends on the value of 6. More
precisely, when p(-) has finite variance we obtain either a reaction or
reaction-diffusion equation with Dirichlet boundary conditions or the
heat equation with different types of boundary conditions (of Dirich-
let, Robin or Neumann type). When p(-) has infinite variance we obtain
a fractional reaction-diffusion equation given by the regional fractional
laplacian with Dirichlet boundary conditions but for a particular strength
of the reservoirs.
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1 Introduction

These notes have been written based on material of the articles [1], [2] and [3]
which was presented on a mini-course that the author gave while visiting Institut
Henri Poincaré in Paris in May 2017 for the trimester ” Stochastic dynamics out
of equilibrium” that held from the 3rd of April to the 7th of July. The slides and
the videos of the mini-course can be seen in
https://indico.math.cnrs.fr/event /844 /page/5.

The content of the notes is to explain how to derive partial differential equa-
tions with different types of boundary conditions from varied underlying micro-
scopic stochastic dynamics [20,15]. In the next coming sections we consider a
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macroscopic space, namely, the interval [0, 1] and we discretize it according to a
scaling parameter N giving rise to N intervals of size % To each ¢ € [0,1] be-
longing to the interval [+, “1) we associate to it the point - and in the discrete
set of points {1, ..., 4, ..., N — 1} we will define a microscopic dynamics of exclusion
type which is Markovian. The discrete set of points {1,...,4,..., N — 1} will be
called the bulk and to it we will add two extra points x = 0 and x = N which will
act as reservoirs. The exclusion dynamics [19] ensures that there is at most one
particle per site in the bulk and the Markovian dynamics comes from the fact
that each particle waits for rings of random clocks exponentially distributed and
independent, after which the particle jumps from a site x in the bulk to another
site y in the bulk according to a probability transition rate p : ZZ x ZZ — [0, 1], or
the particle leaves the system through one of the reservoirs. The reservoirs will
be regulated by a parameter which has the role of slowing or fasting the bound-
ary dynamics. More precisely, particles can be injected in the bulk from the site
x = 0 (resp. = N) to the site y at rate axk N ~p(y) (resp. BN ~?p(N —y)) and
can be removed from the bulk at the site y to the site x = 0 (resp. x = N) at
rate (1 — a)kN~%p(y) (resp. (1 — B)kN~9p(N —y)). Above, a, 3 € [0,1], 8 € R
and k > 0.

The goal in these notes is to derive the partial differential equations which
describe the space-time evolution of the density of particles in the system. The
type of these equations will depend on the finiteness of the variance of the under-
lying transition probability p(-) and the type of boundary conditions will depend
on the strength of the boundary dynamics, namely, the range of the parameter
6. We note that in [10-13] similar models have been considered evolving on the
full line, that is, without the presence of stochastic reservoirs.

The goal is to analyse which type of equation and which type of boundary
conditions we can get and what is their dependence on the strength of the reser-
voirs. For that purpose, we split these notes into two main sections to distinguish
the case in which jumps are nearest-neighbor or not. Therefore in Section 2, we
consider the dynamics described above but with p : ZZ x ZZ — [0, 1] which sat-
isfies p(z,y) = p(y — ) = 0 if [z —y| > 1, p(0) = 0 so that p(1) = p(-1) = 3.
This means that in the bulk particles can jump to one of their nearest-neighbors
and particles can be injected/removed in the bulk/from the bulk through the
sites x = 1 or £ = N — 1. For these models we will derive the heat equation
with three different types of boundary conditions: non-homogenenous Dirichlet
boundary conditions when the reservoirs are fast (which corresponds to § < 1)
and Neumann boundary conditions when the reservoirs are slow (which corre-
sponds to # > 1). Linking the aforementioned two types of boundary conditions,
for a particular strength of the boundary dynamics (which corresponds to § = 1),
we will derive the heat equation with a type of linear Robin boundary conditions.

In Section 3, we will consider the dynamics described above, but allowing
long jumps given by a transition probability p : ZZ x ZZ — [0,1] such that
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p(z,y) = p(y — x), which is symmetric, namely p(y — ) = p(z — y), and we
will distinguish two cases: the first one where p(-) has finite variance and then
the case where p(-) has infinite variance. In the first case, we will obtain an
extension of the results of the model with only nearest-neighbor jumps, that
is we will derive the heat equation with the three types of boundary condi-
tions mentioned above but for a certain choice of the transition probability two
new regimes appear when the reservoirs are fast, namely, a reaction-diffusion
equation and a reaction equation, both endowed with non-homogeneous Dirich-
let boundary conditions. In the case where p(-) has infinite variance and for a
particular strength of the reservoirs (which corresponds to 6 = 0), we will de-
rive a collection of fractional reaction-diffusion equations with non-homogeneous
Dirichlet boundary conditions. For the interested reader we note that when p(+)
has infinite variance and when the strength of the reservoirs is slow (which cor-
responds to § > 0), we cannot say anything about the equation nor its boundary
conditions. In [2] a similar model has been studied and some conjectures have
been presented in the case where the reservoirs are slow. We believe that the
same conjecture should be true for this model, but we leave this for a future
problem to look at. We also note that it would be very interesting to consider
other types of boundary dynamics or even more general type of bulk dynamics
than the exclusion in order to obtain other partial differential equations with
various boundary conditions.

These notes are organized as follows: in Section 2 we derive the hydrody-
namic limit for the symmetric exclusion in contact with stochastic reservoirs
but only allowing jumps to nearest-neighbors and in Section 3 we derive the
hydrodynamics in the case where the system exhibits long jumps.

More precisely, in Sections 2.1, 2.2 and 2.3 we present the dynamics of the
model; in Section 2.4 we present its stationary measures; in Section 2.5 we analyse
the empirical profile and the two point correlation function; in Section 2.6 we
present the hydrodynamic equations and the notion of their weak solutions; in
Section 2.7 we state the hydrodynamic limit; in Section 2.8 we give an heuristic
argument to deduce the weak formulation of the solutions by means of auxiliary
martingales associated to the process; in Section 2.9 we prove tightness of the
process of empirical measures; in Section 2.10 we characterize the limit point of
the tight sequence and in Section 2.11 we prove the hydrostatic limit, which is
the hydrodynamic limit starting from the invariant measure of the system.

In Section 3 we analyse the hydrodynamics for the symmetric exclusion with
long jumps given by a transition probability which is symmetric. In Section 3.1
we describe the model; in Section 3.2 we present the case in which the underlying
transition probability has finite variance and in Section 3.3 we analyse the case
in which the transition probability has infinite variance.

In the Appendix we present some of the technical results that are needed
along the proofs regarding the derivation of the weak solution of the correspond-
ing hydrodynamic equations.
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2 Symmetric simple exclusion in contact with reservoirs

2.1 The model

In this section we describe the collection of models that we are going to consider
in these notes. First we start by fixing the notation which fits all the models
and then we particularize our choice of the parameters in such a way that we
treat each model, with its special features, separately. For that purpose, let N
be a scaling parameter, which will be taken to infinity later on and denote by
Axy ={1,..., N — 1} the discrete set of points to which we call the bulk.

The exclusion process in contact with stochastic reservoirs is a Markov pro-
cess, denoted by {n; : t > 0}, which has state space 2y := {0,1}~. The
configurations of the state space {2y are denoted by 7, so that for x € Ay,
n(x) = 0 means that the site x is vacant while n(x) = 1 means that the site x is
occupied. For an illustration of the dynamics let us first take NV =5 so that the
bulk is the discrete set of points {1,2,3,4}:

Now, to describe a possible initial configuration we can do the following. Toss
a coin, if we get head we put a particle at the site 1 and if we get a tail we leave
it empty. Repeat this for each site of the discrete set A5 and suppose that we
get at the end to the configuration ny = (0,1, 0,0) which can be represented as:

Now, we start to particularize our choice for the dynamics. We are going
to add one reservoir at each end point of the bulk. This means that in our
construction, we add the points z = 0 and z = N to the bulk. Going back to
the picture above, this means that we have now the set {0,1,2,3,4,5} where
particles can be placed, but the sites x = 0 and = 5 will act as reservoirs.

Note that the bulk stays unchanged, the role of the boundary points {0, N'}
is to allow particles to get in and out of the bulk. So, for example, in the initial
configuration given above, now we have the sites x = 0 and x = N occupied,
representing the fact that in z = 0 and x = N there are particles that can enter
to the bulk and that can be removed from the bulk.

9.9
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Now we describe the time between jumps. For that purpose, for each pair of
sites (x,y) we associate a Poisson process of intensity p(z,y) = p(y — x). The
Poisson processes associated to different bonds are independent. Note that the
bonds in the bulk are not oriented. In the first dynamics that we are describing,
we consider p(y —z) = 0 if [z —y| > 1, p(1) = p(—1) = 3 so that jumps can only
occur to a nearest-neighbor position and for that reason the exclusion process
coins the name simple exclusion process. At the boundary points we associate two
Poisson processes to each bond containing a boundary point. More precisely, to
the bond {0, 1} (resp. {1,0}) we associate a Poisson process of intensity axN ~%
(resp. (1 —a)xN~%) and to the bond {N —1, N} (resp. {N, N —1}) we associate
a Poisson process of intensity (1 — 8)xN~% (resp. fxN~Y). Above we fix the
parameters «, 8 € [0,1], 8 € IR and x > 0. The role of the parameter 6 is to
regulate the slowness/fastness of the reservoirs. If > 0 and 6 increases then the
reservoirs are slower and if # < 0 and 6 decreases then the reservoirs are faster.

We remark that another interpretation of the previous dynamics at the
boundary could be given as follows. Particles can either be created or annihilated
at the sites x = 1 and © = N — 1 according to the following rates:

- at site x = 1: -atsitex =N —1:
e creation rate axN Y, e creation rate SN 9,
e annihilation rate (1 — a)xN 9, e annihilation rate (1 — 8)xN 9.

Note that in any case, the exclusion rule has to be respected. At most one
particle is allowed at each site of the bulk (recall that the state space is {0, 1}~)
so that particles can only be created (resp. removed) at the sites x = 1 or
x = N — 1 if the corresponding site is empty (resp. occupied), otherwise nothing
happens. Before we proceed let us see an illustration of a possible realization of
the Poisson processes as given in the figure below.

In the figure at the left hand side

we represent by ”x” each mark of

a possible realization of the Poisson

Q Q Q processes associated to the bonds.

O "o } } } At the left hand side we put an

arrow going down which is repre-

¥ senting the evolution of time and

each sign ”—” means that a clock

has rung according to some Poisson

clock, so that at the corresponding

time, a jump from a particle might
have occurred.

We note that in this figure we
did not distinguish the marks of the
Poisson processes associated to the
oriented bonds at the boundary be-
cause we believe that it is simpler to
analyse the dynamics at the bound-
ary by allowing particles to get in or

Time
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get out according to the Poisson marks but also taking into account the exclusion
rule.

In order to give an example, let us see now all the configurations that we
obtain starting the dynamics from the configuration 79 = (0, 1,0, 0) represented
above and the realization of the Poisson processes given in the previous figure.

By abuse of notation, in the figure at
the left hand side, we numbered the con-
figurations that we obtained by the num-

no Q@ | Q | | D ber of the marks of the Poisson processes
m % % Q % Q@ (which in the example are equal to 20)
s ‘,) % % Q Q \? just to make the presentation simple. We
Q 1 1 () 1 @ note that the configurations are indexed

B 7 ‘ ‘ ‘ ‘ 5 by ti t which is continuous and not
Q 1 1 Q 1 @ by time ¢ which is continuous a o
" b ‘ 6 ‘ ‘ b discrete. Note that the difference between
5 % w % % T 5o =(0,1,0,0) and 1 = (0,0, 1,0) is only
"l 9 9 9 % % ? at two sites (this is always the case when
7 @ % 9 % % QD we compare two configurations which dif-
UL H) } 9 } } \) fer by a jump of a particle in the bulk,
n9 @ § § ) § D a jump in the bulk affects the occupation
Mo @ | | Q | D wariables at two sites) and 7, is obtained
M1 Q % % Q % \? from ng by shifting the particle at the site
Nz 9 % % 9 Q \? 2 in ng to the site 3. This is a consequence
s @ ) ") ) > of the fact that the first mark of the Pois-
? ? ? ? ? son process that occurs is associated to

214 , the bond {2,3} and that in 79 there is a

Q@+ 9@ @ 9 .

particle at the site 2. The next mark we

me P—9 % QP9 Gee is associated to the bond {4,5} and
mr @ i i @ @ 9 dincein m = (0,0,1,0) there is no parti-
M1 \,) | | 9 | \) cle at the site x = 4, a particle is injected
19 Q % % Q % ? in the bulk at the site 4, giving rise to
120 @ | Q | | D 72 = (0,0,1,1) and so on. Note that the

boundary dynamics only changes the con-
figuration at one site.

We also note that the ring of a clock
does not imply that the configuration of
the system has changed. In the example
above n3 = n4 = (0,0, 1,0) since the cor-
responding Poisson mark is associated to
the bond {1, 2} and since both sites x = 1 and « = 2 are empty, nothing happens
and particles wait a new ring of a clock.

The first dynamics that we are going to consider in these notes, and which
is described in this section is completely characterized by now, but we note
that in Section 3 we are going to generalize the previous dynamics by allowing
particles to give long jumps according to some probability transition rate p :
Z x ZZ — [0,1] such that p(x,y) = p(y — x) and which is symmetric, that is

Fig. 1. Possible configurations starting
from (0,1,0,0)
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p(y — ) = p(xz — y). In the latter dynamics, there is only one reservoir at each
end point of the bulk but particles can be injected from them to any site of the
bulk or they can be removed from any site of the bulk to one of the reservoirs.
We will distinguish two cases: when p(-) has finite variance and when p(-) has
infinite variance.

2.2 Illustration of the dynamics

In this section we draw some pictures to illustrate more easily the dynamics that
we defined in the previous subsection. The particles at the bulk are coloured in
gray and the particles at the two reservoirs are coloured in blue. We also added
the clocks only at the bonds where there are particles but we note that the clocks
are present in all bonds of the form {z,z + 1}. Whenever there is a ring of a
clock we see some red lines on top of the corresponding clock and the jump rates
are indicated above the corresponding jumps which are represented by arrows.

In the first picture below, we take N = 11 and the initial configuration is
no = (0,0,1,0,0,1,0,0,1,0). Note that this initial configuration changes only if
one of the clocks associated to bonds containing the sites © = 3, 6,9 rings (which
makes the corresponding particle to displace one position to the left or right of
it) or if the clocks at the boundary sites = 0 (resp. = 11) ring (which makes
a particle get into the system at the site z = 1 (resp. = = 10).

k(1 —/@/Ne
k(1 —a)/N? kB[N
ke N i

Suppose that the first clock to ring is associated to the bond {6, 7}. Since there
is a particle at the site = 6 it jumps to the site = 7 with rate 1/2. See the
figure below.

k(1 — B)/N°

~—

k(1 —a)/N? kB[N
Y

“—
wa /N9
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Now let us suppose that the next clock to ring is associated to the oriented
bond {0, 1}.

k(1 —/@/Na
k(1 —a)/N? kB[N
raf N 2
Y-

® 66 6060
Since there is no particle at the site x = 1, a particle is injected into the
system at the site z = 1 with rate axkN~%. See the figure below.

k(1 — B)/N’

~—

k(1 —a)/N? kB[N
AN AS N
ka /N9

a4

Finally let us suppose that the next clock to ring is associated to the oriented
bond {N,N —1}.

#(1—B)/N?
Va8
K(1 ;\a)/Ne ng/i\fe
ka/N?
Y

066 V6660
Since there is no particle at the site x = N — 1, a particle is injected into the
system at the site z = N — 1 with rate 3xN~?. See the figure below.
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#(1—p)/N*
—
k(1 ;\oz)/Ne hza/iV‘)
ka/N?
By

We note that the bulk dynamics conserves the total number of particles in the
bulk, but the boundary dynamics destroys this quantity since it injects/removes
particles in/from the bulk.

2.3 Infinitesimal generator

The dynamics described above is Markovian and can be completely characterized
by mean of its infinitesimal generator, see [17, 18]. The Markov process {n; : t >
0} whose dynamics we have just defined has infinitesimal generator denoted by
Ly which is expressed as

Ly =LNno~+ LNy, (1)

where Ly 0 and Ly, are given on functions f : 2y — IR by

N-2

(Lnof)(n %( »rH) f(n)),

=1

8

ENb—LNb+£Nb7 (2)
where for z € {1, N — 1}

(L)) = segealnr(@)(F07) = Fn))

r(1) =aand (N — 1) = g,

(2), 2 # Y,
(7)) = { ol = = ,<wxa={ﬂ}jfx ®
wa), 2=y 2=
and for x € {1, N — 1}
e (@) 2= & [n(e) (1= (@) + (1~ nfa))r(@)]. (@

Note that the generator above splits into the sum of the generator Ly
(which is related to the jumps in the bulk) and Ly (which is related to the



10 Patricia Gongalves

jumps from the boundary or from the reservoirs). We will refer to the first one
as the exchange dynamics and the latter one as the flip dynamics, because in
Ly,0 we exchange the occupation variables n(z) and n(z +1) and in L%, we flip
the value of the occupation variable at n(z).

We consider the Markov process speeded up in the time scale @(N) and we
note that the process {no(n) : t > 0} has infinitesimal generator given by
O(N)Ly. To see this relation, let Ly be the generator of the process {mom :
t > 0}. By definition, for f : 2y — IR, we have that
S f_
%’ (5)

ENf = lim
s—0

where S, := Sse(n) 1s the semigroup associated to Ly and S is the semigroup
associated to L. Then,

Sif — f

O(N)Ly f =lim O(N) = _ Jim o) e = F

550 sovy vl (0
from where we conclude that £y := O(N)Ly:.

We note that 7,9(n) depends on «, 3, 6 and x but we will omit these indexes
in order to simplify notation. Fix 7" > 0 and 6 € IR. Let uy be a probability
measure in 2. We denote by IP,, the probability measure in the Skorohod
space D([0,T], f2y) induced by the Markov process {mno(n) : t > 0} and the
initial probability measure py and we denote by Ep, =~ the expectation with
respect to P, .

Our goal in these notes is to analyse the impact of changing the strength of
the reservoirs (by changing the value of #) on the macroscopic behavior of the
system. More precisely, we want to obtain the hydrodynamic equations of the
process which will have different boundary conditions depending on the range
of the parameter 6 which rules the strength of the reservoirs. Before proceeding,
in the next subsection we analyse the invariant measures for this model.

2.4 Stationary measures

For p € (0, 1) we denote by uév the Bernoulli product measure in 2 with density
p, that is, for x € Ay:

vy{n:n(x) =1} = p. (7)
According to this measure the occupation variables {n(x)}.ca, are independent
and for each z € Ay the random variable n(x) has Bernoulli distribution of
parameter p. When we restrict the parameters o and § such that o = g = p,
then these measures are invariant for the dynamics described above. In fact, a
stronger result is true, see the next lemma where we prove that these measures
are reversible.

N

Lemma 1. For a = 8 = p the Bernoulli product measures v, are reversible.
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Proof. Fix two functions f, g : 2y — IR. To prove the lemma, we need to show
that

/Q snExf@avy = [ ) Lngtnary. (8)

Let us start with the exchange dynamics given by Ly o. In this case we need to
check that

> st = soany = X [ et )iy

TEAN TEAN

For that purpose note that, for fixed x € Ay and performing a change of variables
& =n®*+1 we have that

/Q g Fe Y = 3 g Fr =t (o)

neNn
N (¢x,z+1
= 3 SO )
£ENN P

Now note that
v (€)= [[ P —p)—@

TEAN
so that
— if {(z) = 1 and {(x + 1) = 0, denoting by ¢ the configuration & removing its
values at 2 and z+1 so that £ = (£, £(x), &(x+1)), then v (&) = vV (€)p(1-p)
and 1Y (€7+1) = v (€)(1 — p)p, s0 that

)

vy (€)

— if {(x) =0 and £(z + 1) = 1, then vV (&) = vV (£)(1 — p)p and v (=) =

v (€)p(1 — p), so that (9) is also true.

~1. (9)

Therefore, we obtain that

z,x+1 VN _ x,x+1 VN _ x,x+1 VN
/Q oI = 3 g€ © /Q o )

£ENN

which proves (8) for Ly . For the flip dynamics given by Ly, we note, for the
left boundary, that

/Q a(men(m, @) F ()Y
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By the change of variables £ = n', the previous expression can be written as

v, (€) v, (€)
1 ) N1 _ o \Y ey
gNﬂs){g(ﬁ ety +9(€)(1 €)1 - a) e b (€
A simple computation shows that if £(1) = 1, then V;]jv(él)) = 1_7" so that the

previous expression can be written as

K 1 L—p 1 P
W 2 Fe){ateemaT—L + g(e)(1 — €)1 - ) 2= L e)

cOn L=p

from where we get, for a = p, that

/ g(mex(n,0) f(n")dvY = / amMer (0, p) f (m)dwY
2N

2N

The same computation can be done if £(1) = 0, from where we conclude. We
can repeat the same computation for the right boundary and this proves (8) for
L p. This ends the proof of the lemma. a

When « # 3, the Bernoulli product measures are not reversible nor invariant.
A simple way to check the non-invariance is to argue as follows. Suppose that
the measures I/év are invariant. Then we know that for any function f : 2y — R
we have that

| vy —o. (10)
2N

But for f(n) = (1), a simple computation shows that Ly,0f(n) = 3(n(2)—n(1))
and Ly f(n) = sawla —n(1)], so that

N K
on ENf(n)de - INO (O{ p)

and this equals to 0 iff & = p. Analogously, repeating the same computations as
above for f(n) = n(IN—1), we would conclude (10) iff 8 = p. But this contradicts
the fact that o # 5.

When « # (3, since we have a finite state irreducible Markov process, then
there exists a unique stationary measure that we denote by uss. A way to get
information about this measure is to use the matrix ansatz method introduced
in [6,7]. The idea behind the method is the following. Let

fol(T/(l)v"' an(N_ 1))

denote the weight of the configuration n := (n(1),--- ,n(IN — 1)) with respect to
the stationary measure ps5 and let us suppose that

fN—l(n(l)a 77(2)7 T 77](N - 1)) = WTXn(l)Xn(2) T Xn(Nfl)Vv
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where

Xy = n(@)D + (1 = n(z))E,

and D, E are matrices (which in general do not commute) and the vectors
wT,v are present in order to convert the matrix product into a scalar. In
the figure below we take N = 6 and we present a possible configuration n =
(0,1,0,1,1) whose corresponding weight is given by fy_1(n) = w/ EDEDDyv.

Let P(n(1),n(2),--- ,n(N — 1)) be the normalized weight of the configuration

Q.99

Loy
D

< -

{
D D v

<

)ﬂ
&«
S

n:= (n(1), - ,n(N —1)) with respect to the stationary state uss, which is given
by
_ fN—l(n(l)vn(2)7 e an(N - 1))

P(n(l)an(2)"" 777(N_ )) - 7N )

where Zxy_; is the sum of the weights of the 2V~1 possible configurations in
.QNI

IN_1= Z Z fN—l(’r](l)’n(Q)?"' 777(N_ 1))

n(1)e{0,1}  n(N-1)e{0,1}

From the definition of fy_1, we have that

W X)X - Xyv-nv

P(ﬁ(l)ﬂ?@)f t 777<N - 1)) =

ZN_1 ’
and the normalization can be written as
Inoa= Y > WX Xy Xy v
n(1)e{1,0}  n(N-1)€{1,0}
= Z ce Z WTXn(l)Xn(Q) s Xn(N_Q) (D + E)V (11)

n(1)e{1,0}  n(N-2)e{1,0}
= .=wl(D+E)N"1v.

Let us now impose conditions on the matrices D and E. For that purpose, let
C = D+ E. The expectation of the occupation variable at the site x, with respect
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to the stationary state ugg, is given by

o () = /Q (&) dpes

_ Zn(l)E{LO} T Zn(zv_1)e{1,o} n(@)fx-1(n(1), -+ ,n(N —1))

ZN-1
1 -1 N-1 (12)
T
~ Zn Z Z [W HXﬁ(j)D H Xn(j)v}
“Lomefroy  n(N-1)e{1,0} j=1 j=a+1
WTOmlecerlf:cV
- wlCN-1y

The function plY,(-) is called the stationary empirical density profile since it is the
average with respect to the stationary measure pi,,, otherwise we refer to it as the
empirical density profile. Note that above the sum does not contain the factor
n(x) € {1,0} since the expectation is non-zero iff n(z) = 1. We can also compute
the expectation of the product of two point occupation variables at the sites =
and y, with respect to the stationary state pgg, that is, for 1 <z <y < N — 1,
we have that

/ n(@)n(y)duss =
2N

_ Zn(l)G{O,l} e Zn(Nfl)G{O,l} n(@)n(y)fn-1(n(1), -~ ,n(N —1))
B ZN-1
wlC*—1pCYy—*-1pCN—1-vy
- wICN-ly ’
Therefore, the two point correlation function, with respect to the stationary
state pgs, isgivenon 1 <z <y < N —1 by

oN(a,y) = / (n(z) — o (@) (1) — P (4) e
2N

_ wlc*—1pcy—=-1pCcN-1-vy (13)
wlCN-1y
WTcx—chN—l—xv WTcy—chN—l—yV
B wlCN-1y ' wlCN-1y

A simple computation (see [5]) shows that for the dynamics that we are consider-
ing in this section, the matrices D, E and the vectors w’, v satisfy the following
relations:

DE—-ED=D+E=C,

r | kra K(l—a) 1  p
w {QNGE_ SN D| =w",

[F»(l —B) B

SN —2N0E}v:v.
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We note that the equations above also show that
C(D+1)=(D+E)D+I)=DD+D+ED+E,

and that C(D+I) = DD+DE = DC. Analogously we have that CD = (D-1I)C.
Using (11), we obtain that Zy_; is given by

1 I'(2N% + N —1)
(a=p)N-t TN

where I'(-) denotes the Gamma function. For the details on these computations
we refer the interested reader to [5]. Now, in (12), by writing DCN-1=¢ =
DCCN=2=% and using the fact that C(D + I) = DC we obtain
N wlcs=lC¢(D+I)ON-2-ov  wlC*DCON-2-oy  wlON-2y
Pasl) = ZN-1 N ZN-1 * Zn-1
Repeating the procedure above and using the explicit expression for Zy_; given
above, we obtain a simple expression for p¥(z) given by

ZN-1=

N - N — 0‘7_5 N? 1 ai_ﬁ_ 15
pa) =B+ (N —a) = e (N (1)
In fact last identity can be rewritten as
N k(B —a)x k(B —a)x [N?
Vi(p) = _ — 7 ([—— —1).
P = re N3 T v sl 1)
Analogously, from a simple, but long computation (see [5]), we have that
dpiss = Bp™ Nyt NO—1)— =B~
/QN n(x)n(y)dpss = Bpss(x) + (N —y + )2N9+N72p85 (z),
and from (15), we obtain
Blx+ N —1)+a(N—z+ N —1)
dprss =
[ et =5 I
(N—y+N—1)(a—p) [Blx+ N —1)+a(N —z+ N —2)
2N? + N —2 2N9 + N -3 '

Putting together last expresssions and doing simple, but long, computations we
conclude that

(a—B)Q(a:+N9—1)(N—y+N9—1).

N _ 16
?as(@:) (2N? + N —2)2(2N? + N — 3) (16)
From the previous identity it follows that
oY), 0<1
N N2 ) )
a , = — 0. 17
mleli el = 00 e a7

This means that as the size of the bulk tens to infinity, the two point correlation
function vanishes. In the next subsection we analyse the empirical profile and
the two point correlation function for more general initial measures.
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2.5 Empirical profile and correlations

Before stating the hydrodynamic limit result we explain here how to have a
guess on the form of the hydrodynamic equations by using the empirical profile,
which was defined above in the case of the measure uss. Now we generalize its
definition. For a measure uy in 2y and for each x € Ay we denote by p¥ ()
the empirical profile at the site z, given by

pr (x) = Ep, [nve(2)].
We extend this definition to the boundary by setting

pN(0) = aand p)N(N) = B, forallt>0.

Note that since ps is a stationary measure the stationary empirical profile p%(-)
does not depend on time, but now since uy is a general measure the empirical
profile p¥ (-) depends on time. From Kolmogorov’s backward equation we know
that p¥ () is a solution of

ipl () = Ep, [Lnnine(z)].

A simple computation shows that

Lyn(x) = jo—1,0(n) = Jo,zt1(1)

where for z € Ay, the quantity j, ,+1(n) denotes the microscopic current at the
bond {z,x + 1}, which is given by the difference between the jump rate from x
to 41 and the jump rate from x4+ 1 to x. Note that for x = 0 (resp. x = N —1)
Ja,z+1 1s equal to the creation rate minus the annihilation rate at the site x =1
(resp. = N — 1). Therefore

Joa(n) = 5375 (@ = m(1)).

o1 () = 5 (0(@) =@+ 1)), Yo € {1, N = 2) (18)
-1 () = 550N = 1) = B).

A simple computation shows that p¥(-) is a solution of the equation

plY (z) = (N?BSpY)(x), z€An, t>0,
pi(0) =a, t>0, (19)
pr (N) = B, t>0,

where the operator B, acts on functions f : Ay U{0,N} — IR as

N2(B )(.’L‘) % Nf( )7 fOI.’EE{2 N_2}7
N2(BR (1) = 5 (f(2) = f(1) + BN (£(0) = f),
N2BY )N =1) = B2 (F(N = 2) = f(N = 1)) + 53 (f(N) = f(N = 1)),
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Above Ay f denotes the discrete Laplacian of f(-) which is given on x € Ax by
Anf(z) = flz+1) + flz —1) = 2f(2). (20)

Note that for § = 0 the operator B is basically the discrete laplacian but when
0 # 0 we see some distortion at the boundary due to the mechanism of creation
and annihilation.

A simple computation shows that the stationary solution of (19) is given by

phi(x) = Ep, [mn2(z)] = anz + by
where the coefficients ay and by are equal to

NG

(B — a)
) ma (Y 1) e
an INT 4 (N —2) an N = an - +a
From this we get that
. N (T _
Jimmax [pl (@) - p(F)] =0, (21)
where for ¢ € (0,1)
pla) =4 =g rat e 9=1, (22)
6-&-7&;9>1.

Note that p(-) will be a stationary solution of the hydrodynamic equation that
we are looking for. See Figure 3 for a representation of p(-).
Now we obtain information about the two point correlation function. Let

Vy = {(z,y) €{0,...,N}?:0<z <y <N},
and its boundary
8Vv]\/ = {(%y) S {O,...,N}z cx =0 or y:N}

See Figure 2.
For # < y € Vy, let ¢ (x,y) denote the two point correlation function
between the occupation sites at © < y € Viy which is defined by

o (x,y) = Ep,  [(nenv2() — p7 () (nenv2 () — o1 ()]- (23)
Doing some simple, but long, computations we see that ¢ is a solution of

el (z,y) = n2AL P (2, y) + gb (x,y), for (z,y) € Vi, t >0,

oN(z,y) =0, for (z,y) € OVn, t >0, (24)

@b (2, ) = Epuy no(@)no(y)] — p’ (x)pd (y),  for (z,y) € Vi UdVy,
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SV

N-—-1
Fig. 2. The set Vn and its boundary dVx

where A is the linear operator that acts on functions f: Vy UdVy — R as

(ANN) = D Xlu,v) [fv) = fu)],

veVN
with
1, if lu—v|=1and u,ve Vy,
A(u,v) = (N0 if lu—v|=1and ue Vy, vedVy,
0, otherwise,

for 8 > 0. Note that .A?V is the generator of a random walk in Vy U dVy with
jump rates given by c% (u,v), which is absorbed at V. Above || - || denotes the
supremum norm,
giv(x,y) = _(priv(x))Q‘Sy:w-&-l
and
Ve (x) = N(p (z +1) = pi¥ (). (25)

In this case, contrarily to the empirical profile, is is quite complicated to obtain
an expression for the stationary solution of (24). Nevertheless, we note that
a simple, but long, computation shows that the solution obtained in (16), in
the case where the starting measure is the stationary state pugg, is in fact the
stationary solution of (24). We also observe that in [9] it was obtained the
following bound on the case § = 1 for a general initial measure . There it was
proved that there exists a constant C' > 0 such that

C
sup max o} (z,y)] <

= 26
t>0 (z,9)EVN N ( )

but we note that the bounds on the other regimes of § are still open, apart the
case § = 0 where the bound above is given by C/N?, see [16].
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2.6 Hydrodynamic equations

From now on up to the rest of these notes we fix a finite time horizon [0, 7.
We denote by (-,-), the inner product in L?([0, 1]) with respect to a measure p
defined in [0, 1] and || - || z2(,) is the corresponding norm. We note that when s
is the Lebesgue measure we write (-,-) and || - ||z for the corresponding norm.

We denote by C™™([0,T] x [0, 1]) the set of functions defined on [0, 7] x [0, 1]
that are m times differentiable on the first variable and n times differentiable
on the second variable. For a function G := G(s,q) € C™"([0,T] x [0,1]) we
denote by 9sG its derivative with respect to the time variable s and and by 9,G
its derivative with respect to the space variable g. For simplicity of notation we
set AG := 92G. We will also make use of the set C™™([0, 7] x [0, 1]) of functions
G € C™"™([0,T] x [0, 1]) such that for any time s the function G has a compact
support included in (0,1) and we denote by C7*(0,1) (resp. C$°(0,1)) the set of
all m continuously differentiable (resp. smooth) real-valued functions defined on
(0,1) with compact support. The supremum norm is denoted by || - || Finally,
Cy""([0,T] x [0,1]) is the set of functions G € C™"([0,T] x [0, 1]) such that for
any time s the function G vanishes at the boundary, that is, G5(0) = G4(1) = 0.

Now we want to define the space where the solutions of the hydrodynamic
equations will live on, namely the Sobolev space H; on [0, 1]. For that purpose,
we define the semi inner-product (-, -); on the set C*°([0,1]) by

1
G101 = [ 0,6)a) 0, (@) do (27)
for G, H € C*([0,1]) and the corresponding semi-norm is denoted by || - ||1.

Definition 1. The Sobolev space H* on [0,1] is the Hilbert space defined as the
completion of C*°([0,1]) for the norm

I B = 11122 + 1 13-

Its elements elements coincide a.e. with continuous functions.
The space L?(0,T;H') is the set of measurable functions f : [0,T] — H!
such that

T
| 1fil3s < ox.
0

We can now give the definition of the weak solutions of the hydrodynamic
equations that will be derived for the symmetric simple exclusion process in con-
tact with stochastic reservoirs. We start by giving the notion of a weak solution
to the heat equation with Dirichlet boundary conditions which will be the notion
that we will derive in the regime 6 € [0, 1). In what follows ¢ : [0,1] — [0,1] is a
measurable function and it is the initial condition of all the partial differential
equations that we define below, that is po(q) = g(g), for all ¢ € (0, 1).
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Definition 2. We say that p : [0,T] x [0,1] — [0,1] is a weak solution of the
heat equation with Dirichlet boundary conditions

{ Oipi(a) = 3Ap(a), (t,0) € [0,7] % (0,1), 28)

pt(o) Q, pt(l) = ﬁ? le [07T]7

starting from a measurable function g : [0,1] — [0, 1], if the following two condi-
tions hold:

1. p€ L?(0,T; HY);
2. p satisfies the weak formulation:
1 1
Fow = [ m(@Gila)da~ [ gl@)Gola)da
0 0
! 1
- [ [ rta(Ga+0)Gudads  (29)
0o Jo 2

+ /Ot {gaqu(l) - %aqu(O)} ds =0,

for allt € [0,T] and any function G € 03’2([O,T] x [0,1]).

In the regime 6 < 0 we will make use of another notion of weak solution to
the heat equation with Dirichlet boundary conditions which uses as input for
test functions elements in the set C12([0,7] x [0,1]). Since functions in that
space have compact support, in order to get a proper notion of weak solution we
need to add an extra condition to Definition 2 (see 3. in Definition 3).

Definition 3. We say that p : [0,T] x [0,1] — [0,1] is a weak solution of the
heat equation with Dirichlet boundary conditions given in (28), starting from a
measurable function g : [0,1] — [0, 1], if the following three conditions hold:

1. p€ L3(0,T; HY),
2. p satisfies the weak formulation:

Fpir 12/0 pt(Q)Gt(Q)dq_/o 9(q)Go(q) dq

- /Ot /01 ps(q)GA + 8S)Gs(q) dgds =0,

for all t € [0,T] and any function G € CL2([0,T] x [0,1]),
3. p+(0) =, p(1) =0 forallt e (0,T).

(30)

Remark 1. We note that (30) coincides with (29) by taking as input a test func-
tion G € CH2([0, 7] x [0,1]), since in this case 9,G4(0) = 9,G4(1) = 0, so that
the last term in (29) vanishes.
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Now we introduce the notion of weak solution of the hydrodynamic equation
that we will derive in the case § = 1. In this regime the boundary reservoirs are
so slow and as a consequence, a different boundary condition appears. In the
case of Dirichlet boundary conditions, the value of the profile p;(-) is fixed to be
equal to a at 0 and B at 1. This is no longer the case when 6 > 1 as we will see
later on.

Definition 4. We say that p : [0,T] x [0,1] — [0,1] is a weak solution of the
heat equation with Robin boundary conditions

{ 6tpt(Q) = %Apt(Q)’ (t’q) € [07T} X (07 1)7

2un(0) = K(pu(0) — a), Dupr(1) = R(B - pu(1)), tefo,T), )

starting from a measurable function g : [0,1] — [0, 1], if the following two condi-
tions hold:

1. p € L?(0,T; HY),
2. p satisfies the weak formulation:

1 1
mW:Am@@@@—Ag@%@@

Lot 1 1t
iAA;um@A+@yamwm+§A&umuun—m@@@mnw

— 5 [ (60— p0) + G0 - pu(1) s =0,
0
3

for all t € [0,T) and any function G € C*2([0,T] x [0,1]).

In the regime 8 = 1 the boundary reservoirs are so slow so that a type of
Robin boundary condition appears. In this case it fixes the value of the flux
through the system as being proportional to the difference of concentration.
Note that, for example at ¢ = 0, the value J,p;(0) corresponds to the flux of
particles through the left boundary and x(p:(0)—«) corresponds to the difference
of the concentration, since in this case, contrarily to what happens in the case
of Dirichlet boundary conditions, it is not true that p;(0) = « (the value of the
profile at the boundaries is not fixed!)

Remark 2. Observe that in the case k£ = 0 the equation above is the heat equa-
tion with Neumann boundary conditions and it is the hydrodynamic equation
that we will derive in the case 6 > 1.

Remark 3. We observe that all the partial differential equations defined above
have a unique weak solution in the sense given above. We do not include the
proof of this result in these notes but we refer the interested reader to [2] for the
proof of the uniqueness in the case of Dirichlet boundary conditions and to [1]
for the proof of the uniqueness in the case of Robin boundary conditions.
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- Deriving the weak formulation: We note that the weak formulation given
in all the regimes above can be obtained from the formal expression of the corre-
sponding partial differential equation in the following way. Take a test function
G € C12([0,T] x [0,1]) and multiply both sides of the equality

8sps(Q) = %A ps(Q)

by G and then integrate in the time interval [0, ¢] and in the space interval [0, 1]
to get

/Ol/otasﬂs(Q)Gs(Q)dsdqz/Ol/ot;Aps(q)Gs(Q) ds dq. (33)

To treat the term at the left hand side of last display, we perform an integration
by parts in the time integral and we get to

1 1 t 1
/Opt(‘I)Gt(Q)dQ*/O g(Q)Go(q)dqf/O /0 ps(q)0sGs(q) ds dg. (34)

The term at the right hand side of (33) can be treated by doing an integration
by parts in the space integral and we get to

1 t 1 t 1
3 | 060 = 000G 0 ds =5 [ [ dup@0,Gu(@ s in

Now, we do another integration by parts in the integral in space at the term on
the right hand side of last expression and we write the previous display as

5 | 2 (0G.(1) = 040G (0)ds -
1 t

_5/0 ps(1)04G (1) — ps(0)04Gs(0) + %/O /0 ps(q9)AGs(q) ds dg.

Putting together (35) and (34) we obtain

1 1 t 1 1
/0 pi(@)Gi(q) dq — /0 9(2)Golq) dg = /O /O po(@) (54 +0.) Gulg) ds dg
1 t
+5 | 2060 = 2,0, 016 0) s
1 t

-3 | 20,60 = (00,6 0) s
Now we obtain each one of the weak formulations given above. We start with the
case where G € Cy*([0,T] x [0, 1]) and we will derive (29). For that purpose note
that since G vanishes at the boundary of [0, 1] and since p,(0) = o and ps(1) = g,
the expression in the previous display becomes equivalent to Fp;, = 0.

On the other hand, if G € C}2([0, T %[0, 1]), then G vanishes at the boundary
of [0,1] and 9,G also vanishes at the boundary of [0,1], so that for p satisfying
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the Dirichlet boundary conditions of (28), the expression in the display above
becomes equivalent to Fj, = 0.

Finally for G € C*2(]0,T] x [0,1]) and for p satisfying the Robin boundary
conditions of (31), the expression in the previous display becomes equivalent to
Frop = 0.

-Stationary solutions: Now we deduce the stationary solutions for each one
of the equations given above. We start with (28). For that purpose note that,
denoting by 5(-) the stationary solution we have that Ap(t,q) = 0 implies that
p(q) = ag+ b for a,b € R and ¢ € (0,1). Imposing the Dirichlet boundary
conditions we arrive at

a=(B8—a) and b=g,

so that
ppir(q) = (B — @)g + a. (36)
On the other hand, imposing the Robin boundary conditions of (31) we arrive
at
a= 7/@'(6—0& and bzoz—l—/B_a7
2+ kK 24+ kK
so that for ¢ € (0,1)
_ k(B —a) B—a
o = ) 37
PrRb(0) = =5 —atat oo (37)

Finally, if we impose the Neumann boundary conditions, any constant solution
is a stationary solution of (31) with x = 0 (which corresponds to the Neumann
regime). In this case we note that the stationary solution is not unique. Below we
draw the graph of these stationary solutions for a choice of @« = 0.2 and 8 = 0.8.

Now we give the explicit expression for the solution of each hydrodynamic
equation.

Proposition 1. We have that:
1. The solution of (28) with initial condition g(-) is equal to
_ — e,
p(q) = ppir(q) + Z e” 2 "2sin(nmq).
n=1

2. The solution of (31) with initial condition g(-) is equal to

[e's) o
pt(Q) = ﬁRob(q) + Z Cne_TtXn(q)7
n=1

where

Xu(a) = Ansin(v/An @) + Ankiy/An cos(v/An q), (38)
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0>1
0=1

| (a+B)+8K
w2

QB | et
2 .

(a+B)+ar
"2

Fig. 3. Stationary solutions of the hydrodynamic equations.

A, is a normalizing constant in such a way that X, has unitary L*([0,1])-
norm and

C, = / (9(0) — 7)) X (0)da.

Proof. The solution p(-) to (28) starting from a profile g(-) is such that u = p—p
is solution to (28) with homogeneous boundary conditions o = § =0, i.e.

{ atut(Q) = %Aut(q)a (t,Q) € [07T] X (07 1)7 (39)

ut(0) =0 =uy (1), tel0,T].
It is well known that u(q) is given by

)2
S ) sin(nmq).

M8

ug(q) =

n=1

From the previous computations we conclude that the solution p(-) of (28) start-
ing from g(+) is given by

o _m?,
p(q) = (B—a)g+a+ Z e” 2z '2sin(nmq).

n=1

On the other hand, the solution p(-) of (31) starting from g(-) is such that
u = p — p is solution to (31) with « = 8 =0, i.e.

atut(q) = %Aut(q)7 (tvq) € [OaT] X (07 1)a (40)
Oqui(0) = kug(0), Oqui(l) = —kue(l), te€0,T).
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It is well known that u(q) is given by

[e%e) s
ur(q) = > Cne” 7' Xu(q),

n=1

where X, (q) writes as

Xn(q) = Ap Sin(\/EQ) + B, COS(\/Eq),

for some constants A,, and B,,. Then, the first boundary condition in (40) gives
B, = VAnkA,. To avoid the null solution we consider A, # 0. The second
boundary condition in (40) gives

tan(y/a) = 25V (41)

- A2 —17

whose solution )\, satisfying (n — 1)7 < /A, < nr is such that )\, ~ n?z?
as n — oo. From the previous computations we get that X, (q) is given by
(38) and there A, is a normalizing constant in such a way that X,, has unitary
L3([0, 1])-norm. Moreover

1
C, = / (9(a) — (0)) X (q)dg.
0

From the previous computations we conclude that the solution p(-) of (31) start-
ing from g(-) is given by

K(B = a) B-a e e
pi(q) = q+a+ +) Cue” P X (g).
2+ kK 2+ K et

2.7 Hydrodynamic Limit

In this section we want to state the hydrodynamic limit of the process {n;yz :
t > 0} with state space 2y and with infinitesimal generator N?Ly defined in
(1). Note that here we are going to take O(N) = NZ2. Let M™ be the space
of positive measures on [0, 1] with total mass bounded by 1 equipped with the
weak topology. We can define a metric d(-,-) in the space M by taking a
dense countable set {f,, }n>1 of real valued continuous functions defined in [0, 1]
through the following expression:

V| [ fodp — [ fadv]
d(p,v) = — . (42)
;2k1+|ffndu—ffndu|
For any configuration n € 2 we define the empirical measure 7 (n, dq) on
[0,1] by
1
N _
T (n,dg) = N_1 Z 77(17)5% (dg) , (43)

TEAN



26 Patricia Gongalves

where 4, is a Dirac mass on a € [0, 1], and

N (n,dq) == 7" (2, dq).

This measure gives weight % to each occupied site of the configuration 7.

Fix T > 0 and 6 € IR. Recall that IP,, is the probability measure in the
Skorohod space D([0,T], 2x) induced by the Markov process {mnz : t > 0}
and the initial probability measure pn and we denote by Ep, —the expectation
with respect to IP,, . Now let {Q }~n>1 be the sequence of probability measures
on D([0,T], MT) induced by the Markov process {r}¥ : ¢t > 0} and by IP,,.

At this point we need to fix an initial profile pg : [0, 1] — [0, 1] which is mea-
surable and an initial probability measure puy € {25. We are going to consider
the following set of initial measures:

Definition 5. A sequence of probability measures {in}n>1 in £2n is associated
to the profile po(+) if for any continuous function G : [0,1] = IR and any § > 0

Jm (n €0y ‘N > G(%) 77(»”0)—/01 G(Q)PO(Q)dQ‘ > 5) =0. (44)

IEAN

Note that (44) states that

/G N(n,dq) _>N—)oo/ G(q)po(q)dy, (45)

with respect to upy, which means that the empirical measure at time t = 0
converges, in probability with respect to un, as N — oo, to the deterministic
measure po(q)dg, which is absolutely continuous with respect to the Lebesgue
measure and the density is the profile pg(-).

The hydrodynamic limit that we want to derive states that the previous
result is also true for any ¢ € [0,7T], that is, the empirical measure at time ¢
converges in probability with respect to the distribution of the system at time
t, as N — oo, to the deterministic measure p;(q)dgq, where p;(-) is a solution
(here in the weak sense) to some partial differential equation, the hydrodynamic
equation.

The first main result of these notes is summarized in the following theorem
(see also Figure 4).

Theorem 1. Let g : [0,1] — [0,1] be a measurable function and let {pun}n>1
be a sequence of probability measures in 2n associated to g(-). Then, for any

t € 10,7,
> 5)

Am Py (77- ‘ Z G (%) mn2(z / G(q)pt(q)dq

xEAN
where p;(+) is the unique weak solution of :

e (28) as given in Definition 3, if 6 < 0;
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Heat eq. & Robin b.c.

Heat eq. & Dirichlet b.c.

Fig. 4. The three hydrodynamic equations depending on 6.

e (28) as given in Definition 2, if 6 € [0,1);
o (31),if0=1;
o (31) with k=0, if 6 > 1.

Remark 4. We note that in [1] it was studied the case where the reservoirs are
slowed (which corresponds to the regime 6 > 0). In the previous theorem we
considered also the case where the reservoirs are fast (which corresponds to
6 < 0) but we note that the macroscopic behavior of the system is also given
by the heat equation with Dirichlet boundary conditions as happens in the case
6 € ]0,1). To prove this result we note that the notion of weak solution in the
case 6 < 0 is different from the notion of weak solution in the case 6 € [0,1)
since it uses as input functions with compact support.

The proof of Theorem 1 proceeds as follows: We split the proof into showing
first the tightness of the sequence {Qy}n>1 and then we characterize uniquely
the limiting point @ of this sequence. These two results combined together, imply
the convergence of {Qy}n>1 to Q as N — oo.

The next section is dedicated to the presentation of an heuristic argument
to deduce the hydrodynamic equations from the interacting particle system by
means of the Dynkin’s formula; in Section 2.9 we present the proof of tightness
and in Section 2.10 we characterize the limit point Q. We note that in order to
characterize the limit point @, we prove in Section 2.10 that all limiting points
of the sequence {Qu}n>1 are concentrated on trajectories of measures that are
absolutely continuous with respect to the Lebesgue measure and that the density
pt(+) is a weak solution of the corresponding hydrodynamic equation. From the
uniqueness of weak solutions of the hydrodynamic equations, see Remark 3, we
conclude that {Qy}n>1 has a unique limit point @, and therefore we conclude
the convergence of the sequence to this limit point.
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2.8 Heuristics for hydrodynamic equations

In this section we give the main ideas which are behind the identification of limit
points as weak solutions of the partial differential equations given in Section 2.6.
Now we argue that the density p:(-) is a weak solution of the corresponding
hydrodynamic equation for each regime of . We remark that we are not going
to prove here that the solution p;(-) belongs to the space L?(0,T;H') but we
refer the reader to [1, 2] for a complete proof of this fact. In order to prove that
pt(+) satisfies the weak formulation we use auxiliary martingales associated to
the Markov process {n; : ¢ > 0}. For that purpose, and to make the exposition
simpler, we fix a function G : [0,1] — IR which does not depend on time and
which is two times continuously differentiable. If § < 0 we will assume further
that it has a compact support included in (0, 1). First we recall Dynkin’s formula.

Theorem 2. Let {n; : t > 0} be a Markov process with generator L and with
countable state space E. Let F : IR x E — IR be a bounded function such that

- vr/] € EaF(vn) € CQ(]P”+)7
— there exists a finite constant C, such that for j = 1,2

sup |09 F (s,m)| < C.
(s,m)

Fort >0, let
t
ME =F(t.n) = FOm) = [ 0.+ £)F(s.n.)ds,
0
t
NE =) = [ {LF(s,1.* = 2P (5,00 LF (5,1} ds.
0
Then, {MF }i>0 and {N/"}i>0 are martingales with respect to Fy = o(ns; s < t).
Let us fix a test function G : [0,1] — R and apply Dynkin’s formula with

Fitn) = (,6) = 0 3 mae ()6 (%), (46)

TEAN

Above <7rtN , G> represents the integral of G with respect the measure 7{¥. Note
that F' does not depend on time, only through 7;. A simple computation shows
that

N2Ln(alN. G) = (x], %ANG>

s

+ %(V}G(O)nmz(l) — VG nsnz(N — 1))
(47)

H I G(3) @ e

K N279
toN—1

G(24) (B = non= (N = 1)),
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from where we obtain that

t
1
MM (G) = (N, G) — (x . G) — /0 (), 5 AnG) ds

-3 | TACOw 1) - TR G (N - s
0

ok t 20 G(%)(a—nsw(l))d‘g

2 ), N—1
k(PN
~5 |, w 1G5 B = mwe (N - 1) ds,

(48)

is a martingale with respect to the natural filtration {F;}:>0, where for each
t >0, F:=0(ns: s <t). Above, Ay is the discrete laplacian defined in (20),
V4 is defined in (25) and

Vnf(z) = N(f(z) = f(z = 1)).
Now we look at the integral terms in (48).
- The case 0 € [0,1): In this regime, we take a test function G : [0,1] — R
two times continuously differentiable such that G(0) = G(1) = 0. Then, we can
subtract G(0) (resp. G(1)) in the fifth term (resp. sixth term) at the right hand
side of (48) and then doing a Taylor expansion on G we get that
¢
1
MF(G) = (xY,6) — (', G) ~ [ (x5 ANG)ds
0

=5 | VEGOnxa(1) = V3G (N — 1)ds +O(N).

If we can replace n,n2 (1) by o and 1,2 (N —1) by 8, which will be a consequence
of Lemma 9 in Appendix A.4 (see Remark 19), then above we have

t
MY (@) = (. G) ~ (.G~ [ (n 5 AnGhds
0
- % / ViG(0)a — VyG(1)Bds + O(N~%)
0

plus a term that vanishes as N — +o0.
Taking the expectation with respect to pyn in the expression above we get

R z\( N N S = A\ N
N_1 ; G(%) (@ = ol @) —/0 1 2::1 SANG (%)oY (@)ds

/ VLG(0)a — VyG(1)Bds + O(N~%) = 0.
0

N | =
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Note that above we used the fact that the average of martingales is constant in
time and that MJ'(G) = 0. Now, assuming that p} (z) ~ p;(%) and taking the
limit as N — oo we get that

1 t 1 1
/O pe(9)G(q) —PO(Q)G(Q)dq—/O /O §AG(Q)05(Q)dqu

1 t
-3 /0 9,G(0)a — 9,G(1)Bds = 0.

Note that the restriction # > 0 comes from the fact that the errors, which arise
from the Taylor expansion in G, have to vanish as N — oo and the restriction
6 < 1 comes from the replacement of the occupation variables (1) and (N —1)
by a and 3, respectively, see Lemma 9 in Appendix A.4 . At this point compare
the previous expression with the weak formulation given in (29) and note that
the test function G does not depend on time.

- The case 6 < 0: In this regime we take a function G : [0,1] — R with
compact support and we note that the last three terms at the right hand side
of (48) vanish in this case. From this and the same arguments as above we get
that

t
1
MY(G) = (w.G) = (w.G) = [ (a5 AnGhds

Taking the expectation with respect to IPun in the expression above and as-
suming that p}¥ (z) ~ p(%), and then taking the limit as N — oo we get that

1 torlq
/0 pt(Q)G(q)—po(q)G(q)dq—/O/O 5AG(q)ps(q)dqu:0.

Again compare with the weak formulation given in (30) and note that the test
function G does not depend on time.

Remark 5. We remark here that in this particular case there is an extra condition
in Definition 3 with respect to the other notions of weak solutions where we only
have to check the weak formulation and to show that the solution belongs to a
Sobolev space. In this case we also need to show that the value of the profile
pi(+) is fixed at the boundary. We leave this issue to Appendix A.4.

- The case 8 = 1: In this case we consider an arbitrary function G : [0,1] - R
which is two times continuously differentiable and we get
t

M¥(G) = (wY,6) — (', G) [ (x5 ANG)ds

0
1 t

— 5 [ TRGOe(1) = VRGN - 1)ds
0

- g% Ot G(%) (@ —naa(1) + G(22) (8 = now (N = 1))ds.
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In this regime Lemma 9 in Appendix A.4 is no longer valid. Nevertheless, by
Remark 18 we can replace 1,2 (1) (resp. nsy2(N — 1)) by the average in a box
around 1 (resp. N — 1):

14+eN N—1—eN

1
7?%2 = Z nsnz (@ 2%2 (N—-1) Z nsnz(z).  (49)

Here we note that the sum above goes from 1 to 1+ |eN | but for sake of simplicity
we write 1 4+ eN. By noting that

72%2(1) ~ ps(0) (resp. ? —1) ~ ps(1)),

for details on this approximation see for example [1, 2] - and repeating the same
arguments as above, we get to

/Opt(q)G(q)—po(q)G(q)dq // S AG(q)ps(q)dgds
—f/aG 1pa(0) — 0,G(1)ps(1)ds
T / G(0)(a — pa(0)) — G(1)(B — pa(1))ds = 0.

Again compare with the weak formulation given in (30) and note that the test
function G does not depend on time.

- The case 6 > 1: This regime is quite similar to the previous one. We consider
again an arbitrary function G : [0,1] — IR which is two times continuously
differentiable and we note that the last two terms at the right hand side of
(48) vanish since 6 > 1. Then, repeating the same arguments as in the previous
section and noting that Remark 18 also applies to # > 1 we obtain at the end
that

| a6t - mw G~ [ [ 3G dads
—7/3G )9s(0) — 8,G(1)ps(1)ds = 0.

Again compare with the weak formulation given in (30) and note that the test
function G does not depend on time.

Remark 6. Note that the parameter x that appears in the boundary dynamics
is only seen at the macroscopic level in the case # = 1 which corresponds to the
heat equation with Robin boundary conditions.
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2.9 Tightness

In this section we show that the sequence of probability measures {Qy }n>1, de-
fined in the beginning of Section 2.7, is tight in the Skorohod space D([0, T], M ).
In order to do that, we invoke the Aldous’s criterium which says that

Lemma 2. A sequence {Pn}n>1 of probability measures defined on D([0,T], M)
1s tight if these two conditions hold:

a. For every t € [0,T] and every € > 0, there exists K! C M, compact, such
that

sup Py (m ¢ Kﬁ) <e,

N>1

b. For everye >0

lim lim sup sup Py (d(wTJrg,ﬂT) > 5—:) =0,
v—0 N—oo TETT
<~
where Tr denotes the set of stopping times with respect to the canonical filtration,
bounded by T and d is the metric in the space M4 defined in (42).

By Proposition 1.7 of Chapter 4 in [15] it is enough to show that for every

function G in a dense subset of C([0, 1]), with respect to the uniform topology,

the sequence of measures that corresponds to the real processes (7', G) is tight.
In our setting case, the first condition a. above translates by saying that:

Al P (1,601 > 4) =0
This is a consequence of Chebychev’s inequality and the fact that for the exclu-
sion type dynamics, the number of particles per site is at most one, we leave the
details on this to the reader. So, it remains to show condition b. In this context
and since we are considering the real process (m}",G), the distance d above is
the usual distance in IR. Then, we must show that for all € > 0 and any function
G in a dense subset of C([0,1]), with respect to the uniform topology, it holds
that
limlimsup sup 1P, (77. : ‘<7T7]_V+7—_, G) — (r¥, G)‘ > 5) =0. (50)
=0 Nooo 7€T7,7<8
Above we assume that all the stopping times are bounded by T, thus, 7 + T
should be understood as (7 +7) A T.

Recall that it is enough to prove the assertion for functions G in a dense subset
of C([0,1]) with respect to the uniform topology. We will use two different dense
sets, namely the space C'1([0,1]) in the case § < 1 and the space C?([0,1]) in the
case 6 > 1, which are both dense in C([0, 1]) with respect to the uniform topology.
For that purpose, we split the proof according to § > 1 and 6 < 1. When 6 > 1
we prove (50) directly for functions G € C?([0,1]) and we conclude that the
sequence is tight. For § < 1, we prove (50) first for functions G € C?(0,1) and
then we extend it, by a L' approximation procedure which is explained below,
to functions G € C*([0,1]).
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Recall from (48) that M} (G) is a martingale with respect to the natural
filtration {F;}¢>0. Then

Py (77- : |<7Tiv+va> - <7Tiva>’ > 5)
~P,, (n. : ‘Mﬁv (G) — MY, .(G) + TH N2Ly(xN, G>ds‘ > 5)

T

<P, (n.: [M2(G) - MN(G)| > )

T+T €
+IP,,, (77. : \/ N25N<7T;V,G>ds] > 5).

Applying Chebychev’s inequality (resp. Markov’s inequality) in the first (resp.
second) term on the right hand side of last inequality, we can bound the previous
expression from above by

2 272 T
S, [(M¥©) - 32©) |+ 2w, [| [ 3 ewtn Gras].
Therefore, in order to prove (50) it is enough to show that

T+7T
lim limsup  sup  Epp, H / N2Ly(nN ,G>dsH ~0 (51)
§—0 N—oo TGTT,?SB N T

and
lim limsup sup Ep, [(MTN(G) - Mﬁf(G))ﬂ =0. (52)

=0 Nooo 7€T7,7<5

Let us start by proving (51). Given a test function G, we will show that there
exists a constant C' such that

N2Ly((nl,G)) < C (53)
for any s < T. We start with the case § > 1. For that purpose, recall (47). Note
that, since |n,y2(x)| < 1 for all s € [0,] and since G € C?(]0,1]), we have that

’<7T£V, ANG) + VEG(0)nan2 (1) = VyG(1)nan= (N — 1)\ < 26"l +2/IGl

and

[AN1G () (@ = moa (1) + 1V 0G () (8 = s (V= 1)
< 4rN'0|G o
< 456 .

This proves (53) for the case § > 1. In the case 6 < 1, we take G € C2([0,1])

and we see that in this case (47) reduces to (r)¥,  AnyG) whose absolute value

is bounded from above by |G|/« and this proves (53) for the case 6 < 1.
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Let us now prove (52). Applying Dynkin’s formula with F(-,-) given by (46)
we get that

(M)~ [ N [l 6 = 20 oL n G ds. (60

is a martingale with respect to the natural filtration {F;};>0. A simple compu-
tation shows that

N? [Lyo(rl,G)? =2(xl,G) Ly o(rY, G)]

N-2
=33 2 () — (o + DTRG0’
=1

and by using the fact that |nsy2(z)] < 1 for all s € [0,¢] last expression is
bounded from above by 2||G’||o. On the other hand, we also have that

N2 [£N7b<7TN

s

{Cl(nsNza Q)G(%F + CNfl(nsNza 5)G(%)2:|

G)? —2(rY G Ly p(ml, G)]

- K
T ON?

and by using the fact that |nsyz2(z)] < 1 for all s € [0,¢] last expression is
bounded from above by 3% [|G||2.

This ends the proof of tightness in the case 6 > 1, since C?([0,1]) is a
dense subset of C([0,1]) with respect to the uniform topology. Nevertheless,
for § < 1, since we considered functions G € C2(0,1), last display is equal to
zero. Therefore, we have proved (51) and (52), and thus (50), but for functions
G € C%(0,1) and, as mentioned above, we need to extend this result to functions
in C*(]0,1]). To accomplish that, we take a function G € C'([0,1]) c L*([0,1]),
and we take a sequence of functions {Gj x>0 € C2(0,1) converging to G, with
respect to the L'-norm, as k — oco. Now, since the probability in (50) is less or
equal than

Py (7 [, Gi) — ¥, )| > 5
+]P,uN(77. : |<7T7].\,+7—,,G—Gk> — <7r£_V,G_Gk>| > %)

and since G has compact support, from the computation above, it remains only
to check that the last probability vanishes as NV — oo and then & — oco. For that
purpose, we use the fact that

(s, G = G — (G- G| < = 3 [(@-C(F),  (59)

TEAN
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and we use the estimate

x+1
N

¥ X le-emls ¥ [T le- ) - @ el

acEAN rEAN

/|G Gi)(0)ldg

< §IG =Gl + [ 16 - Go@lda

The result follows by first taking N — oo and then k — oo.

2.10 The limit point

Here, we prove at first that all limit points @ of the sequence {Qy}n>1 are
concentrated on measures absolutely continuous with respect to the Lebesgue
measure, that are equal to g(q)dq at the initial time and finally that @ is con-
centrated on trajectories of measures satisfying m;(dq) = p:(q)dgq, where p.(-) is
the weak solution of the corresponding hydrodynamic equation. Let @ be a limit

point of {Qn}n>1-

-Characterization of absolutely continuity: We start by showing that @ is
concentrated on measures which are absolutely continuous with respect to the
Lebesgue measure. Fix a continuous function G : [0,1] — IR. Since

sup [(nf¥. @)l <+ 37 1G(5)]

tE[O,T] TEAN

which is a consequence of the fact of having at most one particle per site, the
function that associates to each trajectory 7., sup,co 7 [(m, G)| is continuous.
As a consequence, all limit points are concentrated in trajectories m; such that

(2, G| < / 1G(q)|da.

In order to show that the measure 7; is absolutely continuous with respect to
the Lebesgue measure, that we denote by Leb, we have to show that for each
set A such that Leb(A) = 0, then m(A) = 0. With this purpose, we use last
estimate for a sequence of continuous functions {Gy} n>1 that converges to the
indicator function over the set A and the result follows. Concluding, we have
just proved that

Q(w. . me(dq) = m(t, q)dq, Vt € [O,T]) —1

i.e. m(dq) is absolutely continuous with respect to the Lebesgue measure with a
density 7 (t, q).
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-Characterization of the initial measure: Here we show that @ is concen-
trated on a Dirac measure equal to g(¢)dq at time 0. For that purpose, fix € > 0.
From the results of Section 2.9, we know, from the weak convergence over a
subsequence and Portmanteau’s Theorem, that:

Q(’% G(%)no(x / G(g )dq’ > s)

IEAN

<pmptan (5 X 0Gomio - [ dwsto] <)
TEAN
=it (|5 3 e~ [ ctantari] > ).

TEAN

This last limit is equal to zero, by the hypothesis of uy being associated to the
profile g(-), see Definition 5. This shows that

Q. : mo(dg) = glg)daq) =

-Characterization of the density (¢, g): Up to here we know that all limit
points @ of the sequence sequence {Qy } ~N>1 are concentrated on trajectories
7+(dg) which are absolutely continuous with respect to the Lebesgue measure,
that is, m(dq) = (¢, q)dq. Moreover, we also know that all limit points @ of the
sequence {Qy } n>1 are such that the initial trajectory is a Dirac measure equal
to g(g)dg. Now we prove that all limit points are concentrated on trajectories of
measures of the form p;(q)dg, that is we are going to show that 7(¢,q) = p:(q)
and that p:(-) is a weak solution of the corresponding hydrodynamic equation.
For that purpose, let @ be a limit point of the sequence {Qy }n>1, whose exis-
tence follows from the computations of Section 2.9 and assume, without lost of
generality, that {Qu}~>1 converges to Q, as N — +oo.

Proposition 2. If Q is a limit point of {Qx}New then

Q(m. : Fp=0,¥t€[0,T], VG € Cy) =

where
Fg.., if <0, 06172([0,T] X [O, 1})7 if 0 <0,

Fy =< Fpir, if 0 €10,1), and  Cy = { Cy%([0,T] x [0,1]), if 6 € [0,1),
Frobp, if0 > 1, C2([0,T] x [0,1]), if 6 > 1.

Proof. We consider the case # > 1. Note that we need to verify, for § > 0 and
G € CH2([0,T] x [0,1]), that

Q (w. e D([0,T], M*) : sup |Frop| > 6> =0, (56)
0<t<T
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Recall Fryp from (32) and note that, due to the terms that involve pg(1) and
ps(0) and that appear in FRep, the set inside the probability in (56) is not an
open set in the Skorohod space, and as a consequence we cannot use directly
Portmanteau’s Theorem. To avoid this difficulty, we fix € > 0 and we consider
two approximations of the identity given by

1 1
12(q) = gl(o,e) (¢) and cl(q) = 51(1—5,1)((]) (57)
and we sum and subtract to ps(0) and to ps(1) the mean
€ €
=2 [pds wd @)=t [ oo 69
0 1—e

respectively. Above we used the fact that @ is concentrated on trajectories m¢(dq)
which are absolutely continuous with respect to the Lebesgue measure: m;(dq) =
pt(q)dgq. Thus, we bound the probability in (56) from above by the sum of the
following terms

(&‘:ET)/ pe(a)Gila) da - / 0(9)Go(q) dg
_/O /0 ps(Q)(2A+8S)GS(Q)dqu—;/Oth(o)aJeru)ﬁds

+ ;/Ot<ws,bi>(aqas(1)+as(1)) ds — ;/Ot<m, 2)(0,G4(0) ~ G.(0) ds| > j)
(59)

a(| [ o0 - st)Gotwyaa] > ). (60)

> Qs [3 [ 00— tre 6200 - 0,600 as] > ) o)
ke{o,} \0st=T 0

and we note that the terms in (61) converge to 0 as ¢ — 0 since we are comparing
ps(0) and ps(1) with the averages (58) around 0 and 1, respectively. Moreover,
(60) is equal to zero since @ is a limit point of {Qy}n>1 and Qp is induced by
a measure py which is associated to the profile g(-). Note that in (59) we still
cannot use Portmanteau’s Theorem, since the functions (2 and ¢! are not contin-
uous. Nevertheless, by approximating each one of these functions by continuous
functions in such a way that the error vanishes as € — 0 then, from Proposition
A3 of [10] we can use Portmanteau’s Theorem and bound (59) from above by

liminf Qy( sup ’/ pt(@)Gi(q )dq—/olpo( )Go(q) dgq

O<t<T

[ [ oo (3a+0)araas - [ G0+ amsa

_5/0 (ot >(a G4(0) — Gs(O) ds+;/Ot<m,L;>(aqGS(1)+Gs(1)) ds‘ > 234)
(62)
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Summing and subtracting / N2Ln (7N G,)ds to the term inside the supremum

n (62), recalling (48) and (49), the definition of Q,, we bound (62) from above
by the sum of the next two terms

o
lim inf IP M — 63
i P (20 140> ). )

and

lim inf IP,,, (OETET‘ / t N2Ln(xN.G,) ds — / t / 1ps(q)1AGS(q) dgds
_,/ TN (1)(0,6.(0) — Gu(0) ds + 2 / TNV = 1)(9,G,(1) + Go(1)) ds
—§/OG()a+G()BdS 5)-

Doob’s inequality together with the computations right below (54) show that
(63) goes to 0 as N — oo. Finally, (64) can be rewritten as

(64)

t t
1
liminf P,y ( sup / N2Ly(nlN . G,) ds—/ <7T£V,§AGS> ds
0

0<t<T
- 7/ 7N, (1) (0) — GS(O) gl TN, (N - 1) (aqasa) + Gs(l)) ds
0

2
_,/ Gy a+G()ﬁds‘>6>.

(65)

Now, from (47) we can bound from above the probability in (65) by the sum of
the following terms

K 1 )
x R _ N -
(021:£)T‘N/ g ANG (% )nsn2(x)ds /0 <7rS ,2AG5> ds’ > 26) ,

z€EAN (66)
1 [t s
Py (s [ [ VECOnw () - TR O,C0 ] > 1) (o)

and

P (oi??T ;/t NG, (%) (@ = nove (1) = Go(0) (@ = T iR (1)ds| > 2‘56>

0
(68)

and two other terms which are very similar to the two previous ones but related
to the action of the right boundary dynamics given by £%;1. Applying a Taylor



Hydrodynamics for symmetric exclusion 39

expansion on the test function G it is easy to show that (66) goes to 0 as N — oc.
Also by Taylor expansion, (67) can be bounded from above by

,LN(bup / 04 G 0) (s (1) = 2 (1)ds| > ;8) (69)

0<t<T

plus a term that vanishes as N — oo. Using Lemma 7 we see that (69) vanishes
as N — oo. The term (68) can be estimated using exactly the same argument
that we just used, that is: Taylor expansion on G plus Lemma 7. For the terms
related to the right boundary the argument is the same and with this we finish
the proof.

We leave the other case, namely 6§ < 1 for the reader. This case is even simpler
than the previous one and for the interested reader we refer to, for example, [1,
2].

2.11 Hydrostatic limit

In this section we prove that the hydrodynamic limit holds when we start the
system from the stationary measure pgs, see Section 2.4. By looking at the
statement of Theorem 1 we see that, in fact, to conclude we only need to show
the next result.

Proposition 3. Let uss be the stationary measure for the Markov process {n;nz :
t > 0} with generator N?Ly. Then, uss is associated to the profile p : [0,1] —
[0,1] given on g € (0,1) by (22), that is

B—a)g+a;0<1,

ﬁ(CI): n(213+:)q+a+ 2+m’071

ﬂ+06.9>1,

which is a stationary solution of the corresponding hydrodynamic equation, see

(36) and (37).
Proof. Recall from (44), that we need to prove:

ngnoouss(n € 2y : % > G (%)) - /OlG(q)po(fJ)dq’ > 5) =

TEAN
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for any continuous function G : [0, 1] — IR. By Markov’s and triangular inequal-
ities, we bound the previous probability from above by

1

5. |7 2 €& (1) - )|
2 Gl - OIG@)ﬁ(q)qu

, zeAy 1 ) -
<5Pr. |5 2 GG (o) - oll@)

TEAN

The last term can be bounded from above by

v S a3 (ol -a(x))]

TEAN
11 N ! _
+5‘N Z G(%) P(W) - /0 G(Q)P(Q)dQ‘-
rEAN
The term at the left hand side of last expression is bounded from above by

v 2 oG]

N

o) — ()] < 190 ma

TEAN

o) - (%)

where from (21) it vanishes as N — oo, while the term at the right hand side also
vanishes as N — oo since we compare the Riemann sum with the corresponding
converging integral.

To finish the proof it remains to analyse the third term in (70). By the

Cauchy-Schwarz’s inequality the expectation appearing in that term can bounded
from above by

(5= £ ¢G)or... o) = p(e)?]

T€EAN

F2 Y G (F) 6 (#) B, [00) — o5 @) 0) — (0]

<y

CllGlloe N
<[ ————= m

Nl

[

From (17) the previous expression vanishes as N — oco. This finishes the proof.

Note that the proof presented above uses the information about the two point
correlation function which is not always easy to obtain. We refer the reader to [8]
for another proof of this results without using the knowledge on the correlations.



Hydrodynamics for symmetric exclusion 41

3 Symmetric exclusion with long jumps in contact with
reservoirs

3.1 The model

In this section we want to generalize the results of the previous section to the
case where particles can give jumps arbitrarily large. As in the previous section,
the bulk consists in the set of points Ay = {1,..., N — 1} and we artificially
add two end points z = 0 and x = N. Now, we explain the dynamics of the
models we consider and we start by describing the conditions on the jump rate.
For that purpose, let p : ZZ x ZZ — [0, 1] be a transition probability such that
p(z,y) = p(y—x) and which is symmetric. We are going to discuss two cases: the
first one, when p(-) has finite variance and the second one when p(+) has infinite
variance. Note that since p(-) is symmetric it has mean zero, that is:

Z zp(z) = 0.

ZGZ

We denote m =) ., zp(z). As an example we consider p(-) given by p(0) = 0
and B

Pe) = (71)

for z # 0, where c, is a normalizing constant. For simplicity of the presentation
we stick to this choice of p(-) along this section but we note that many of our
results are true, in the case where p(-) has finite variance, in a more general
setting where we only assume p(-) to be translation invariant and mean zero.

We consider the process in contact with stochastic reservoirs at the left and
the right of the bulk. We fix four parameters «, 5 € [0,1], kK > 0 and 0 € IR, so
that particles can get in the bulk of the system from the site z = 0 to any site
y € Ay at rate axN~%p(y) or leave the bulk from any site y € Ay to the site
r = 0 at rate (1 — a)kN"p(y); and particles can get in the bulk to any site
y € Ay from the site z = N at rate BN ~p(N — y) or leave the bulk from any
site y € Ay to the site # = N at rate (1 — 8)sN p(N — y).

We define the dynamics of the process in the following way. We start with
the bulk dynamics. Each pair of sites of the bulk {z,y} C Ay carries a Poisson
process of intensity p(y — x)/2. Poisson processes associated to different bonds
are independent. If for the configuration 7, the clock associated to the bound
{z,y} rings, then we exchange the value of the occupation variables n(z) and
n(y) at rate p(y — z)/2. Now we explain the dynamics at the boundary. Each
pair of sites {0,2} with © € Ay carries two Poisson processes, all of them
being independent. If for the configuration 7, the clock associated to the Poisson
process of the oriented bond {0, z} (resp. {z,0}) rings, then we change the value
n(z) into 1—n(x) with rate kN ~p(2)a(1-n(z)) (resp. kN ~p(z)(1—a)n(z)). At
the right boundary the dynamics is similar but instead of « the intensity is given
by B. Observe that the reservoirs (z = 0 and 2 = N) add and remove particles on
all the sites of the bulk Ay, and not only at the boundaries z =1 and x = N —1
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as happened in the model of Section 2, but with a rate that decreases as the
distance from the corresponding reservoir increases. We remark that as in the
previous section, we could do another interpretation of the previous dynamics
at the boundary, as follows. Particles can either be created or annihilated at any
site © € Ay according to the following rates:

— from the left reservoir, from x = 0 to y € An:
e creation rate: axN ~p(y),
e annihilation rate: (1 — a)xN~9p(y).

— from the right reservoir, from x = N —1to y € An:
e creation rate: SN~ p(N — y),
e annihilation rate: (1 — 8)xN~p(N — y).

Let us see an illustration of the dynamics just described with N = 11 and the
configuration n = (1,1,0,0,0,0,1,0,1,1):

kN ~ap(8)

kN~—98p(5

kN /7

The infinitesimal generator of the process is given by
Ln=LNo+ LNy, (72)
where Lo and Ly, act on functions f: 2y — IR as

<cN,of><n>=§ S e - ) - f)

,yeAN (73)
L) =5 D Y, py—a)ea(n.r@)f ") = F(n)]

yE{O N} zeAn

where the configurations n™¥ and n* have been defined in (3), the rates ¢, (1, r(y))
have been defined in (4) and 7(0) = « and 7(N) = 3.

We consider the Markov process speeded up in the time scale t©(N) and note
that {n;o(n) : t > 0} has infinitesimal generator given by @(N)Ly. Although
nto(n) depends on «, 8 and 6, we shall omit these index in order to simplify
notation.

As in Section 2.4 we can prove that the Bernoulli product measures l/f,v as
defined in (7) are reversible when we consider « = 8 = p. The proof is quite
similar to the one given in Lemma 1 and for that reason it is omitted.



Hydrodynamics for symmetric exclusion 43

In the next section we analyse the case where p(-) has finite variance and we
denote it by o2, so that

o? = Z 22p(z) < oo.
e

As an example we consider p(-) as in (71), that is p(0) = 0 and
Cy
p(z) = W’

for z # 0, where ¢, is a normalizing constant and we take v > 2, so that p(-) has
finite variance. For simplicity of the presentation we stick to this choice of p(-)
whenever we mention to the case where p(-) has finite variance but we note that
many of our results are true in the more general setting where we just assume
p(+) to be translation invariant, mean zero and with finite variance.

Remark 7. We note that for the choice of p with p(1) = 2 = p(—1) the dynamics
described above coincides with the one of the first section. In that sense many of
the results that we will derive here are a generalization of those obtained before.

In Section 3.3 we analyse the case where p(-) is as in (71) but we consider
v € (1,2) so that p(-) has mean zero but with infinite variance. We note that
in the case v = 2 the transition probability p(-) also has mean zero and infinite
variance, but in this case the results are similar to those when p(-) has finite
variance, see Remark 12.

3.2 The finite variance case

-Hydrodynamic equations: Recall the notation introduced in Section 2.6. We
can now give the definition of the weak solutions of the hydrodynamic equations
that will be derived in this section when p(-) is assumed to have finite variance.
In what follows g : [0,1] — [0, 1] is a measurable function and it is the initial
condition of all the partial differential equations that we define below, that is

po(q) = g(q), for all ¢ € (0,1).

Definition 6. Let 6 > 0 and &+ > 0 be some parameters. We say that p :
[0,T] x [0,1] = [0,1] is a weak solution of the reaction-diffusion equation with
Dirichlet boundary conditions

52 P —Pt —Pt
{ atﬂt(‘]) = %Apt(Q) + H{aqurgCI) + (575)51)1 }7 (t7Q) € (OaT] X (07 1)a

pt(o) =a, pt(l) :Ba te (O7T]7
(74)
starting from a measurable function g : [0,1] — [0,1], if the following three
conditions hold:

1. — pe L0, T;HY) if 6 >0,
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2
I Iy { S o G gt < oo >0,

2. p satisfies the weak formulation:
1 1
mm:/m@@@@—/g@%@@
0 0
/ / ps(q A+a )GS(Q) dqds (75)

)/ Gs@( it + (it ) e =o

for all t € [0,T] and any function G € CL2([0,T] x [0,1]),
3. if 6 >0 then pi(0) =a, pi(1) = for all t € [0,T].

Remark 8. Observe that in the case 6 > 0 and # = 0 we recover the heat
equation with Dirichlet boundary conditions. If & = 0 the equation does not
have the diffusion term.

Definition 7. Let 6 > 0 and m > 0 be some parameters. We say that p :
[0,T]x[0,1] — [0,1] is a weak solution of the heat equation with Robin boundary
conditions

{ dipi(a) = % Apila),  (t.q) €[0,T] x 1),

Oupr(0) = 22 (pu(0) — @), Dgon(L) = Z2(B— po(1)), tef0.7], OO

starting from a measurable function g : [0,1] — [0, 1], if the following two condi-
tions hold:

1. p€ L3(0,T; HY),
2. p satisfies the weak formulation:

ﬁw:/ (@)Ge(q) dg / 9(0)Golq) dg

//pg A+6) J(q) dqds

(77)
+ 7 {ps( )04Gs(1) — ps(0)04G5(0)} ds
—mA«mmm—m@wwunw—mmnwzm
for all t € [0,T), any function G € C12([0,T] x [0,1]).
Remark 9. Observe that in the case m = 0 the equation above is the heat

equation with Neumann boundary conditions.
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-Hydrodynamic Limit: Recall the notion of the empirical measure given in
Section 2.6 and note that in this case we have

Y (n,dq) = 7 (neo(n), dq)

and we note that, in this case, the time scale (N) will change with the range
of 8, contrarily to what happens in the model of Section 2. As before, let P,
be the probability measure in the Skorohod space D([0,T7], 2n) induced by the
Markov process {ngny : t > 0} and the initial probability measure py and
we denote by Ep, —the expectation with respect to ;.. Let {Qy}n>1 be
the sequence of probability measures on D([0, 7], M™) induced by the Markov
process {7i¥; t > 0} and by IP

KUN -

Remark 10. We note that due to the presence of long jumps in the system,
we cannot obtain information about the empirical profile nor the two point
correlation function in a simple way as we did in Section 2.5. We also note that
the matrix ansatz method described in Section 2.4 in this case does not give us
any information about the stationary measures for this model. This study is left
for a future work.

Let g : [0,1] — [0, 1] be a measurable function and let {yn } n>1 be a sequence
of probability measures in {2y associated to g(-), see (44). The first result in this
section is stated in the following theorem (see Figure 7).

Theorem 3. Let g : [0,1] — [0,1] be a measurable function and let {pun}n>1
be a sequence of probability measures in 2 associated to g(-). Then, for any
0<t<T,

>6):O,

. 1 !
Jim Py, (77- : ’1\7—1 > G (%) mov) (@) */0 G(q)pe(q)dg
TEAN

where the time scale is given by

N?, if0>1-7,
OWN) = {NW“, if 0 <1—1,

and pi(+) is the unique weak solution of :

(74) with 6 =0 and & = Kkey, if 0 <1 —7;

(74) with 6 = 0 and ik = Key, if 0 =1 —~;

(74) with 6 =0 and K =0, if 0 € (1 —~,1);
(76) with 6 = o and m = §, if 0 = 1;

(76) with 6 = o and m =0, if 0 > 1.

(78)

Remark 11. We note that for a transition probability p(-) which is symmetric and
with finite variance the last three regimes obtained above are in force (however
(74) with # = 0 is obtained for 6§ € [0,1)). We note that the two first regimes
depend on the specific choice of the transition probability p(-) that we have
assumed in (71). We also note that if we impose that the higher moments of p(-)
are finite then the regime (74) with & = 0 can be reached for 6 € [v,1) where
v < 0 depends on the finiteness of the moments of p(-).
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Remark 12. Despite, in the case v = 2, the transition probability p(-) has infinite
variance, we obtain a very similar behavior to the one described above but the
time scale that one has to consider is N2/log(NN) instead of N2. We leave the
adaptation of the proof in this case as an exercise to the reader.

Remark 13. We note that the solution of the hydrodynamic equation depends
on the parameter x which appears at the boundary dynamics in two different
regimes of #, namely # =1 — v and 6 = 1.

Heat eq. & Robin b.c.

Heat eq. & Dirichlet b.c.

Reaction eq. & Dirichlet b.c.

Fig. 5. The five different hydrodynamic regimes in terms of v and 6.

Now note that as before, the stationary solutions of the hydrodynamic limits
in the case § > 1 — ~ are standard and for that reason they are ommited. On
the other hand, the form and properties of the stationary solutions in the case
f# < 1 — ~ are more complicated to obtain in the case § = 1 — -y. This problem
is studied in more details in [14] for a slighlty different dynamics. In Figure 6
we only present some graphs of the stationary solutions and refer the interested
reader to [14] for a complete description on the behavior of those solutions.
Below we draw the graph of these stationary solutions for a choice of @ = 0.2
and 8 = 0.8.

The proof of Theorem 3 is described in Section 2.7 below Figure 4 and for
that reason many steps now are omitted. The proof of tightness of the sequence
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(a+B)o*+8k
(st202)

ath
2

(a+B)o*+ak
(n+202)

Fig. 6. Stationary solutions of the hydrodynamic equations.

{Qn}n>1 is quite similar to the one given in Section 2.9. The characterization
of limit points is also close to the one given in Section 2.10, the only difference
comes at the level of the identification of the density as a weak solution of the
corresponding partial differential equation. For that purpose, the next section
is dedicated to the presentation of an heuristic argument to deduce the weak
formulation for the solution of the corresponding hydrodynamic equation. The
adaptation of the rest of the arguments to this new dynamics is left to the reader.

-Heuristics for hydrodynamic equations: As in Section 2.8, the identifi-
cation of the density p:(-) as a weak solution of the corresponding hydrody-
namic equation is obtained by using auxiliary martingales. Fix then a function
G : [0,1] — IR which does not depend on time and which is two times contin-
uously differentiable. As in Section 2.8, we use Dynkin’s formula and we note
that

/0 @<N>cN<<w;V,G>>ds -

/ N LnG(E ) (x) ds (79)

TxEAN

-1 N‘9/ Z Z (¥)p(y — 2)(r(y) — nsav)(2)) ds,

ye{0,N} z€AN

where for all x € Ay

(LxG)(F) = D ply—2) [G(F) — G(F)]- (80)

yeEAN
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Now, we extend the first sum in (79) to all the integers so that we extend
the function G to IR in such a way that it remains two times continuously
differentiable. By the definition of Ly, we get that

]?f(ivi/o Z LNG(%)mso(v) () ds

TEAN

:]?](Ni/o Z (KnG)(§)nso(vy (@) ds

r€EAN
(81)
S S 166 - 6]l - s ) ds
zeAN y<0
/ S S (G - GE)] ple — ynaagn) () ds,
z€AN y>N
where
(KnG) (%)= Y ply—2) [G(%) - G(%)]. (82)
yGZZ

Now, we are going to analyse how the different boundary conditions appear on
the hydrodynamic equations given in Section 3.2 from this dynamics.

- The case 8 < 1 —~: Take a function G : (0,1) — IR two times continuously
differentiable and with compact support in (0,1), so that we can choose an
extension by 0 outside of the support of G. Since O(N) = N7+ (see the
statement of Theorem 3) a simple computation shows that the first term in (81)
vanishes for 8 < 1 — «. Indeed, by a Taylor expansion on G and the fact that
p(+) is mean zero, we have that

NTHEL N T (G(5E) = G($))p(y)
yEZZ

is of same order as

N’y+9—1G// % Z y p
yEZZ

and since 6 < 1 — v last expression vanishes as N — oo.

Now, the second and third terms in (81) vanish as N — oo, since O(N) =
N7+9+1 and @ < 1 — 4. Note that since G vanishes outside (0, 1), those terms
can be rewritten as

Y G o

T€EAN

+i/ S G2 (5 )naysson () ds,
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where

(%) = Zp (%) = Z p(y)- (84)

y>x y<x—N
We observe that, for any a € (0,1), uniformly in u € (a,1 —a), as N — oo:

N7 ([uN]) = Nospoo €4y~ a7 =17 (u),

85
N () 3o soo €771 = ) = 7 1), )

Now we note that we can bound from above, for example the term at the left
hand side in (83) by N*! times

o1 T vmie)

rz€AN

because |nsn~+o (z)] < 1 for all s > 0. Since § < —1 and since the previous sum
converges to the (finite) integral of |G|r~— on (0, 1), by (85), the previous display
vanishes as N — 0o. Now we look at the boundary terms in (79), which can be
written, for the choice of O(N) = NYt0+1 as:

kNVH1
o / S S G(E)p(y — ) () — o (1)) ds

ye{0,N} z€Ay

which is equal to

t
n/ <a—7r£V,Gp>+<6—7rév,G}5>ds
0

where p(q) = p(1 — q), and can be replaced, thanks to the fact that G has
compact support, by

i [ 6 (pa)(a = pu(@) + 505~ pu(a) ) da

as N — oo. The last convergence holds because G has compact support in-
cluded in (0,1) so that Gp and Gp are continuous function. From the previous
computations we recognize the terms in (75) with & = ke, and 6 = 0.

- The case § = 1 — ~: In this case we also take a function G : (0,1) — IR
two times continuously differentiable and with compact support in (0,1), so
that we can choose an extension by 0 outside of its support. In this case, since
O(N) = N?, by Lemma 3, which we state below, the first term in (81) can be
replaced, for IV sufficiently big, by

/ Z 7 AG( (%) WsN2(x)d3_/0t<7rév’

T€EAN

w‘qw

AG) ds.
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Moreover, a similar computation to the one above shows that the second and
third terms in (81) vanish as N — oo (recall that ©O(N) = N? and v > 2).
Finally, the second term in (79) can be rewritten as

/ Z Z (¥)p(y — ) (r(y) — nsn2(x)) ds

ye{0,N} z€AN

HNVH

and repeating the analysis we did in the previous case it converges, as N — oo
to

o [ [ @ (ot puta) + 56— pala))dads.
0 JO

As above, from the previous computations we recognize the terms in (75) with
k=rcyand 6 = 0.

- The case 6 € (1 — ,1): Take again a function G : (0,1) — IR two times
continuously differentiable and with compact support in (0, 1) and extend it by 0
outside (0,1). As above, since ©(N) = N2, by Lemma 3, which we prove below,
the first term in (81) can be replaced, for N sufficiently big, by

t
/ (rl, 2 AG) ds.
0

Now, the second term in (3.2) equals to

/ Z Z (¥)p(y — 2)(r(y) — nsn2(x)) ds

ye{0,N} z€AN

HAﬂ 6

and vanishes as N — oo since § > 1 — . Now, the last two terms in (81) also
vanish because, for example, the second term in (81) can be written as

t jv2

> Gy (F)mene(x) ds

TEAN

which can be bounded from above by a constant times tN2~7 times a sum
converging to the integral of |G|r~ on (0, 1), and since v > 2 this term vanishes.
From this, we see the terms in (75) with & =0 and 6 = 0.

Remark 14. We remark here that in the last three cases, similarly to what we
have seen in the case § < 0 for the models of Section 2 (see Remark 5), there is
an extra condition in the definition of the weak solution of (74). In this notion
of solution we need to show that the value of the profile p;(-) is fixed at the
boundary. This issue is analysed in Appendix A.4.
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- The case 8 = 1: In this case we consider a function G : [0,1] — IR which
is two times continuously differentiable and we extend it on IR in a two times
continuously differentiable function with compact support which strictly contains
[0,1]. Note that in this case G can take non-zero values at 0 and 1. As above,
since O(N) = N2, by Lemma 3, which we state below and which holds for
this new space of test functions, the first term in (81) can be replaced, for N
sufficiently big, by

Now we look at the terms coming from the boundary, namely the last term
n (79). Then, in the term for y = 0 of (79)(resp. for y = N) we do at first
a Taylor expansion on G and then we replace 77( ) by the average 77N (1) =

1+eN )
N 2aer () (vesp. n(z) by NN —1) = 3 N Zm N-1- - 1(x)), which can
be done as a consequence of Lemma 7 as pointed out in Remark 17. Moreover,

note that for y = 0 and y = N it holds that

1
Z p(y — ) Nodoo 2 (86)

TEAN

Therefore, we can write the last term in (79) as

/ {(a = TEN()GO) + (8 — TNa (N = 1)G(1)} ds,
plus terms that vanish as N — +oco. Since
TiN=(1) ~ ps(0) and N (N —1) ~ py(1)
last term writes as

5 [ = p(0)GO) + (5 - p.()GW) ds. (57)
0

Now, we analyse the two last terms in (81). Since the function G has been
extended into a two times continuously differentiable function on IR, by a Taylor
expansion on G we can write those terms as

71/ > G(%)0; mun2(x) 3—7/ > G(£)0 nan () ds

r€EAN TEAN
(88)
plus terms that vanish as N — 4+o00. Above for x € Ay,
e, = Z(ac —y)p(zr —y) and OF = Z (y —z)p(x —y).
y<0 y>N
Note that
1 1
- = +
N 2 0 0 ad a8l S0 (89

TEAN TEAN
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Moreover, note that

dor=> > ww o —

T€EAN TEAN y>x

o e (90)
2 65=2 > ww o T

TEAN rEAN y>N—x
In order to prove the convergence of >, O (orof } , O in (90)) w

use Fubini’s theorem to get that

Yooy => Ey:yp(y)Jr S wly)

rEAN yEAN =1 y>N x€AN
= > )+ (N =1) ) yp(y)
yEAN y>N

and since v > 2 the result follows. By another Taylor expansion on G we can
write (88) as

/ Z O, nsnz(x sfiG' / Z O nen2(x)ds (91)

TEAN S x€An

plus terms that vanish as N — +oco. From Lemma 7 we can replace in the term
on the left (resp. right) hand side of last expression 7,yz(x) by 75 w2 (1) (resp.
Wixg (N —1)). Therefore, (91) can be replaced, for N sufﬁ(nently big and for e
sufficiently small, by

[ COFTR0 -G TR -1

Since 7?%2(1) ~ ps(0) and WSNQ — 1) ~ ps(1), last term tends to

/ G'(0) % pa(0) — G'(1) % pu(1) ds, (92)

as N — oc.
Putting together (87) and (92) we see the boundary terms that appear at
the right hand side of (77).

- The case 6 > 1: In this case we consider an arbitrary function G : [0,1] - R
which is two times continuously differentiable and we extend it on IR in a two
times continuously differentiable function with compact support. Its support
strictly contains [0, 1] since G can take non-zero values at 0 and 1. As in the last
case, since O(N) = N2, by Lemma 3, the first term in (81) can be replaced, for
N sufficiently big, by

t
/ (r, %AG} ds.
0
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The last term in (79) vanishes, as N — oo since, we can bound it by a constant

times
N1t Z p(x).

TEAN

Since v > 2 last display vanishes if § > 1, as N — +o00. Thus, we only need to
look at the expression (81). Therefore, in order to see the boundary terms that
appear in (77), we can use exactly the computations already done in the case
6 =1 from which we obtain (92).

We finish this section with the statement of the lemma which is used above in
order to obtain the diffusion term in the equations above in the cases § > 1 —~.
Its proof can be seen in [2].

Lemma 3. Let G : IR — R be a two times continuously differentiable function
with compact support. We have

limsup sup |N? ) (G(55) — G(£)ply) — 5 AG(%)| = 0.
N—oo z€AN yez

3.3 The infinite variance case

In this section we analyse the case in which p(+) is as in (71) but now v € (1,2)
so that p(-) has mean zero but infinite variance. We also consider only the case
where § = —1, but we note that in the regime § < —1 the behavior of the system,
when we take the time scale O(N) = N7T0*! is the same as when 6 < 1 — v
and when p(-) has finite variance, that is, it is given by the weak solution of
(74) with ¢ = 0 and & = kc,. The other regimes are open and seem to be quite
challenging. Recall the infinitesimal generator given in (72) and (73) and since
we are restricted to the case § = —1, we consider the Markov process speeded up
in the time scale @(N) = N7, so that {m:n~ : ¢t > 0} has infinitesimal generator
given by N7Lpy. As in Section 2.4 we can prove that the Bernoulli product
measures uév as defined in (7) are reversible when we consider o = 8 = p. The
proof is quite similar to the one given in Lemma 1 and for that reason it is
omitted.

-Hydrodynamic equations: We can now give the definition of the weak solu-
tion of the hydrodynamic equation that will be derived in this section when p(+)
is assumed to have infinite variance.

Recall the notations introduced in the beginning of Section 2.6. We recall
the definition of the fractional Laplacian operator of exponent /2 denoted by
(—=A)Y/2, Tt is a non-local operator which is defined on the set of functions

G : IR — IR such that
> |G(q)|
| e << 53)
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by
(=A)2G (q) = ¢, lim 1)—ofse M

e—0 o

94
g — o'ty (54
provided the limit exists, which is the case, for example, if G is in the Schwartz
space. Recall that ¢, is fixed in (71). Up to a multiplicative constant, —(—A)7/2
is the generator of a «y-Lévy stable process.

We define another operator L whose action is given on functions G € C¢°((0,1)),
by
e G(v) —G(g)
Vg€ (0,1), (LG)(q)=c,lim gmv|>e —70—

=0 Jg lg — o'+

The operator L is called the regional fractional Laplacian on (0,1). The semi
inner-product (-, ), /2 is defined on the set C°((0,1)) by

<aHmm—?/AMJH@_HWWG@_G“DMM~ 5

|q_v|1+’Y

The corresponding semi-norm is denoted by ||- || /2. Observe that for any G, H €
C2°((0,1)) we have that

—/G@HMMWEJJﬂ@M@@=@ﬂm2
0 0

and note that for all ¢ € (0,1),
(LG)(q) = —(=A)/?G (9) + Vi(9)G(a) (96)

where V1(q) =77 (q) + " (q), see (85), that is, V;(-) is given on ¢ € (0,1) by:

W(Q) = C’y'771 (qi’y + ﬁ) (97)

Definition 8. The Sobolev space HY/? consists of all square integrable functions
g:(0,1) = R such that ||g|| /2 < co. This is a Hilbert space for the norm ||-|| 1~/
defined by

91572 = llgl* + llgl3 2.

Its elements elements coincide a.e. with continuous functions.
The space L*(0,T;HV/?) is the set of measurable functions f : [0,T] — H/?
such that

T
/Nmﬁma<m
0

We now extend the definition of the regional fractional Laplacian on (0,1) to
the space H/2.

Definition 9. For p € H/? we define the distribution Lp by

/ Lp(Q)G(Q)dq:/ p(q)LG(q)dq, G € C((0,1)).
0 0
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Let L, be the regional fractional Laplacian on [0,1] with zero Dirichlet
boundary conditions, indexed by &, and taking the form

L.=1L—kV, (98)
where for ¢ € (0,1),
o) = p0) +5(0) = e (55 + 77 (99)

Above p(q) = p(1 — q). Below g : [0,1] — [0, 1] is a measurable function and it
is the initial condition of the partial differential equation that we obtain in this
section.

Definition 10. Let x > 0 be some parameter. We say that p* : [0,T] x [0,1] —
[0,1] is a weak solution of the regional fractional reaction-diffusion equation with
Dirichlet boundary conditions given by

{ 6tp?(Q) = anf(Q) + K‘VO(Q)v (t7 Q) € [07 T] X (O’ 1)7

pE0) =0, pp(1) =B, tel0,T), (100)

where

Via) = ona) + 5(0) = - (5 + 5 - )
and starting from a measurable function g : [0,1] — [0, 1], if:
1. p* € L?(0,T; H/?).
o 7 {0 G gy < o
3. For allt € [0,T) and all functions G € CL>°([0,T] x (0,1)) we have that

F,y = /0 p5(0)Gi(q) dq — /O 9(a)Golq) dq

~ /0 t /0 ) (s + L) Gila) dads (101)

n/Ot/OIGS(qu(q)dquo.

Remark 15. We observe that the partial differential equation above has a unique
weak solution in the sense defined above. We do not include the proof of this
result in these notes but we refer the interested reader to [2] for the proof of the
uniqueness for a very similar equation. The same proof gives uniqueness in this
case.

-Hydrodynamic Limit: Recall the notion of the empirical measure given in
Section 2.6 and note that in this case we have

" (n,dq) == 7 (nin+, dg)

since the time scale now is equal to (N) = N7.
The second result of this section is stated in the following theorem.
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Theorem 4. Let g : [0,1] — [0,1] be a measurable function and let {pin}n>1
be a sequence of probability measures in 2 associated to g(-). Then, for any

0<t<T,
>6>—0

Jim Py, <n- o1 2 G(F) mve (e / G(q)pf (9)dg
where pi () is the unique weak solution of (100) in the sense of Definition 10.

xeAN

-Heuristics for hydrodynamic equations: Fix G : [0,1] — IR which does
not depend on time and has compact support included in (0, 1). Recall (79) and
(81) and recall that we assumed 6§ = —1, so that (3.2) now writes as

/N7£N(< Y.G)ds =

% 77st( )
’EGAN

/ D D Gy — 2)(r(y) — nenn (@) ds.

ye{0O,N} z€AN

HN'y+1 (102)

Note that the first term on the right hand side in last display is equal to

t
/ (N, LnG) ds
0

Since from Lemma 3.3 in [4], we can deduce that

lim N7(LnG)(q) = (LG)(q) (103)

N—o00

uniformly in [a,1 — a], for all functions G with compact support included in
[a, 1—a)]. Therefore, the first term on the right hand side of (102) can be replaced

by t 1
/0 / (LG)(q)p"(q) dq ds, (104)

for N sufficiently big. Now, the second term on the right hand side in (102) is
equal to

t t
« [ a=¥ Gppds [ (37, Gp)ds
0 0

and converges, as N — 00, to

. / t / (o (@) Cla)pa)du + / t / (8 ot (@) Cla)ia)dg
:_&//pt ‘/vldq—l-li//G

Putting together (104) and (105) and using (98) we recognize the corresponding
terms in (101).

(105)
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We finish this section by noting that in [3] it was studied a similar dynamics
to the one described above. There we considered the same bulk dynamics with
long jumps given by p(-) with the choice (71) and v € (1,2) but the boundary
dynamics was different. In [3] instead of considering just one boundary at each
end point of the bulk, it was added infinitely many reservoirs at the left and at the
right of the bullk. As in the dynamics described above, particles can be injected
and removed from the system at any point of the bulk by any of the reservoirs
located at y < 0 or y > N. We note that in the case of this new dynamics
the results obtained in [3] are similar to those presented here, except that the
transitions occur for a different value of 6 and for that reason, the potential V;
that appears in the definition of L, in the reaction-diffusion equation (100) has
a different power than the one that appears in the hydrodynamic equation in
[3]. It would be very interesting to analyse other types of boundary dynamics
superposed to the bulk dynamics that we defined above in order to see if we
can come up with new fractional reaction-diffusion equations with more tricky
boundary conditions than the Dirichlet boundary conditions that we obtained
here. And it would be very interesting to look at the case where 8 > —1, the
slow boundary regime, when p(+) is given as above with v € (1,2), see the area
coloured in rose in the figure below. This is a subject to pursue in the near
future. In the figure below we summarize the scenario of the hydrodynamic limit
for the models of this section.

Heat eq. & Robin b.c.

Heat eq. & Dirichlet b.c.

: - f=1-~
Reaction eq. & Dirichlet b.c. /

Fig. 7. Hydrodynamical behavior of the symmetric exclusion with long jumps.
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A Auxiliary results

In this section we establish some technical results that are needed in order to
prove the hydrodynamic limit for the models discussed in the previous sections.

A.1 Entropy bound

From now on, we suppose that o < 8. Let p : [0,1] — [0, 1] be a function such
that a < p(q) < B, for all ¢ € [0,1]. Let y;\é_) be the Bernoulli product measure
on {2y with marginals given by

vy {nine =1 =p(%). (106)

Given two functions f, g : 2y — IR and a probability measure u on 2y, we
denote here by (f, g),, the scalar product between f and g in L*(£2y, u), that is,

(fgu= F(m)g(n) du.

2N

Let H N(,u|1/£é_)) be the relative entropy of a probability measure p on 2 with

respect to the probability measure z/é\(’,) on 2y5. We claim that there exists a

constant Cy := C(«, ), such that
Hy (plv)(,)) < CoN. (107)

For that purpose note that, since Vé\([.) is product we have that

from where we obtain that

H(plvy(y) = Y n(n)log (VZ()TZ?J < > uln)log (ﬂ%i(ﬁ))

nENN p(: nENN

< log ([M]N> > u(n) < Nlog (M) < CoN.

neNn

We remark here that below when we use as reference measure the Bernoulli
product measure given in (106) we have to restrict to a # 0 and § # 1 since in
last estimate the constant Cy = —log(a A (1 — §)). We also note that when we
use the Bernoulli product measure with a constant parameter we do not need to
impose that restriction.
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A.2 Estimates on Dirichlet forms

In this section we consider the model described in Section 3 since the results for
the model of Section 2 can be obtained easily from the ones we derive below.
In any case we present some remarks along the text about the corresponding
results for the model of Section 2.

For a probability measure g on 2y, z,y € Ay and a density function f :
2n — [0,00) with respect to p we introduce

LeoE0 = [ (VTG = Vi) dn
EOWFn = [ et (VI = VIw) o

In last identity y € {0, N} and r(0) = o and 7(N) = 8. We define

N(Vfo 1) = (Do + D) (VF )

where

Dy o(VFo 1) :=% > ply—2) Ly(V ., (108)

z,y€EAN

Dyvo(VEmi=~5 2. 2 py—2) LV G/Fop). (109)

ye{O,N} z€AN

Note that for the models of Section 2 the expressions above simplify to

D%,Jg(ﬂvu) = Z Iw7x+1(\/f,u), (110)

TEAN

N =g (1o + Iy (VFa))- (111)

Our first goal is to express, for the measure p = Vé\([.), a relation between the
Dirichlet form defined by —(Lx+/f, \/f>l,zv() and Dy (V/f, Vﬁé.)). We claim that
P
for any positive constant B, there exists a constant C' > 0 such that

1
ﬁ(ﬁN\/ij \/ﬁuﬁ_) < —MDN(\/R Vo)

+§% ply— ) (o) ~ ()
z,y€AN

BN1+0 > Z( (%)~ ))2p(y—f€)-

ye{0,N} z€AN

(112)

Our aim is then to choose p(-) in order to minimize the error term, i.e. the two
last terms at the right hand side of the previous inequality.
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Remark 16.

1. If p(-) has finite variance o2, then:

— for p(-) Lipschitz and such that p(0) = « and p(1) = 3, we get

1 N ¢
7N<£N\/?’ \/ﬁy;{ < —MDN(\/?WP 9+ WU
BN3+9 Z Z x)
ye{0,N} z€AN
1 N c , Ck
<~ R YWV v0) + 5o’ + e
(113)

— for p(-) such that p(0) = «, p(1) = 3, Holder of parameter 3 at the
boundaries and Lipschitz inside, we get

1 1 N C 5  Cklog(N)
ﬁ<‘cN\/?a \/?>V/I7\2') S - m’DN(\/f7 Vp(~)) + BNQJ + BN7+9+1 .

(114)

_ _ . 1+
— for p(-) such that p(0) = «, p(1) = B, Hélder of parameter —52 at the
boundaries and Lipschitz inside, we get

1 1 N c o Ck
BN VIV Dy < = e P (V) + grac’ + e
(115)

— for p(-) constant, equal to « or to 3, we have

C
BN LT oy < 4BND NV )+ gy (116)

2. If p(-) is such that p(1) = p(—1) = %, then:

— for p(-) Lipschitz and such that p(0) = «, p(1) = § and locally constant
at 0 and 1, we get

1 1 C
ﬁ@N\/ﬁ\/ﬁy‘% S74BN N Fv AR BNZ (117)

Note that the choice of asking p(-) to be locally constant at 0 and 1 turns
the errors coming from the boundary dynamics to vanish.

— for p(-) constant, equal to « or to 8, then we have exactly the same error
as in (116).

3. If p(-) has infinite variance, then:
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— for p(-) Lipschitz and such that p(0) = « and p(1) = 3, we get

1 N
7N<’C'N\/?a \/?);/;V(,) < —mDN(\/?a Vo()
C 1
+ oNE 2 =
BN =y |l —y|7

Ck
taam 2 2 (-a) )

ye{0,N} z€AN

1 c Ck
<~ NV Ev0) + greo’ + g

(118)

In order to prove (112) we need some intermediate results. For that purpose we
recall from [2] the following two lemmas.

Lemma 4. Let T :n € 2y — T(n) € 2x be a transformation in the configura-
tion space and ¢ : 1 € 2n — ¢(n) be a positive local function. Let f be a density
with respect to a probability measure p on (2n. Then, we have that

(e — VIl V),

nly/
< %/ (n)([ f(T(n))}—[ f(n)DQdu (119)

b [ st ey 2T [ )] + [VF]) an

Lemma 5. There exists a constant C := C(p) such that for any N > 1 and
density f be a density with respect to l/é\é_)

sup f(n™Y) dl/é\é,) < C, sup F(n®) dV[J)\(f,) < C.
TAYEAN J Q2N z€AN J QN

A simple consequence of the previous lemmas is the next two corollaries. Recall
the bulk generator Ly o given in (73).

Corollary 1. There exists a constant C > 0 (independent of f(-) and N) such
that

(EnoVTVT),, < =3Pl VTw) + € X a0 (o) - ()

z,yEAN
for any density f(-) with respect to l/l])\g).

Now we look at the generator of the boundary dynamics given in (73).
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Corollary 2. Let 0 € IR be fized. There exists a constant C > 0 (independent
of f() and N) such that

(LnpV/T, f <**DNb(\/?7V§€.))

” % (o3~ O‘)Zp(m) (120)

TeAN

+ o 3 (o) - 5) P - 2)
r€EAN

for any density f(-) with respect to Vﬁ,).
To prove the first corollary take ¢ = 1, T(n) = n®¥ and note that
6% (n) — 11> < C(p(F) — p(5))*-

To prove the second corollary we take for each y € {0,N}, ¢(n) = c.(n;r(y))
and T'(n) = n®. From the two previous corollaries the claim (112) follows easily.
We leave the details of the gaps to the reader.

A.3 Replacement Lemmas

In this section we prove rigorously all the replacements that were mentioned
along the Sections 2.8 and 3.2. We first recall Lemma 5.5 of [2] adapted to our
situation (with just one reservoirs at each end point of the bulk).

Lemma 6. For any density f(-) with respect to Vé\(li), any x € Ay, any y €
{0, N} and any positive constant A,, there exists a constant C such that

C

(@) =) £y | < TEDWFrly) + 04 +Clol) - 1),

The first replacement lemma that we prove is the one that is needed for the
model of Section 3 when p(-) has finite variance for the case § > 1.

Lemma 7. For anyt >0, for v > 2 and for any 6 > 1 we have that

\/ > 65 (nye(a) = TN (1 ))ds}]—o,

TxEAN

lim lim FEp
e—=0 N—oo

UN

[T 0 twete) - (8 - 1)

]_o.
TEAN

Proof. Below C' is a constant than can change from line to line. Note that since
6 > 1 we have (N) = N2. We present the proof for the first term, but we note
that the proof for the second one is analogous. Here we take as reference measure

lim lim E[p
e—0 N—oo
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the Bernoulli product measure with constant parameter (for example o) and we
recall (116), from where we see that

Ck

EN\f\[ua_**DN(\/? N)JFFNFG (121)

so that the error to change the Dirichlet form vanishes as N — oo for 6 > 1 and
for # = 1 it vanishes when B — +o0.

By the entropy and Jensen’s inequalities, the first expectation in the state-
ment of the lemma is bounded from above, for any constant B > 0, by

We can remove the absolute value inside the exponential since el*l < ev 4 ¢
and

N jr;‘ ZmEAN O, (N, N2 (@*731\;2(1)) ds

H(pnlvy) 1 B
ANV — 1 E
BN BN °8FP.y €

—T

limsup N~ log(ay + by) < max {hm sup N~ 'log(ay), limsup N~* log(bN)}
N—o0 N— 00 N—00
(122)

By (107), the Feynman-Kac’s formula and (116), last expression can be estimated
from above by

Q+tsup{ > e, N, fuy f%m(ﬁ, va) + C;Nl "}

TEAN
(123)
where the supremum is carried over all the densities f(-) with respect to v/2 .
Now we have to split the sum in x, depending on whether N —1 > x > eN

or z < eN — 1. We start by the first case and we have

<n(w)—75N(1),f>yN=€N > / ) (o)

@

n(2))f(n) v

\
i
I
™
i)
\
E

By writing the previous term as its half plus its half and by performing in one
of the terms the change of variables 7 into n***1, for which the measure /¥ is

invariant, we write it as

14+eN z—1

2€N 2 Z/ ) (= +1) = n(2)) dvg

y=1 z=y
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By ublng the fact that (a —b) = (/a — vb)(v/a + V/b) for any a,b > 0 and since

Aa? b2
< -
ab 5 + 54 for all A > 0, we have that
N-1
@ WEN(1)7f>yN
r=eN
A N—-1 1+eN z—1
<5 g 3 S [ - Ry
r=eN y=1 z=y
1 Nol - lieNaol
T x 2,241 2 o 2 N
S DI DIDY [T+ VI 0+ 1) - 0

(124)

By neglecting the jumps of size bigger than one, we see that

S [ (VI - VTG < 0Dy,

zEAN

Therefore, by using also (89), the first term at the right hand side of (124) can
be bounded from above by

4 Z O, Z/ \/f \/f(ﬁz’z+1)>2 < CADno(v/f. ). (125)

z=eN zEAN

Recall (116) and observe that

Dn(VF, ) = Dno(VF,vd).

Then we choose the constant A in the form A = CN/B for some constant C.
Moreover, for this choice of A, we can bound from above the last term at the
right hand side of (124) by (use Lemma 5)

B N—-1 1 eN z—1
—_ zz+1 _ 24 N
T Y 6 e 2 [T+ VIR + 1) - 0P
r=eN y=1z=y
B
<C= ) 26,
TEAN

(126)
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which vanishes as N — oo by (116). Note that the previous result holds for any
€ > 0. Now we analyse the case when z < eN — 1. In that case, we write

eN

(0(e) = T Doy = 1oy 2 [ ()~ 0 )

1 rz—1z—1
ms g g / (n(z +1) = 1(2)) f () dvl)
1+eN y—1

fgLN >3 / (9(z +1) = (=) f(n) dv)

y=z+1z=x

and the same estimates as before give that there exists a constant C' > 0 such
that for any A > 0,

eN—1

> o (@) =N, £y <C

eN—-1

eN _
ADN(\Vf,vN) + - ; o, .

Recall (116) and (89). Then, we choose A = N/8CB and the result follows. O

Remark 17. We note that above, if we change in the statement of the lemma
Oy by ry (resp. ©F by r}) then the same result holds by performing exactly
the same estimates as above, because what we need is that

1
E Of < +oo and N E Sl SN | (127)
T€EAN TEAN

which also holds for 3 instead of ©F since v > 2.

Remark 18. Let us see now what the previous lemma says when p(1) = p(—1) =

1. In this case we note that we have the same estimate as in (121), see 2. in

Remark 16 and also note that @, # 0 for ¢ = 1 and O, = 0 for = # 1.
1

Moreover, O] = p(1) = 3, so that the result above reads as

lim lim Ep,_ U / t(ﬂsNz(l)—ﬁ’Z%?(l))dSH ~o.

e—=0 N—oo

t
lim lim Ep, U/ (Msn2(N — 1) = 7EN2(N — 1))@” =0.
0

e—=0 N—oo

A.4 Fixing the profile at the boundary

Let @ be a limit point of the sequence {Qy}n>1 and assume, without lost of
generality, that {Qy} n>1 converges to Q, as N — +oc0. In this section we prove
that for the model of Section 3 if 6 € [1 —,1) (and also for the model of Section
2 when 6 < 0) that the profile satisfies p;(0) = o and p;(1) = § for ¢ € (0,7T] a.e.
We present the proof for p;(0) = o but the other case is completely analogous.
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Recall (49). Observe that

Py U/ N ( —a)ds] Eq, U/ (g, 12 ds”

where 2(-) = 7! 1y .)(+). Therefore we have that for any § > 0,

Qy U/ Toril) — ) ds| >6} < 5 Ep, U/ N, 1)—a)ds”.

Note that ¢ is not a continuous function so the set

{ﬂ; /Ot(<7l's,l,2>04)d5 >5}

is not an open set in the Skorohod topology, but, a simple argument as we did
in Section 2.10 allows to overcome the problem. Therefore, by Portemanteau’s
Theorem we conclude that

| [ ety - > 5] < o7ty v, [| [0 -]

Now, if we are able to prove that the right hand side of the previous inequality is
zero, since we have that Q a.s. m4(dq) = ps(q)dg with p,(+) a continuous function
in 0 for a.e. s, by taking the limit ¢ — 0, we can deduce that @ a.s. ps(0) = «
for s a.e. The result follows from the next lemma.

Lemma 8. For any t € [0,T] we have that

lim lim Ep, U/ N —a)ds” —0,

e—=+0 N—oo

i i P | TR0 =i <o

To prove last lemma we use a two step procedure. First We replace, when inte-
grated in time, n,n2(1) by « and then we replace 1,z (1) by 751\,2 . This is
the content of the next two lemmas.

Lemma 9. Fory>1, for1 —v <60 <1 and fort € [0,T] we have that

i, || [ (1) — ) | <o,

N—o00

t
Jin Be (| [ v = 1) - 5y asf | =
Proof. We give the proof for the first display, but we note that for the other one

it is similar. Fix a Lipschitz profile p(-) such that o = p(0) < p(-) < p(1) = 8
and p(-) is 3-Hélder at the boundary. From (114) that we know that

N N N C 5, Cklog(N)
§<£N\/?7 \/}>uﬁv) < - EDN(\/?’ V) B T BNt (128)
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By the entropy inequality, for any B > 0, the previous expectation is bounded
from above by

H(pn|v Z,\é.))
BN

By (107), Jensen’s inequality and the Feynman-Kac’s formula and noting, as we

did in the last proof, that we can remove the absolute value inside the exponen-

tial, last display can be estimated from above by

BN

1 Jo (nyn2 (=) ds
log Ep, |
BN By (¢

Co N v. C ., Ok
B+tSl}p{<n(1) Oéaf%;y(_) EDN(\/EVP(.))‘FEU T BN (0
(129)

where the supremum is carried over all the densities f(-) with respect to Vl])\g.).

By Lemma 6, since p(-) is 3-Holder at the boundaries, for any A > 0, the first
term in the supremum in (129) is bounded from above by

1. N 1
C |:A Il (\/f,Vp(‘)) + A+ W
for some constant C' > 0 independent of f(-) and A. Moreover from (114), since

Dn(Vfv)y) = DV, v))

and v + 6 — 1 > 0, by choosing A = 4C(p(1))"'BN%~!, we get then that the
expression inside the brackets in (129) is bounded from above by
BN®-L C C

+=.

FTo L b A R —
oo TvetE

Now if p(1) # 0, then the proof follows by sending first N — oo and then
B — oo. For v+ 6 — 1 = 0 the same proof as above holds, the only difference
is that we use a Lipschitz profile p(-) such that o = p(0) < p(-) < p(1) = 8 and
p(-) is ZE-Holder at the boundaries. From (115) that we know that

N N C C
SENVEN Dy <= EONVEu) + 5o+, (130)

and with last bound and the previous argument the proof ends.

Remark 19. The previous lemma tells us that for the model of Section 2 and for
0 <1 and t € [0,T] we have that

lim_ Eip, [] / (1) - ) ds\] -0,

N—o0

lim Fyp, U /Ot(nsNz(N— 1) - 8) ds” = 0.

N—o0

Note that the previous proof follows since we have the bound (117) and in this

model p(1) = 3.
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Remark 20. We note that for the case where p(1) = 0 above what we have to do
is to use the two step procedure with a point z such that p(z) # 0, from where
we get that:

t
Jim B, | [ st s =0

and the same result holds by changing « to g.

Now we prove the second part of the two step procedure.

Lemma 10. For1 —~v <60 <1 andt > 0 we have that
iy Jim B[] [ 70 wwds] =0

lim lim Ep, ‘/ STEN (N nsNz(N—l)dsH =0.

e—=+0 N—oo

(131)

Proof. We present the proof of the first item, but we note that for the second
it is exactly the same. When v+ 6 — 1 > 0, we fix a Lipcshitz profile p(-) such
that a = p(0) < p(-) < p(1) = B, and p(-) is -Holder at the boundaries, when
v+ 60 — 1 = 0, the Holder regularity at the boundary is A’Tﬂ Since we imposed
the same conditions as in the previous lemma in the profile p(-) then in this case
(128) and (130) holds. From now on we suppose that v+ 6 — 1 > 0, the other
case is completely analogous. By the entropy and Jensen’s inequalities, for any

B > 0, the previous expectation is bounded from above by
ds ]

By (107), the Feynman-Kac’s formula, and using the same argument as in the
proof of the previous lemma, the estimate of the previous expression can be
reduced to bound

g+1
Cy N N C 5, Crlog(N)
s tsup{ 2| ) Iy | = 5PN (VIR + G0+ T8l L,

Jo TN (D)= 52 (1)

H(pn|v
7( 26 BN 08 Ep,y

{ BN
e
BN Vo)

(132)

where £ = eN. As above, the supremum is carried over all the densities f(-) with
respect to Vé\(].). Note that since y € Ay we know that

y—1

n(y) —n(1) =Y _(n(z+1) = n(z)).

z=1
Observe now that

/(n(z +1) = n(2)) f(m)dv)y. % /(n(z +1) = n(2)(f(n) = FO>*T)dv)

g [ ) = D@ + 0,
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By using the fact that for any a,b > 0, (a — b) = (va — vb)(v/a + vb) and
Young’s inequality, we have, for any positive constant A, that

l+1

5> lntw) w0, x|

p(+)

£+1y—1

< ﬁ yZ:QZZ::l /(U(z +1) —n(2))? (\/f(ﬁ) + \/f(nwﬂ))zdy;\(’.)
41 y—1 2
+ % ;;/ (\/f(n) - \/f(nz,z+1)) dVl],\é_)
1 41 |y—1
+ b = ;/ (77(2’ +1) - 77(2)) (f(n) + f(nz,z-ﬂ))dyé\(,.) .

(133)

Now, we neglect jumps of size bigger than one as we did below (124), from where
we get that the second term on the right hand side of (133) is bounded from
above by CADy (V/f, 1/;\6)) where C' is a positive constant independent of A, ¢, f.

Then, for the choice A = N(4BC)~! and since v + 6 — 1 > 0, we can bound
from above (132) by

% Ziyz_:i/(n(z +1) = n(2)? (V) + \/f(nz*“l)fdvﬁf(.)
far I3 [ e+ ) =) (£ + 17 )Y+ S
(B e LY [ -0 (s -+ g0+ sk )
y=2 z=1

(134)

for some constant C. For the last inequality we used Lemma 5. Observe that
B{¢/N = Be vanishes as ¢ — 0. It remains to estimate the third term on the right
hand side of the last inequality. For that purpose we make a similar computation
to the one of Lemma 6 from where we get that

y—1

D

z=1

J a1 - n@)sn + f(nz’z“))dVﬁ.)‘ > o(52) - 0(3))|
z=1

Since p(-) is Lipschitz, by (134), this estimate provides an upper bound for (132)
which is in the form of a constant times

0+1
Bt 1 1
- _ _ < -1
N +B+N€y:2y <Be+B " +¢

which vanishes, as ¢ — 0 and then B — co. This ends the proof. ad
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