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Chapter 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 Insti-
tut 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. In the next coming chapters we consider a macro-
scopic space which is the interval [0, 1] and which is discretized according to a
scaling parameter N giving rise to N intervals of size 1/N. To each q € [0,1]
belonging to the interval [i/n,i+1/n) we associate to it the point i /n and in the
discrete set of points {1,...,1,...N — 1} we will define a microscopic dynamics of
exclusion type which is Markovian. The discrete set of points {1,...,1,...N — 1}
will be called the bulk and to it we add two extra points x = 0 and x = N which
will act as reservoirs. The exclusion dynamics 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 ¥ in the bulk according to a probability transition rate p : Z x Z — [0, 1], or
the particle leaves the system through one of the reservoirs. The reservoirs will
be regulated by a parameter which has the capacity to slow or fast the bound-
ary dynamics. More precisely, particles can be injected in the bulk from the site
x = 0 (resp. x = N) to the site y at rate akN~9p(y) (resp. BkNOp(N — y))
and can be removed from the bulk at the site y to the site x = 0 (resp. x = N)
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6 Introduction

at rate (1 — a)kN~0p(y) (resp. (1—B)xN~?p(N —y)). Above, a,p € [0,1],
0 € R and x > 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. These equations will have boundary conditions which will depend
on the strength of the boundary dynamics, namely, the parameter 6.

The goal is to analyse which type of boundary conditions we can get and
what is their dependence on the strength of the reservoirs. For that purpose, we
split these notes into two main chapters to distinguish the case in which jumps
are nearest-neighbor or not. Therefore in Chapter 2, we consider the dynamics
described above but with p : ZxZ — [0, 1] which satifies p(x,y) = p(y—x) =0
if |[x —y| > 1, p(0) = 0 so that p(1) = p(—1) = % This means that in
the bulk particles can jump to their nearest-neighbors and particles can be in-
jected/removed in the bulk/from the bulk through the sites x =1 or x = 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 6 < 1) and Neumann boundary
conditions when the reservoirs are slow (which corresponds to 6 > 1). Linking
the aforementioned two types of boundary conditions, for a particular strength
of the boundary dynamics (which corresponds to 8§ = 1), we will derive the
heat equation with a type of linear Robin boundary conditions.

In Chapter 3, we will consider the dynamics described above, but allowing
long jumps given by a probability transition rate p : Z x ¢ — [0, 1] such that
p(x,y) = p(y — x), which is symmetric, namely p(y —x) = p(x — 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 conditions
mentioned above but for a certain choice of the transition probability two new
regimes appear when the reservoirs are fast, namely, a reaction-diffusion equa-
tion and a reaction equation, both endowed with non-homogeneous Dirichlet
boundary conditions. In the case where p(-) has infinite variance and for a par-
ticular strength of the reservoirs (which corresponds to 6 = 0), we will derive
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 8 > 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
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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 dynamics in order to obtain other partial differential equa-
tions with various boundary conditions.
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Chapter 2

Symmetric simple exclusion in
contact with reservoirs

2.1 The models

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, we denote by N a scaling parameter, which will be taken
to infinity later on. For N > 2 we denote by Ay = {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, that we denote by {n, : t > 0}, which has state space Qy := {0, 1},
The configurations of the state space 2y are denoted by 7, so that for x € Ay,
1n(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 N = 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 Ay and suppose that
we got at the end to the configuration 1 = (0, 1,0, 0) which can be represented
as:
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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 x = 0 and x = 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 x = 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 x = 0 and x = N there are particles that can enter
to the bulk and that can be removed from the bulk to the reservoirs.

229
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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(x, 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—x) =0if [x—y| > 1, p(1) =p(—1) = % so that jumps can only
occur to a nearest-neighbour 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 arxN ~?
(resp. (1—a)kN~?) and to the bond {N —1,N} (resp. {N,N —1}) we associate
a Poisson process of intensity (1 — B)xN~9 (resp. BxN~9). Above we fix the
parameters a,f3 € [0,1], 6 € R and x > 0. The role of the parameter 0 is to
regulate the slowness/fastness of the reservoirs. If > 0 and 0 increases then
the reservoirs are slower and if 6 < 0 and 6 decreases then the reservoirs are
faster.

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

— creation rate akN _9,

— annihilation rate (1 —a)xN—?,
e atsitex =N —1:

— creation rate fxN 9,
— annihilation rate (1 —)xN~°.

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}4)
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.

At the right hand side in
Figure 2.1 we represent by
Q | Q | | Q "x" each mark of a possi-

O 7o ‘ ‘ i’ ble realization of the Poisson
processes associated to the
X bonds. At the left hand side
we put an arrow going down
which is representing the evo-
lution of time and each sign
"—" means that a clock has
rung according to some Pois-
son clock, so that at the corre-
sponding time, a jump from a
particle might have occurred.

We note that in Figure
2.1 we did not distinguish
the marks of the Poisson pro-
cesses associated to the ori-
ented bonds at the boundary because we believe that it is simpler to analyse
the dynamics at the boundary by allowing particles to get in or get out accord-
ing 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 n = (0, 1,0, 0) represented
above and the realization of the Poisson processes given in the previous figure.

Time

Figure 2.1: Marks of Poisson processes.
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By abuse of notation, in the Figure

M3 fects the occupation variables at two sites)
M4 and 7 is obtained from 7, by shifting the
Ms particle at the site 2 in 7, to the site 3.

Mo ¥ | Q | | D at the left hand side, we numbered the
1 Py L @ O configurations that we obtained by the
My @— L Q@ @ 9 number of the marks of the Poisson pro-
N3 % % Q % QD cesses (which in the example are equal
N4 P % % Q % 9 t020) just to make the presentation sim-
ns | Q | | 9 ple. We note that the configurations are
e —9Q 9 | | 9 indexed by time t which is continuous
n7 @ i Q % | 9 and not discrete. Note that the differ-
ng L i Q i i 9@ ence between 1o = (0,1,0,0) and n; =
Ny @ % % Q % 9 (0,0,1,0) is only at two sites (this is al-
N10 P % % Q % 9 ways the case when we compare two con-
TI113 i % g 3 3 figurations which differ by a jump of a
M2 % % w w T particle in the bulk, a jump in the bulk af-

e

R

Q. 9 Q@ Q@ 9 ..
nlf’b f % d \‘) b This is a consequence of the fact that the
| |
n”b I I d I b first mark of the Poisson process that oc-
leb I I d I b curs is associated to the bond {2,3} and
19 7 T T T T 1 : : :

that in 1, there us a particle at the site 2.

NoP—t—@ + 9 o P

The next mark we see is associated to the
bond {4,5} and since in 1; = (0,0,1,0)
Figure 2.2: Possible configurations there is no particle at the site x = 4,
starting from (0, 1,0, 0) a particle is injected in the bulk at the
site 4, giving rise to 1, = (0,0,1,1) and
so on. Note that the boundary dynamics
only changes the configuration 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 13 = 14 = (0,0, 1,0) since
the corresponding Poisson mark is associated to the bond {1, 2} and since both
sites x = 1 and x = 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 chapter is completely characterized by now, but we note
that in Chapter 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 Z — [0,1] such that p(x,y) = p(y — x) and which is symmetric, that is
p(y —x) = p(x — y). In the latter dynamics, there is only one reservoir at
each end point of the bulk but can particles can be injected from them to any
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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 {x,x + 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
1o = (0,1,0,0,0,1,0,0,1,0). Note that this initial configuration changes only
if one of the clocks associated to bonds containing the sites x = 2,6,9 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 x = 0 (resp. x = 11) ring
(which makes a particle get into the system at the site x =1 (resp. x = 10).

x(1—p)/N?

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

x(1—a)/N°® kB /N?
AN A=

xa/N°
a4

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

k(1—p)/N®
K(l—a)/N9 Kﬂ/Ne
=~ AS N
xa/N?
—

® 60 006
Since there is no particle at the site x = 1, a particle is injected into the
system at the site x = 1 with rate axN~?. See the figure below.

k(1—pB)/N?
~—(

k(1—a)/N°® kB /N

¥ ¥
xa/N?
—

Finally let us suppose that the next clock to ring is associated to the oriented
bond {N,N —1}.
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x(1—pB)/N?
x(1—a)/N? xp/N?
N A~
ka/N°
‘o'

Since there is no particle at the site x = N —1, a particle is injected into the
system at the site x = N — 1 with rate BxkN~?. See the figure below.

k(1—pB)/N?

x(1—a)/N? kB /N?
—
xa/N?

v §

2.3 Infinitesimal generator

The dynamics described above is Markovian and can be completely character-
ized by mean of its infinitesimal generator. The Markov process {n, : t = 0}
whose dynamics we have just defined has infinitesimal generator denoted by
% which is expressed as

Ln=%not LN ps (2.3.1)

where £y o and %) ;, are given on functions f : Qy — R by

(Fer= =),

N =

N-2
(Luof)) = >,
x=1

Lnp =Lyt L (2.3.2)
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where for x € {1,N — 1}
(5, H)m) = e, (£ ()= £ (),
r(l)=aand r(N—1)=§,

TI(Z), z #X:}’,

@ ={n0)z=x, , )&= {;’(z)’ E (233)
n0x), 2=y b E=x
and for x € Ay and y € {O,N}
(s r(x)) = % [n(x) (1 —=r(x))+ (1 —n(x)r(x)]. (2.3.4)

Note that the generator above splits into the sum of the generator £y
(which is related to the jumps in the bulk) and %) ; (which is related to the
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
%N o we exchange the occupation variables n(x) and n(x + 1) and in ,‘Zﬁ’b we
flip the value of the occupation variable at n(x).

We consider the Markov process speeded up in the time scale ©(N) and
we note that the process {n,g(y) : t = 0} has infinitesimal generator given by
O(N)Zy. To see this relation, let £y be the generator of the process {Nem) :
t > 0}. By definition, for f : Qy — R, we have that

gsf _f

DS =}i_r)r(1) : (2.3.5)

where §, := Sse(n) is the semigroup associated to %y and S, is the semigroup
associated to Zy. Then,

Sf—f _

t

. Sseanf —f 5

O(N) Ly f =limO(N)
we conclude that 2y := O(N)ZLy.

We note that 7.(y) depends on a, 8, 6 and k but we will omit these in-
dexes in order to simplify notation. Fix T > 0 and 6 € R. We denote by P,
the probability measure in the Skorohod space 2([0, T],Qy) induced by the
Markov process {ng(y) : t = 0} and the initial probability measure uy and we
denote by E,,  the expectation with respect to P,, .
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Our goal in these notes is to analyse the impact of changing the strength
of the reservoirs (by changing the value of 8) on the macroscopic behaviour
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 vg the Bernoulli product measure in Qy with den-
sity p, that is, for x € Ay:

Win:n(x)=1}=p. (2.4.1)

According to this measure the occupation variables {1(x)} ey, are independent
and for each x € Ay the random variable 1(x) has Bernoulli distribution of
parameter p. When we restrict the parameters a and 8 such that a = 8 = 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 that these
measures are reversible.

Lemma 2.4.1. For a = f3 = p the Bernoulli product measures vg are reversible.

Proof. Fix two functions f, g : Qy — R. To prove the lemma, we need to show
that

J g(n)-‘é’Nf(n)dVﬁ=J fmLygndy. (2.4.2)
Qy Qv

Let us start with the exchange dynamics given by £(N,0). In this case we need
to check that

>, J g )= Fm)dvl = > f F g™ —g(n)dy.
Qn Qy

XEAN XEAN

For that purpose note that, for fixed x € Ay and performing a change of vari-
ables & = "1 we have that

L gf (v = >~ g(n)f (™) ()

nEQy
X, x+1

VN (gxH)
= > g (&)L W (E).

& G
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Now note that

BE)=[ [ pWa-p)y—

X€AN

so that

e if £(x)=1and £(x+1) =0, denoting by € the configuration & removing
its values at x and x + 1 so that & = (&, &(x), E(x + 1)), then VZ(S) =

W (E)p(1—p) and v (£ = W (E)(1—p)p, so that
Vg(gx,x+1) _

2.4.3
W) 249

o if§(x) =0and (x+1) = 1, then v5 (&) = ¥ (E)(1—p)p and v} (£**1) =
vg(é)p(l — p), so that (2.4.3) is also true.

Therefore, we obtain that

L gf (vl = - g(&"”‘*l)f(é)vg(£)=fﬂ g™ f (n)d .

geqy

which proves (2.4.2) for £y . For the flip dynamics given by %), , we note, for
the left boundary, that

J g(mer(n, a)f (n")d vy
Oy
= 2 &m—n@)af (') + D g —a)f (n)v; ).

nelly nelly

By the change of variables & = !, the previous expression can be written as

N (Eh v (Eh
;Nf(a){g(al)g(l)a jg( 5 +eEhHi—EMa-o) fg(g) ().
. . . _ Vlg(gl) _ ]—p
A simple computation shows that if £(1) = 1, then WO ~ b so that the

previous expression can be written as

K 1-p P
w5 %:Nf(é){g(él)g(l)a R R A
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from where we get, for a = p, that
f g(mer(n, a)f (n)d vy =f g(mHer(n', p)f (Md vy .
Qy Qy

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 (2.4.2)
for £y p. This ends the proof of the lemma. ]

When a # f3, the Bernoulli product measures are not reversible nor invari-
ant. A simple way to check the non-invariance is to argue as follows. Sup-
pose that the measures ¥\ are invariant. Then we know that for any function
f : Qyx — R we have that

f 2y f(n)dvy =0. (2.4.4)
Qy

But for f(n) = n(1), a simple computation shows that £y of (1) = %(n(z) —
n(1)) and £} f(n) = s5la—n(1)], so that [, Zyf(d v = 35 (a—p)
and this equals to O iff @ = p. Analogously, repeating the same computations
as above for f(n) = n(N — 1), we would conclude (2.4.4) iff § = p. But this
contradicts the fact that a # f3.

When a # 3, since we have a finite state irreducible Markov process, then
there exists a unique stationary measure that we denote by u,. 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

fN—l(n(l)J Tt >'fl(N - 1))

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

fN—l(n(l); 7’)(2), Y T’(N - 1)) = WTXT](])XT](Z) o 'Xn(N—l)V,

where
Xn(x) =n(x)D + (1 —n(x))E,

and D,E are matrices (which in general do not commute) and the vectors
w!,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 1 =

(0,1,0,1,1) whose corresponding weight is given by fy_;(n) = w/ EDEDDWv.



20 Symmetric simple exclusion

Q. 99
Lol
D E D D

H_-
e+
< —

g

Let P(n(1),1n(2),---,n(N — 1)) be the normalized weight of the configuration
1 :=(n(1),---,n(N—1)) with respect to the stationary state u,,, which is given
by

fN—l(T)(l), 7)(2)> Tt T)(N - 1))

P(n(1),n(2),++,n(N—1)) = Zy-1

where Zy_; is the sum of the weights of the 2V~ possible configurations in £ :

Iya= Do o L fya@m@n(2), (N =1)).

n(De{0,1}  n(N—1)€{0,1}

From the definition of fy_;, we have that

T
W X)X n2) Xnv-1)V

P(n(1),n(2),---,n(N—-1)) =

)

Zn_q
and the normalization can be written as
N = Z - Z W X)Xy Xnev—1)V
n(De{1,0}  n(N-1)€{1,0}
_ T
= Z ... Z WX, X @) Xyo—2y(D + E)V (2.4.5)

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

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
to the stationary state u, is given by

el 2m—1ef10y MO fv—1(n(1), -+, n(N —1))

Pi\s](x) = J ﬂ(X)dMss =
Qy

Zn_
1 x—1 N—1
_ T
=-— > 2> [WTIxep [T x0v]
N=1 p)e{1,0}  n(N—1){1,0} j=1 j=x+1
_ chx—chN—l—Xv
N wlCN-1ly

(2.4.6)
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Note that above the sum does not contain the factor n(x) € {1,0} since the
expectation is non-zero iff n(x) = 1. We can also compute the expectation of
the product of two point occupation variables at the sites x and y, with respect
to the stationary state u, that is, for 1 < x < y < N —1, we have that

J NOON(y)duss =
Qy

Zn(l)e{o,l} e Zn(N—l)e{O,l} nCIN(y)fin-1(n(1),---,n(N —1))

ZN—l

_WT Cx—lDCy—x—chN—l—yV

B wlCN-1ly '
Therefore, the two point correlation function, with respect to the stationary
state U, is givenon 1 <x <y <N —1 by

e (x,y) = ()= pNO)NM) —pN(y))duss
oN

WT Cx—lDCy—x—lDCN—l—yv (2.4‘7)
wlCN-ly
WT Cx—lch—l—xV WT Cy—chN—l—_yV
wTCN-1y ) wIlCN-1y
A simple computation (see [5]) shows that for the dynamics that we are consid-

ering in this chapter, the matrices D, E and the vectors w’ , v satisfy the following
relations:

DE—ED=D+E=C,

wT[ e g K(l_a)D] =w’,

2N°? 2N°6 (2.4.8)
[K(;Ngﬂ)D — 2’<1‘\¢9E:|V= V.
Moreover, we also have that
w/D=w'[aC—N?],
Dv=[N? +BClv, (2.4.9)

N? 1-—
wlE=wl |:—+ aD].
a a

We note that the equations above also show that

C(D+1)=(D+E)D+I1)=DD+D+ED+E,
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and that C(D+1)= DD+ DE = DC. Analogously we have that CD = (D—1)C.
Using (2.4.5), we obtain that Zy_; for our dynamics is given by

1 r2N? +N—1)
(a—pN-1  T(2NO) 7
where I'(-) denotes the Gamma function. For the details on these computations

we refer the interested reader to [5]. Now, in (2.4.6), by writing DCN™17* =
DCCN727% and using the fact that C(D +I) = DC we obtain

I =

N(x) wlc*lc(D+ 1N 2>y wTCxDCN_Z_xV+wTCN_2V
p = = .

N ZN—1 ZN—1 Zn—
Repeating the procedure above and using the explicit expression for Zy,_; given
above, we obtain a simple expression for pfs’(x) given by

N a—p ] a—p
=f+(N—x)———-+(N"—1)—F. 2.4.10
P) =+ IN=x) 555y Ionean—z @410
In fact last identity can be rewritten as
N K(p—a)x k(B—a)x (NP
= = — = (=——1).
PG = oy Nz Tt e s n —zlx 1)

Analogously, from a simple, but long computation (see [5]), we have that

—B

N—-1
NI TN —2Ps )

J n()N(y)dps = BpN(x)+(N—y +N?—1)
Q

and from (2.4.10), we obtain

[ Bx+N—1)+a(N—x+N?—1)

J;)N ﬂ(x)n(J/)dMss—ﬁ[ 2N9+N—2 i|
(N—y+N—1)(a—B)[B(x+N? —1)+a(N—x+N?—2)
2N9 + N —2 2N9 +N -3 ’

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

(a=BP+N —DIN-—y +N°—1)

2.4.11
(2N® + N —2)2(2N® + N —3) (2.4.11)

Pl y) =
From the previous identity it follows that

0
o(N—) 0 <1
N N2 > ]
V)= oo O. 2.4.12
r}pgjcl%s(x Yl {O(ﬁ) g1 N ( )
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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.

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 u,,. Now we generalize its
definition. For a measure uy in Qy and for each x € Ay we denote by p; N(x)
the empirical profile at the site x, given by

Py (x) = Ey [nv2(0)].
We extend this definition to the boundary by setting
(O) = aandpt (N) = B, forallt =0.

Note that since u,, is a stationary measure the profile pN (+) does not depend
on time, but now since uy is a general measure the empirical profile p; NGO
depends on time. From Kolmogorov’s backward equation we know that p; NG
is a solution of

8P (1) = By [Lumina ()]

A simple computation shows that

gN’f)(X) = jx—l,x(n) - jx,x+1(n)

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

Joa(n) = 2N9 —=g(a—n(1)),
Jrpr1(n) = —(n(X) —n(x+1)), (2.5.1)
Jn-in(m) = 2N9 g (NN —1)—p).

A simple computation shows that p, N(.) is a solution of

tpt(x) _( pt)(x) xEeA s tZO,
{ N©0) =a,p! (Niv_ B, t>0, N (2.5.2)
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where the operator 93]\9, acts on functions f : Ay U{O,N} > R as

N*(Bf)(x) = lANf(x) forxe{z N —2},
N2(#f)(1) =% (f(2) f(l))+2Ne(f(0) f(1))
N2(BIFIN —1)=L(F(N-2)— f(N_l))+2Ne(f(N) f(N—=1)).

Above Ay f denotes the discrete Laplacian of f which is given on x € Ay by

Anfx)=f(x+1D)+f(x—1)—2f(x). (2.5.3)

The stationary solution of (2.5.2) is given by

pss(x) [ntNZ(X)]:aNX+bN
where 0
_ x(B—a) (N
ay = SN+ x(N —2) and by —aN(?—1)+a
From this we get that
lim max |pN(x) p(x )| = (2.5.4)
N—oo xe
where for g € (0,1)
B—a)g+a;0<1,
p(q)= K(zfi,f‘)q +ta+bl0=1, (2.5.5)
;0> 1.

Note that this will be a stationary solution of the hydrodynamic equation that
we are looking for.
Now we obtain information about the two point correlation function. Let

Vy ={(x,y)€{0,-- ,N}*:0<x <y <N},

and its boundary 9 Vy :{(x y)€{0,--- ,N}?:x=0o0ry=N}.
For x < y € Vy, let ¢, N(x,y) denote the two point correlation function
between the occupation sites at x < y € V which is defined by

or (x,¥) =E, [(Mn2(x)—pr ()Dnenz(0) — o (Y] (2.5.6)

Doing some simple, but long, computations we see that ¢~ . is a solution of

3N (x,y) =n2 Al oM(x, ) + gV (x, ¥), for (x,y) € Vy, t >0,
oy (x,y)=0, for (x,y) € dVy, t >0,

@i (x,y) =E, [m0(Ino(y)]—py (x)py (¥), for (x,y) € Vy UdVy,
(2.5.7)
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NQ QOO
N-19 Q90909
QOO

N

0|i§::N:—1

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

(g )= D G f)—FwW)],

veEVy
with
1, if lu—v||=1and u,veVy,
cf,(u,v) =N if lu—v||=1andueVy, veadVy,
0, otherwise,

for 6 > 0. Note that “‘271\? is the generator of a random walk in Vyy U 8V with
jump rates given by cf, (u, v), which is absorbed at dVy. Above || - || denotes the
supremum norm,

glt\f(x’ .y) = _(v]—\i}pltv(x))zéy:x+l

and
Vi) =Nl (x + 1) = p} (x)).

In this case, contrarily to the empirical profile, is is quite complicated to obtain
an expression for the stationary solution of (2.5.7). Nevertheless, we note that
a simple, but long, computation shows that the solution obtained in (2.4.11),
in the case where the starting measure is the stationary state y, is in fact the
stationary solution of (2.5.7). We also observe that in [10] it was obtained the
following bound on the case 8 = 1 for a general initial measure uy. There it
was proved that there exists a constant C > 0 such that

sup max |<p’tv(x,y)| < (2.5.8)

T
20 (x,y)EVy N
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but we note that the bounds on the other regimes of 6 are still open, apart the
case 6 = 0 where the bound above is given by C/N?, see [17].

2.6 Hydrodynamic equations

From now on up to the rest of these notes we fix a finite time horizon [0, T].
We denote by (-, -),, the inner product in L2([0, 1]) with respect to a measure
defined in [0,1] and || - || 2(,, is the corresponding norm. We note that when u
is the Lebesgue measure we write (-,-) and || - || ;= for the corresponding norm.

We denote by C™"([0,T] x [0,1]) the set of functions defined on [0, T] x
[0, 1] that are m times differentiable on the first variable and n times differen-
tiable on the second variable. For a function G := G(s,q) € C™"([0, T]x[0,1])
we denote by J,G its derivative with respect to the time variable s and and by
0,G its derivative with respect to the space variable q. For simplicity of notation
we set AG := 32G. We will also make use of the set c™"([0, T]1x[0,1]) of func-
tions G € C™"([0, T]x[0, 1]) such that for any time s the function G, has a com-
pact support included in (0, 1) and we denote by C™(0, 1) (resp. C>°(0,1)) the
set of all m continuously differentiable (resp. smooth) real-valued functions de-
fined on (0, 1) with compact support. The supremum norm is denoted by |- || oo -
Finally, C;""([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,
G,(0)=G,(1)=0.

Now we want to define the space where the solutions of the hydrodynamic
equations will live on, namely the Sobolev space 5 on [0, 1]. For that purpose,
we define the semi inner-product (-,-); on the set C°°([0,1]) by

1
(G,H), = f (0,G)(q) (6,H)(q)dq, (2.6.1)
0

for G,H € C°°([0,1]) and the corresponding semi-norm is denoted by || - ||;.

Definition 2.6.1. The Sobolev space #* on [0, 1] is the Hilbert space defined as
the completion of C°°([0, 1]) for the norm

12 = N+ 1113

Its elements elements coincide a.e. with continuous functions. The space L%(0, T; 1)
is the set of measurable functions f : [0, T]— 5! such that

”fsllz 1d5 < 0Q.
F€
0
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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 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 py(q) = g(q), for all q € (0, 1).

Definition 2.6.2. We say that p : [0,T] x [0,1] — [0, 1] is a weak solution of
the heat equation with Dirichlet boundary conditions

(2.6.2)
pt(o):aJ pt(]-):/j’ tE[O, T:|>

{ p(@)=3Ap(), (6,9 €[0,T]x(0,1),
if the following two conditions hold:
1. p€L?(0,T;#Y);

2. p satisfies the weak formulation:
1 1
Fp;y := J p:(q)G(q)dq —J 8(q)Go(q)dq
0 0
t ,1 1
o Jo

+L {Lacm-2a60}ds=o,

forall t € [0, T] and any function G € Cé’z([O, T]1x[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 C*([0, T] 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 2.6.2 (see 3. in Definition 2.6.3).

Definition 2.6.3. 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 (2.6.2) if the following
three conditions hold:

1. p € L?(0,T; "),



28 Symmetric simple exclusion

2. p satisfies the weak formulation:
1

1
Fp;, :=f pt(q)Gf(q)dq—f 8(q)Go(q) dq
0 ot 1 1
—J f ps(q)(EA + Bs)Gs(q) dqds =0,
0o Jo
(2.6.4)
for all t €[0, T] and any function G € C*([0,T]x [0,1]),

3. p(0)=a, p1)=pforalte(0,T]

Remark 2.6.4. We note that (2.6.4) coincides with (2.6.3) by taking as input a
test function G € Ccl’z([O, T] x [0,1]), since in this case 0,G,(0) = ;G;(1) = 0,
so that the last term in (2.6.3) vanishes.

Now we introduce the notion of weak solution of the hydrodynamic equa-
tion that we will derive in the case 8 = 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 2.6.5. We say that p : [0,T] x [0,1] — [0,1] is a weak solution of
the heat equation with Robin boundary conditions
3,p(@)=3Ap.(q), (t,q)€[0,T]Ix(0,1),
{ 9P (0)=x(p(0)—a), Gyp,(1)=x(f—p.(1)), te€[0,T]
if the following two conditions hold:
1. p € L%(0,T; V),

(2.6.5)

2. p satisfies the weak formulation:
1

1
Frop :=f pt(q)Gt(q)dq—f 8(9)Go(q)dq
0 0
t 1 t
- f f p@(32+2)G @ dsda+ f (P, (1)3,G,(1) — p,(0)3,G,(0)} ds
0 Jo 0

- gf {G,(0)(a—p;s(0)) + G,(1)(B — ps(1))}ds =0,
0
(2.6.6)
for all t € [0, T] and any function G € CY?([0, T] x [0, 1]).
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In the regime 6 = 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,0.(0) corresponds to the flux of
particles through the left boundary and x(p.(0) — a) corresponds to the differ-
ence 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) = a (the value of
the profile at the boundaries is not fixed!)

Remark 2.6.6. Observe that in the case k = 0 the equation above is the heat
equation with Neumann boundary conditions and it is the hydrodynamic equation
that we will derive in the case 6 > 1.

Remark 2.6.7. 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.

- Deriving the weak formulation

We note that the weak formulation given in all the regimes above can be ob-
tained from the formal expression of the corresponding partial differential equa-
tion in the following way. Take a test function G € C*2([0,T] x [0,1]) and
multiply both sides of the equality

aps(q) = %A ps(q)

by G and then integrate both in time and space to get

1 t 1 t
1
f f 3sps(q)Gs(q)dsdq=J J ~Aps(q)Gs(q)dsdg. (2.6.7)
0 0 0 0 2

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
f pt(q)Gt(q)dq—f g(q)Go(q)dq—J f ps(@)3,Gs(q)dsdq. (2.6.8)
0 0 0 0

The term at the right hand side of (2.6.7) can be treated by doing an integration
by parts in the space integral and we get to

t t 1
1 aqps(l)Gs(l)_aqps(o)Gs(O)ds_1 aqu(Q)aqu(Q)dS dq
2 0 2 0JO
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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

! J 8,p(1)G,(1) — 8,,(0)G,(0) s
0

e e (2.6.9)
Y ps(l)aqu(l)_ps(o)aqu(O)+ Py PS(Q)AGS(CI)dS dq
2 0 2 0 JO

Putting together (2.6.9) and (2.6.8) we obtain
1 1 t p1 1
f p:(q)G(q)dq —J 8(q)Go(q)dq =f J ps(q)(EA + 95)Gs(q) dsdq
0 0 o Jo
t
1
+3 fo 8,0,(1)G, (1)~ 2,p,(0)G,(0) ds

- fo po(1)8,6,(1) — p,(0),G,(0) ds.

Now we obtain each one of the weak formulations given above. We start with
the case where G € C&’z([o, T1x[0,1]) and we will derive (2.6.3). For that pur-
pose note that since G vanishes at the boundary of [0, 1] and since p,(0) = a
and p,(1) = B, the expression in the previous display becomes equivalent to
Fp;r = 0. On the other hand if G € Ccl’z([O, T]x[0,1]), then G vanishes at the
boundary of [0, 1] and J,G also vanishes at the boundary of [0, 1], so that for p
satisfying the Dirichlet boundary conditions in (2.6.2) the expression in the dis-
play above becomes equivalent to Fj,,. = 0. Finally for G € c?([0,T]1x[0,1])
and for p satisfying the Robin boundary conditions in (2.6.5), the expression in
the previous display becomes equivalent to Fg,; = 0.

-Stationary solutions

Now we deduce the stationary solutions for each one of the equations given
above. We start with (2.6.2). For that purpose note that, denoting by p the
stationary solution we have that Ap(t,q) = 0 implies that p(t,q) = aq + b for
a, b € R. Imposing the Dirichlet boundary conditions we arrive at a = (f — a)
and b = f3, so that

ppir(@) = (B —a)g+a. (2.6.10)
On the other hand, imposing the Robin boundary conditions we arrive at
a=—K(ﬁ_a) and b=oa+ p-a

24+«k 2+«’
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so that

Prop(@) = —q+a (2.6.11)

2+K
Finally, if we impose the Neumann boundary conditions, any constant solution is
a stationary solution of (2.6.5) with k = 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 a = 0.2 and
B=0.8.

k(B —a) +/3—Ot
24«

R 0>1
0=1
77777 o<1
|8
| (@+B)+B~K
) K+2
atf - __T_(A'-'; o ; ,,,,,,,,,
(a+B)+ak
K+2
«
0 3 1

Figure 2.3: Stationary solutions of the hydrodynamic equations.

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

Proposition 2.6.8. We have that:

1. The solution of (2.6.2) with initial condition g is equal to
> (nm)?
(@)= ppir(Q)+ D e ? ‘2sin(nmq).
n=1
2. The solution of (2.6.5) with initial condition g is equal to

oo
n
Pe(@) = Frop(@) + Y, Cue™ X, (q),
n=1
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where
X (@) =A,sin(4/A,q) +A,k+/ A, cos(v/ A, q), (2.6.12)

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

1
Cp,= J (g(q)—p(@))Xn(q)dq.
0

Proof. The solution p to (2.6.2) starting from a profile g is such thatu =p —p
is solution to (2.6.2) with homogeneous boundary conditions a = f3 =0, i.e.

{ B, (q) = 2Auq), (t,9)€[0,T]1x(0,1),

(2.6.13)
u,(0)=0=u,(1), te[0,T].

It is well known that u is given by

o0 nrm 2
u(q)= Z Tt sin(nmq).

n=1
From the previous computations we conclude that the solution p of (2.6.2)
starting from g is given by

> TlT[Z
p@=pB—-a)g+a+ Z -y sin(nmnq).
n=1

On the other hand, the solution p of (2.6.5) starting from g is such that
u = p —p is solution to (2.6.5) with a = =0, i.e.

{ d,u(q) = 1Au,(q), (t,q)€[0,TIx(0,1),

(2.6.14)
Iqu¢(0) = ku(0), Syu(1) =—xu, (1), te€[0,T]

It is well known that u is given by
S A,
u(t,q) = Z Cpe 2 'X,(q),
n=1

where X, (q) writes as

X,(q) = Ay sin(y/2,9) + By, cos(/2,q),

for some constants A, and B,,. Then, the first boundary condition in (2.6.14)
gives B, = 4/ A,kA,. To avoid the null solution we consider A,, # 0. The second
boundary condition in (2.6.14) gives

2K/ A,
= = 2.6.1
tan(4/2,) P21 (2.6.15)
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whose solution A,, satisfying (n — 1) < /A, < nm is such that A, ~ n%n?
as n — oo. From the previous computations we get that X,(q) is given by
(2.6.12) and there A, is a normalizing constant in such a way that X, has unitary
L?([0,1])-norm. Moreover

1
Cp= J (g(q) —p(@)X,(q)dgq.
0

From the previous computations we conclude that the solution p of (2.6.5)
starting from g is given by

(B—a)

oo
K p—a M
= +a+——+ ) Ce 2'X,(q).
p@)=———q+a+ ;:1: ne n(q)

2.7 Hydrodynamic Limit

In this section we want to state the hydrodynamic limit of the process {ny2 :
t > 0} with state space Qy and with infinitesimal generator N2.%y defined in
(2.3.1). Note that here we are going to take ®(N) = N2. Let .Z " be the space
of positive measures on [0, 1] with total mass bounded by 1 equipped with the
weak topology. For any configuration 1 € Q we define the empirical measure
nN(n,dq) on [0,1] by

1
M (n.dg) = = D] n(x)5; (dg), 2.7.1)
X€AN

where &, is a Dirac mass on a € [0, 1], and
Y (n,dq) == " (12, dq).

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

Fix T > 0 and 6 € R. Recall that P, is the probability measure in the
Skorohod space 2([0, T],Qy) induced by the Markov process {n,y2 : t = 0}
and the initial probability measure uy and we denote by E,, the expectation
with respect to P, . Now let {Qy}y>1 be the sequence of probability measures
on 2([0, T], #") induced by the Markov process {r}’ : t >0} and by P,, .

At this point we need to fix an initial profile p, : [0,1] — [0, 1] which
is measurable and an initial probability measure uy € Q). We are going to
consider the following set of initial measures:
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Definition 2.7.1. A sequence of probability measures {uy }n>1 in Qy is associated
to the profile py if for any continuous function G : [0,1] = R and any 6 >0

1
Jim g (n €0y | =3 G(%V)n(X)—L G(@poladda| > 5) =0.

XE€AN
(2.7.2)
Note that (2.7.2) states that
1
f G (1,dq) —N—o0 f G(q)polg)dg wrt uy, (2.7.3)
Q 0

which means that the empirical measure at time t = 0 converges, in probability
with respect to uy, as N — 00, to the deterministic measure p,(q)dq, which is
absolutely continuous with respect to the Lebesgue measure and the density is
the profile py(-).

The hydrodynamic limit that we want to derive states that the previous re-
sult is also true for any t € [0, T], that is, the empirical measure at time t
converges in probability with respect to the distribution of the system at time
t, as N — oo, to the deterministic measure p,(q)dq, 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 2.4).

Theorem 2.7.2. Let g : [0,1] — [0, 1] be a measurable function and let {uy}y>1
be a sequence of probability measures in Qy associated to g. Then, for any t €
[0,T],

1
NlirgoPuN(n.: %1 >, G(%)nmz(X)—L G(qQ)p.(q9)dg| > §) =0,

N XEAN

where p(+) is the unique weak solution of :
e (2.6.3) as given in Definition 2.6.3, if 6 < 0;
e (2.6.2) as given in Definition 2.6.2, if 6 € [0,1);
® (2.6.5),if0=1;

e (2.6.5)withk =0, if 6 > 1.
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Heat eq. & Robin b.c.

Heat eq. & Dirichlet b.c.

Figure 2.4: The three hydrodynamic equations depending on 6.

The proof of Theorem 2.7.2 proceeds as follows. We split the proof into
showing first tightness of the sequence {Qy }y>; and then we characterize uniquely
the limiting point Q. These two results combined together, imply the conver-
gence of {Qy}y>1 to Q@ as N — oo. The next section is dedicated to the pre-
sentation 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 Q, we prove in Sec-
tion 2.10.1 that all limiting points of the sequence {Qy}y>1 are concentrated
on trajectories of measures that are absolutely continuous with respect to the
Lebesgue measure and in Sections 2.10.2 and 2.10.3 we prove that the density
p¢(+) is a weak solution of the corresponding hydrodynamic equation. From
the uniqueness of weak solutions of the hydrodynamic equations, see Remark
2.6.7, we conclude that {Qy }y>1 has a unique limit point Q, and therefore we
conclude the convergence of the sequence to this limit point.

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 8. We remark that we are not going
to prove here that the solution p,(-) belongs to the space L2(0, T; #!) but we
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refer the reader to [1, 2] for a complete proof of this fact. In order to prove that
p.(+) satisfies the weak formulation we use auxiliary martingales associated to
the Markov process {7, : t > 0}. For that purpose, and to make the exposition
simpler, we fix a function G : [0,1] — R which does not depend on time and
which is two times continuously differentiable. If 6 < 0 we will assume further
that it has a compact support included in (0, 1). First we recall Dynkin’s formula.

Theorem 2.8.1. Let {n, : t > 0} be a Markov process with generator ¥ and
with countable state space E. Let F : RY x E — R be a bounded function such that

* Vn€EF(,n) € C*R"),
e there exists a finite constant C, such that for j =1,2

sup Iast(s, n)| < C.
(s,m)

Fort >0, let
t
Mmf =F(t,m)—F(0,’fio)—J (0 + ZL)F(s,m,)ds,
0

NF =(Mmf)? —J {LF(s,n5)* —2F(s,m5)LF(s,m,)}ds.
0

Then, {M/};>¢ and {N[} >, are martingales with respect to F; = o(n;; s < t).

Let us fix a test function G : [0, 1] — R and apply Dynkin’s formula with

F(t,n)=(n",G) = lﬁ > e (06(%)- 2.8.1)

XEAN

Above <7r1tv . G> represents the integral of G with respect the measure n’t\’ . Note
that F does not depend on time, only through 7),. A simple computation shows
that

1
N*Zy(n,G) = (], 5 AnG)

+ (GO () = VRGN 1)

« N2 (2.8.2)
+ IN_1 G(;%)(a —Nsn2(1))

xk N279 _
+ 557006 — o=V = 1)),
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from where we obtain that
‘ 1
MY (G) = <n?,G>—<n§,G>—J (n',5ANG) ds
0
1 t
3 f Vi G(0)ney2(1) — Vi G(nen2(N —1)ds
0

_ EJt N> 6(#)(@—nu2(1)ds

2 ), N—1
tn2—0
K N N—1
—5f0 1) — nae (N 1) ds,

(2.8.3)
is a martingale with respect to the natural filtration {Z,};>o, where for each

t>0,Z;:=0(n,:s<t). Now we look at the integral terms in (2.8.3).

- The case 6 €[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 (2.8.3) and
then doing a Taylor expansion on G we get that

MN(G) = (nV,G) — (n}),G) — f ANG

— % f Vi G(0)nen2(1) — VR G(1)nen2(N — 1)ds + O(N ).
0

If we can replace 1,52(1) by @ and 1 y2(N—1) by 8, which will be a consequence
of Lemma A.4.2 (see Remark A.4.3), then above we have

MN(G)=(n},G) — (no,G)—f (nﬁv,%ANG)ds
0

— % J V3 G(0)a—VyG(1)Bds +O(N~?)
0

plus a term that vanishes as N — +00.
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Taking the expectation with respect to uy in the expression above we get

1 A T e
HXZZ;G(%V)(I)I;](X)_I)ZJV(X))—JO ﬁle EANG(]%)pév(x)ds

_%f Vi G(0)a— VyG(1)Bds + O(N~?) =0,
0

Note that above we used the fact that the average of martingales is constant in
time and that MéV(G) = 0. Now, assuming that pjtv(x) ~ p.(5) and taking the
limit as N — oo we get that

1 t 1
f p(@)6(@) — po()G(q)dq — f f L AG(@)p:(q)dqds
0 0 0 2

1 t
- EJO 8,G(0)a —3,G(1)fds = 0.

Note that the restriction 8 > 0 comes from the fact that the errors, which
arise from the Taylor expansion in G, have to vanish as N — oo and the restric-
tion 6 < 1 comes from the replacement of the occupation variables 1(1) and
1n(N —1) by a and f3, respectively, see Lemma A.4.2. At this point compare the
previous expression with the weak formulation given in (2.6.3) and note that
the test function G does not depend on time.

- The case 0 < O:

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 (2.8.3) vanish in this
case. From this and the same arguments as above we get that

t
1
Mf’(G)z(n’tV,G)—(n’a’,G)—J (n?’,EANG)ds.
0

Taking the expectation with respect to u, in the expression above and assuming
that p?](x) ~ p.(5), and then taking the limit as N — oo we get that

1 t 1
J pt(q)G(q)—po(q)G(q)dq—f f %AG(q)ps(q)dqu=0-
0 0 0

Again compare with the weak formulation given in (2.6.4) and note that the
test function G does not depend on time.
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Remark 2.8.2. We remark here that in this particular case there is an extra con-
dition in Definition 2.6.3 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 need also to show that the value of the profile
p.(+) is fixed at the boundary. We leave this issue to Section A.4.

- The case 0 = 1:

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

t
1
MYO) = (21,61~ (61 - | (s, JnGs
0

_%J V,J\?G(O)nsm(l)—VX,G(l)’fIsNZ(N—1)d3
0

BN G(3) @ nae (1) + G(52)(B = noya (N — 1))ds.

2N-1 |,

In this regime Lemma A.4.2 is no longer valid. Nevertheless, by Remark
A.3.4 we can replace ngy2(1) (resp. ngn2(N—1)) by the average in a box around
1 (resp. N —1):

14+eN N—1—¢eN

1 1
7 oye(1) = N D), TN -1) = N > nge(x). (2.8.4)
x=1 x=N—-1

Here we note that the sum above goes from 1 to 1+ | &N | but for sake of sim-

plicity we write 1 4+ eN. By noting that 73\\{2(1) ~ p,(0) (resp. 73\\{2 (N—-1)~

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

1 t r1
f p:()6(0) — po(a)G(a)da — f J S AG(@P,(a)dads
0 0 JO
- L 8,G(0)p,(0) — 3,G(1)p,(1)ds

+ g J G(0)(a—p,(0)) = G(1)(B — ps(1))ds = 0.
0

Again compare with the weak formulation given in (2.6.4) and note that the
test function G does not depend on time.
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- The case 0 > 1:

This regime is quite similar to the previous one. We consider again an arbitrary
function G : [0,1] — R which is two times continuously differentiable and we
note that the last two terms at the right hand side of (2.8.3) vanish since 6 > 1.
Then, repeating the same arguments as in the previous section and noting that
Remark A.3.4 also applies to 6 > 1 we obtain at the end that

1 t 1
f p(0)G(9) — polQ)G(q)dg — f f L AG(@)p:(g)dqds
0 0 0 2

t
1
= J 8,G(0)p,(0)— 3,G(1)p,(1)ds = 0.
0
Again compare with the weak formulation given in (2.6.4) and note that the
test function G does not depend on time.

Remark 2.8.3. Note that the parameter k that appears in the boundary dynamics
is only seen at the macroscopic level in the case 6 = 1 which corresponds to the
heat equation with Robin boundary conditions.

2.9 Tightness

In this section we show that the sequence of probability measures {Qy }y>1, de-
fined in the beginning of Section 2.7, is tight in the Skorohod space 2([0, T ], 4..).
In order to do that, we invoke the Aldous’s criterium which says that

Lemma 2.9.1. A sequence {Py }n>1 of probability measures defined on 2([0, T ], #..)
is tight if these two conditions hold:

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

i]lgPN(Tct ¢ Ket) <e,

b. For every e >0

lim lim sup sup PN(d(nH@, m.)> s) =0,
Y0 Nooco 1€7;
0<y

where J; denotes the set of stopping times with respect to the canonical filtration,
bounded by T and d is the metric in the space M.
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By Proposition 1.7 of Chapter 4 in [16] 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 (77:1;' , G) is tight.

In our setting case, the first condition a. above translates by saying that:

lim lim_P,(|(7Y,G)|>A)=0.
A—+00 N—+00

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 (nfi ,G), the distance d above is
the usual distance in R. 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

lim limsup sup ]P’MN(n. : |(7'cf+f, G)— (nf, G)| > 8) =0. (2.9.1)

6—=0 N—oo te7,7<5

Above we assume that all the stopping times are bounded by T, thus, 7 + 7
should be understood as (T + T)AT.

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 dif-
ferent dense sets, namely the space C!([0,1]) in the case 6 < 1 and the space
C?([0,1]) in the case 8 > 1, which are both dense in C([0, 1]) with respect to
the uniform topology. For that purpose, we split the proof according to 6 > 1
and O < 1. When 6 > 1 we prove (2.9.1) directly for functions G € C2([0,1])
and we conclude that the sequence is tight. For 6 < 1, we prove (2.9.1) first for
functions G € CCZ(O, 1) and then we extend it, by a L approximation procedure
which is explained below, to functions G € C([0, 1]).

Recall from (2.8.3) that va (G) is a martingale with respect to the natural
filtration {Z,};>¢. Then

]P’MN(n. : |(7'c];]+f, G)— (¥, G>| = 8)

>8)

T+7T

T+T
n.: |MN(G)— MY (G)+J N>2y(nN,G)ds
T

(
<P, (n.: [MN(G)— MY (G)‘>§)
(

T+T
-5

T+7T
n.: f N*2y (N, G)ds
T
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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

S [(M2 ) -M20) ]+ 25,

82 Un T+7T

T+7T
f Nz,‘ZN(ni\’,G}dsH.

Therefore, in order to prove (2.9.1) it is enough to show that

T+T
lim limsup sup IEMNH J N>%y(nN,G)ds ] =0 (2.9.2)
620 N—oo re7;y,7<6 T
and
limlimsup sup E, [(Mév(G) — Mﬁrf(G))Z] =0. (2.9.3)

-0 N—>oo 1€7;,7<5
Let us start by proving (2.9.2). Given a test function G, we will show that
there exists a contant C such that

N*gy((nV,G) < C (2.9.4)

for any s < T. We start with the case 6 > 1. For that purpose, recall (2.8.2).
Note that, since |n,y2(x)| < 1 for alls € [0, t] and since G € C?([0, 1]), we have
that

(75, 86) + V5,602 (1) = T3 G2 (N = 1)| < 2016 lloo + 216
and

KNG )@= na (1) + NI G(AFE)(B — moae (N = 1)] < 4xN' )G o
< 4x||Glloo-

This proves (2.9.4) for the case 0 > 1. In the case 8 < 1, we take G € Ccz([O, 1]
and we see that in this case (2.8.2) reduces to (niv ) lANG) whose absolute
value is bounded from above by ||G”||o, and this proves (2.9.4) for the case
0 <1.

Let us now prove (2.9.3). Applying Dynkin’s formula with F given by (2.8.1)
we get that

(MN(G))? —f N2[ 2y (nN,G)*—2(n",G) %y (nN,G)]ds, (2.9.5)
0
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is a martingale with respect to the natural filtration {Z,};>¢. A simple compu-
tation shows that

z[zNom’V G)2—2(nN,G) Ly o(nN,G)]

= Z(mm(x) Nav: (¢ + DTN G

and by using the fact that |n2(x)|] < 1 for all s € [0, t] last expression is
bounded from above by %HG’ ||oo- On the other hand, we also have that

N2 [ Ly (7N, G)2—2(nN,G) Ly (Y, G) ]

=g c1(ava, GG + o1 (e, BIGCY?]

and by using the fact that Inev2(x)] < 1 for all s € [0,t] last expression is
bounded from above by ||G||2

This ends the proof of tightness in the case 8 > 1, since C2([0,1]) is a
dense subset of C([0,1]) with respect to the umform topology. Nevertheless,
for 6 < 1, since we considered functions G € CCZ(O, 1), last display is equal to
zero. Therefore, we have proved (2.9.2) and (2.9.3), and thus (2.9.1), but for
functions G € CCZ(O, 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 {Gy }x=o € CCZ(O, 1) converging
to G, with respect to the L'-norm, as k — oco. Now, since the probability in
(2.9.1) is less or equal than

PHN(T;. : |( N G —(n IX’Gk” > g)

+ By (0 [, 06— G — (e, 6 - Gy > £)

and since Gy has compact support, from the computation above, it remains only
to check that the last probability vanishes as N — oo and then k — ©co. For
that purpose, we use the fact that

(e 6= G — (Y, 6= G| < = S (6 -GG (2.9.6)

XEAN
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and we use the estimate
X+l

I%Z (G-GE)| < D] f (6= GG - (6— G| da

XEAN XEAN 1%

1
+ f I(G—Gy)(q)ldq
0
1

1
< Nll(G—Gk)’lloo +f (G = Gi)(q)ldq.
0

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 Q of the sequence {Qy}y>; 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 Q is con-
centrated on trajectories of measures satisfying ,(dq) = p,(q)dq, where p,(-)
is the weak solution of the corresponding hydrodynamic equation. Let Q be a
limit point of {Qy}n>1-

2.10.1 Characterization of absolutely continuity

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

1
sup |(n},G) < o > 1GG)I
tE[O,T] XEAN

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 17 |(7t;,G)| is continuous.
As a consequence, all limit points are concentrated in trajectories 7, such that

1
[(me, G) < J |G(q)ldg.
0

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 n,(A) = 0. With this purpose, we use last
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estimate for a sequence of continuous functions {Gy }y>; that converge to the
indicator function over the set A and the result follows. Concluding, we have
just proved that

Q(TE. :.(dq) = n(t,q)dq,Vt € [0, T]) =1

i.e. m,(dq) is absolutely continuous with respect to the Lebesgue measure with
density 7(t,q).

2.10.2 Characterization of the initial measure

Here we show that Q is concentrated on a Dirac measure equal to g(q)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:

1
Q(‘% Z G(%)no(x)—J G(q)g(q)dq’ > g)
0

XE€AN

1
<timinf oy (|5 > G(%)no(X)—J G(@g(a)da| > ¢)
0

K—+o0
XEAN

1
=liminfuNk(‘% Z G(ﬁ)n(X)—J G(q)g(q)dq‘ > 8)-
0

K—+0o0o
XE€AN

This last limit is equal to zero, by the hypothesis of uy being associated to the
profile g(-), see Definition 2.7.1. This shows that

Q(m.: mo(dq) = g(q)dq) =1.

2.10.3 Characterization of the density 7(t,q)

From Section 2.10.1 we know that all limit points Q of the sequence sequence
{Qp }yen are concentrated on trajectories 7,(dq) which are absolutely contin-
uous with respect to the Lebesgue measure, that is, ,(dq) = n(t,q)dq. More-
over, from the previous section we also know that all limit points Q of the se-
quence {Qy }yen are such that the initial trajectory is a Dirac measure equal to
g(q)dq. Now we prove that all limit points are concentrated on trajectories of
measures of the form p,(q)dgq, that is we are going to show that 7(t,q) = p.(q)
and that p,(-) is a weak solution of the corresponding hydrodynamic equation.
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For that purpose, let Q be a limit point of the sequence {Qy}y>1, whose exis-
tence follows from the computations of Section 2.9 and assume, without lost of
generality, that {Qy }y>1 converges to Q, as N — +00.

Proposition 2.10.1. If Q is a limit point of {Qy }yen then
Q(m.:Fg=0,¥t€[0,T], VG Cy) =1,

where
Fi. ,if <0, cl*([0,T1x[0,1]), if 6 <O,

Fo =1 Fp;, if0€[0,1), and Cy=1C,%([0,T]1x[0,1]), if 6 €[0,1),
Frop, if 0 > 1, c2([0,T]x[0,1]), if 6 > 1.

Proof. We consider the case 6 > 1. Note that we need to verify, for & > 0 and
G e C2([0,T]x[0,1]), that
Q(n. € 9([0,T), A*"): sup |Fpopl> 5) =0, (2.10.1)
0<t<T
Recall Fg,; from (2.6.6) and note that, due to the terms that involve p,(1) and
p,(0) and that appear in Fg,;, the set inside the probability in (2.10.1) 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
W(q) = El(o,g)(Q) and tl(q)= ;1(1—5,1)(61) (2.10.2)

and we sum and subtract to p,(0) and to p,(1) the mean

£ £
(ns,tg)=%f ps(q)dg and (ﬂs,ti>=%J ps(q)dg, (2.10.3)
0 1

—&
respectively. Above we used the fact that Q is concentrated on trajectories
1,.(dq) which are absolutely continuous with respect to the Lebesgue measure:
n.(dq) = p(q)dq. Thus, we bound the probability in (2.10.1) from above by
the sum of the following terms

of s
0<t<T

t 1 t
- J f po(@(54+3)6,(q)dqds — J G,(0)a + G,(1)p ds
0 Jo 2 2 0

1

1
f pt(q)Gt(q)dq—f Po(q)Go(q) dq
0

0

+ %Jof(ns,c;)(c?qu(l)+Gs(1))ds_%fof<ns,bg)(8qu(O)—Gs(o)ds‘ > %)

(2.10.4)
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1
@(U (po(q)—g(qnco(q)dq\ > %) (2.10.5)

( sup
kefo,1}  \Ost=T

f (s (k) — (75, () [ Gy (k) — 8,Go(K) ] d j) (2.10.6)
and we note that the terms in (2.10.6) converge to 0 as ¢ — 0 since we are com-
paring p,(0) and p,(1) with the averages (2.10.3) around 0 and 1, respectively.
Moreover, (2.10.5) is equal to zero since Q is a limit point of {Qu}yen and
Qy is induced by a measure uy which is associated to the profile g(-). Note
that in (2.10.4) we still cannot use Portmanteau’s Theorem, since the func-
tions LS and L; are not continuous. Nevertheless, by approximating each one of
these functions by continuous functions in such a way that the error vanishes
as ¢ — 0 then, from Proposition A.3 of [11] we can use Portmanteau’s Theorem
and bound (2.10.4) from above by

1 1
J p:(q)G(q)dq —f Po(q)Go(q)dq
0 0

II{IIE) géf QN( sup

0<t<T

t 1 t
—f f ps(q)(lmas)c;(q)dquv—lj G,(0)a+G,(1)B ds
0 Jo 2 2 0

o
> 2)

(2.10.7)

_%fot(ns, 10)(8,G,(0) - G(O)ds+;J;)t( 711)(8,G,(1) + Gy(1)) ds

t

Summing and subtracting J N Z,st(nf ,G,)ds to the term inside the supre-

0
mum in (2.10.7), recalling (2.8.3) and (2.8.4), the definition of Q,, we bound
(2.10.7) from above by the sum of the next two terms

liminf P N( sup \MN(G)| ), (2.10.8)

N—oo 0<t<T

and

liminf P, ( sup

N—oo 0<t<T

t t 1
1
f NZ-gN(niV’Gs)ds_f f ps(q)EAGs(q)dqu
0 0 Jo

1 (', 1 (",
_EL nsgzu)(aqGS(O)—Gs(o)dHEL TN, (N —1)(8,G,(1) + G,(1)) ds

1 (" 5
_EL G.(0)a+ G,(1)B ds‘ > E)
(2.10.9)
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Doob’s inequality together with the computations right below (2.9.5) show that
(2.10.8) goes to 0 as N — oo. Finally, (2.10.9) can be rewritten as
t

t
1
f N>2y(nN,G,)ds —f (nN, ZAG,)ds
0

liminf P, | ( sup . >

N—oo 0<t<T

t t

1 1
—5 | TRM(36,0~60)ds + | TN =1)(8,6,(1)+G,(1))ds
0 0

1 (" 5
_EJO G.(0)a+G,(1)p ds’ > 2—5)
(2.10.10)

Now, from (2.8.2) we can bound from above the probability in (2.10.10) by the
sum of the following terms

1(f 1 ‘ 1 5
P — ZANG(Z ds — N,—AG>d‘>— ,
. (oi‘f& NJ;) Z 5 AN G5 )nan2(x)ds L<ﬂs 5 4G ) ds|> -

XE€AN

(2.10.11)

1 (" . 5

s (oi‘fET EJ Vi Gs(0)nan2(1) = nfﬁz(l)aqu(O)ds’ > 5) (2.10.12)
st= 0

and

t
1 0 (1 — o
Py, (OZ?ET Efo kN' Gs(ﬁ)(a—ﬂsm(l))—Gs(o)(a— nsﬁz(l))ds‘ > %)
(2.10.13)

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 ,%I’\X gl. Applying a Taylor
expansion on the test function G it is easy to show that (2.10.11) goes to O as
N — o0. Also by Taylor expansion, (2.10.12) can be bounded from above by

PuN ( sup
0<t<T

plus a term that vanishes as N — oo. Using Lemma A.3.2 we see that (2.10.14)
vanishes as N — oo. The term (2.10.13) can be estimated using exactly the
same argument that we just used, that is: Taylor expansion on G plus Lemma
A.3.2. For the terms related to the right boundary the argument is the same and
with this we finish the proof.

We leave the other cases, namely 8 < 1 for the reader. These cases are
even simpler than the previous one and for the interested reader we refer to,
for example, [1, 2].

t . 5
f 3,G;(0)(ngy2(1) — njgz(l))ds' > ﬁ)' (2.10.14)
0

Cl
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2.11 Hydrostatic limit

In this section we prove that the hydrodynamic limit holds when we start the
system from the stationary measure g, see Section 2.4. By looking at the
statement of Theorem 2.7.2 we see that in fact to conclude we only need to
show the next result.

Proposition 2.11.1. Let u,, be the stationary measure for the Markov process
{n,n2 : t > 0} with generator N>%y. Then, u, is associated to the profile p :
[0,1] = [0,1] given on q € (0,1) by (2.5.5), which is a stationary solution of the
corresponding hydrodynamic equation, see (2.6.10) and (2.6.11).

Proof. Recall from (2.7.2), that we need to prove:
1
. 1 x _
Jim p(neay: ’NZA 6(%)neo) - fo G(@po(@)da| > 5) =o0.
N

By Markov’s and triangular inequalities, we bound the previous probability from
above by

Le (|2 3 6 ()0 —pl)
1
+’1% Z G(Ziv)pg(x)—f G(q)ﬁ(q)qu
xEhy 0 (2.11.1)
<stulli 2 o) (ne0-ple)]
1
J%‘]% > G(]iv)pg(x)—J G(q)ﬁ(q)dQ.-
XE€EAN 0

The last term can be bounded from above by
1)1 11 !
=5 2 6@ (e -5(%))|+ 5|% 2 6 (3)8(3) —J G(@p(a)dal
XEAyN XEAy 0
The term at the left hand side of last expression is bounded from above by
11 x 1Glloo
gﬁ Z ‘G (ﬁ) < max
XEAN

B 1) xX€Ay
where from (2.5.4) 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

Pl —p(3) PN —5(%)
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corresponding converging integral. To finish the proof it remains to analyse
the third term in (2.11.1). By the Cauchy-Schwarz’s inequality the expectation
appearing in that term can bounded from above by

(|55 2 6B [0 —pY 7]

XEAN

[

+2 376 ()6 (3) B [0 — oM - pL 0]

x<y
ClIGlloo N o
(5 +20Glloo max g (x, )"

From (2.4.12) the previous expression vanishes as N — oo. This finishes the
proof. |



Chapter 3

Symmetric exclusion with long
jumps in contact with reservoirs

3.1 The model

In this chapter we want to generalize the results of the previous chapter to the
case where particles can give jumps arbitrarily large. As in the previous chapter,
the bulk consists in the set of points Ay = {1,---,N — 1} and we artificially
add two end points x = 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 : Z x Z — [0,1] be a transition probability such that
p(x,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:
D ez2P(2) = 0. We denote m = ), ., zp(z). As an example we consider p(-)
given by p(0) =0 and

B 3.1.1
p(z)_ |Z|Y+1’ ( oL )

for z # 0, where c, is a normalizing constant. For simplicity of the presentation
we stick to this choice of p(-) along this chapter 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 a,3 € [0,1], x > 0 and 0 € R, so
that particles can get in the bulk of the system from the site x = O to any site
y € Ay at rate akN~9p(y) or leave the bulk from any site y € Ay to the site
x = 0 at rate (1 — a)xN~9p(y); and particles can get in the bulk to any site

51



52 Symmetric exclusion with long jumps

y € Ay from the site x = N at rate fxN % p(N — y) or leave the bulk from any
site y € Ay to the site x = N at rate (1 —)xN~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 {x, 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
{x, ¥} rings, then we exchange the value of the occupation variables 1(x) and
1n(y) at rate p(y — x)/2. Now we explain the dynamics at the boundary. Each
pair of sites {0, x} with x € Ay carries two Poisson processes, all of them being
independent. If for the configuration 7, the clock associated to the Poisson
process of the bond {0, x} rings, then we change the value n(x) into 1 — n(x)
with rate kN"Op(x)[(1 — a)n(x) + a(1 —n(x))]. At the right boundary the
dynamics is similar but instead of a the intensity is given by 3. Observe that
the reservoirs (x = 0 and x = N) add and remove particles on all the sites of the
bulk Ay, and not only at the boundaries x = 1 and x = N — 1 as happened in
the model of Chapter 2, but with a rate that decreases as the distance from the
corresponding reservoir increases. We remark that as in the previous chapter,
we could do another interpretation of the previous dynamics at the boundary,
as follows. Particles can either be created or annihilated at any site x € Ay
according to the following rates:

o from the left reservoir, from x =0to y € Ay:

— creation rate: akN~9p(y),
- annihilation rate: (1—a)xN~9p(y).

e from the right reservoir, from x =N —1to y € Ay:

— creation rate: fxN"9p(N —y),
— annihilation rate: (1—B)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):

xN~%ap(8)

kN~?Bp(5

kN /(1 —a)p(2)
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The infinitesimal generator of the process is given by
‘%N :gN’O‘i‘zN’b, (3.1.2)

where £y o and %) ;, act on functions f : Qy — R as

1
(yof X =5 2, p=yf ™)~ fm)],

KX"«VE"N (3.1.3)
(ol =15 D, D, Py =2)ex(n. ) (1) = £ ()]
yE{O,N} XEAN

where the configurations n*” and n* have been defined in (2.3.3), the rates
¢.(n,r(¥)) have been defined in (2.3.4) and r(0) = @ and r(N) = f3.

We consider the Markov process speeded up in the time scale t@(N) and
note that {n,g(y) : t = 0} has infinitesimal generator given by ©(N)<%y. Al-
though 71.g(y) depends on a, f 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 " as
defined in (2.4.1) are reversible when we consider @ = 3 = p. The proof is
quite similar to the one given in Lemma 2.4.1 and for that reason it is omitted.

In the next section we analyse the case where p(-) has finite variance and
we denote it by 02, so that

o2 :=Zzzp(z) < 00.

2€EZ

As an example we consider p(-) as in (3.1.1), that is p(0) = 0 and

Cy

p(z) = P

for z # 0, where c, is a normalizing constant and we take y > 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 3.1.1. We note that for the choice of p with p(1) = % = p(—1) the
dynamics described above coincides with the one of the first chapter. 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 (3.1.1) but we consider
v € (1,2) so that p(-) is mean zero but with infinite variance.
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3.2 The finite variance case

3.2.1 Hydrodynamic equations: finite variance

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 chapter 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 py(q) = g(q), for all
qg<(0,1).

Definition 3.2.1. Let & > 0 and kK > O 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 2, Pt Pt
{ 2p (@) = G AP () +R{ZLHL + BB (,9) €(0,T]x (0,1),

p(0)=a, p1)=ph, t€(0,T],
(3.2.1)

if the following three conditions hold:

1. pELZ(O T; #Y)if6>0,

2 — 2 A
[7 [y Cop @) g ¢ < oo i £ >0,

2. p satisfies the weak formulation:
1 1
Frp :=J pt(q)Gt(q)dq—f 8(q)Go(q) dq
0 0
t p1 A9
—J J ps(q)(0—A+3s)Gs(q)dqu (3.2.2)
a ps(@) , B—ps(q)
J f G,(q ) s +(1—q)Y+1)dqu:0’

forall t € [0, T] and any function G € ccl’Z([o, T]x[0,1]),

3. if6>0then p,(0)=a, p1)=pforallte<[0,T]

Remark 3.2.2. Observe that in the case & > 0 and k = 0 we recover the heat
equation with Dirichlet boundary conditions. If & = 0 the equation does not have
the diffusion term.
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Definition 3.2.3. Let & > 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

{ ap@=58p(@, (@) €[0,TIx(0,1),
aqpt(o) = %(Pt(o)_a): aqpt(l) = f}_rg(ﬂ —p:(1), tel0,T],

(3.2.3)

if the following two conditions hold:

1. p € L?(0,T; "),

2. p satisfies the weak formulation:

1 1
Frop = f p:(@)G(q)dq — f 8(q)Go(q)dq
J J ps(a)( —A +8,)Gy(q)dq ds

(3.2.4)

+ ? {ps(l)a G,(1)— pS(O)a G,(0)}ds

- mf {G;(0)(a— ps(0)) + G5(1)(B — ps(1))} ds =0,
0

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

Remark 3.2.4. Observe that in the case m = 0O the equation above is the heat
equation with Neumann boundary conditions.

3.2.2 Hydrodynamic Limit: finite variance

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

¥ (n,dq) :== 7 (o), dq)

and we note that, in this case, the time scale 6(N) will change with the range
of 6, contrarily to what happens in the model of Chapter 2. As before, let
P,, be the probability measure in the Skorohod space 2([0, T],Qy) induced
by the Markov process {n.g(y) : t = 0} and the initial probability measure uy
and we denote by E,, the expectation with respect to P, and let {Qy}y>1 be
the sequence of probability measures on 2([0, T ], .# ") induced by the Markov
process {7 ; t > 0} and by Py,
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Remark 3.2.5. 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 {uy}y>1 be a se-
quence of probability measures in Qy associated to g(-), see (2.7.2). The first
result in this chapter is stated in the following theorem (see Figure 3.1).

Theorem 3.2.6. Let g : [0,1] — [0, 1] be a measurable function and let {uy}y>1
be a sequence of probability measures in Qy associated to g(-). Then, for any
0<t<T,

1
3 . 1 X —
Jim ]P’HN(ﬂ. v ; G(ﬁ)nte(N)(x)_J; G(q)p(q)dq| > 5) =0,
XEAN
where the time scale is given by
N?, if 0>1—y,
O(N) = 3.2.5

and p,(-) is the unique weak solution of :

e 321 withé=0and &k =xcy, f 0 <1—y;

B2 withé =0 and k =xc, f 0 =1—7;

B2 with6=candk=0,if0€(1—7,1);

(323 with6 =cand m=5%,if0 =1;

323)with6=candm=0,if 6 > 1.

Remark 3.2.7. We note that for a probability transition p(-) which is symmetric
and with finite variance the last three regimes obtained above are in force (however
(3.2.1) with k = 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 (3.1.1). We also note that if we impose that the higher moments of p(-) are
finite then the regime (3.2.1) with & = 0 can be reached for 0 € [v,1) where
v < 0 depends on the finiteness of the moments of p(-).

Remark 3.2.8. We note that the solution of the hydrodynamic equation depends
on the parameter k which appears at the boundary dynamics in two different
regimes of 6, namely 6 =1—y and 6 = 1.
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Heat eq. & Robin b.c.

Heat eq. & Dirichlet b.c.

Reaction eq. & Dirichlet DY

Figure 3.1: The five different hydrodynamic regimes in terms of y and 6.

Now note that as before, the stationary solutions of the hydrodynamic limits
in the case 6 > 1 —y are standard and for that reason they are ommited. On
the other hand, the form and properties of the stationary solutions in the case
0 < 1—y are more complicated to obtain in the case & = 1—1v. This problem is
studied in more details in [15] for a slighlty different dynamics. Here we only
present some graphs of the stationary solutions and refer the interested reader
to [15] for a complete description on the behavior of those solutions. Below
we draw the graph of these stationary solutions for a choice of a = 0.2 and
p =0.8.

The proof of Theorem 3.2.6 is described in Section 2.7 below Figure 2.4
and for that reason many steps now are omitted. The proof of tightness of the
sequence {Qy}y>1 is quite similar to the one given in Section 2.9. The char-
acterization 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 de-
duce the weak formulation for the solution of the corresponding hydrodynamic
equation. The adaptation of the rest of the arguments to this new dynamics is
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(a+B)o’tak
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Figure 3.2: Stationary solutions of the hydrodynamic equations.
left to the reader.

3.2.3 Heuristics for hydrodynamic equations: finite variance

As in Section 2.8, the identification of the density p.(-) as a weak solution of
the corresponding hydrodynamic equation is obtained by using auxiliary mar-
tingales. Fix then a function G : [0,1] — R which does not depend on time
and which is two times continuously differentiable. As in Section 2.8, we use
Dynkin’s formula and we note that

J@(N)-%N((TES )ds— ow )f ZgNG(%)ﬂsG(N)(X)dS
0 0

X€AN

o(N)
- J Z Z G()p(y —x)(r(y) — 5oy (x)) ds,
0

(N ~DN®Jo | Zony sem
(3.2.6)
where for all x € Ay
(GNE) = D ply—x)[6(H-G6()]. (3.2.7)

YEAy
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Now, we extend the first sum in (3.2.6) to all the integers so that we extend the
function G to R in such a way that it remains two times continuously differen-
tiable. By the definition of £y, we get that

e(N)

Z jNG(§)n59(N)(x) ds
0 xeAy
@(N
) Z (KnG)(F)ns0n)(x) ds
0 xeAN
e(N)
Z Z G(F)— G(F) ] p(x — yInsen(x) ds
0 XEAN y<0
e(N)
Z ST6() = GG ] plx = YInsoen(x)ds,
0 xeAyy=N
(3.2.8)
where
KnG)(E) =D p(y —)[G()—G(H)]. (3.2.9)
YEZ

Now, we are going to analyse how the different boundary conditions appear on
the hydrodynamic equations given in Section 3.2.1 from this dynamics.

.The case 6 <1—vy

Take a function G : (0,1) — R 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 ©(N) = N"*9+1 (see the statement of Theorem 3.2.6) a
simple computation shows that the first term in (3.2.8) vanishes for 6 <1—v.
Indeed, by a Taylor expansion on G and the fact that p(-) is mean zero, we have
that

NN (G — G(E)N)p(y)

YEZ

is of same order as
NTHTIG(E) > y2p(y)
YEZ
and since 6 < 1 —y last expression vanishes as N — oo.
Now, the second and third terms in (3.2.8) vanish as N — o0, since ©(N) =
N9+l and 6 < 1 —y. Note that since G vanishes outside (0, 1), those terms
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can be rewritten as

O(N)
N—1 Z G(N)rN(N)Tlse(N)(X)ds+— G( v G Inseny (x) ds,
0 xeAy 0 xeAy
(3.2.10)
where
W= 2P0 D= 2, 2 (3.2.11)
yzx y<x—N

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

N'ry([uN]) — cy}/_lu_y =71 (u), NYr;\;([uN]) — c),y_l(l —u) 7 i=rt(u).

(3.2.12)

Now we note that we can bound from above, for example the term at the
left hand side in (3.2.10) by N?*! times

f > NTI(E)IGE)
0

X€Ay

because |n yr+0(x)| < 1 for all s > 0. Since 8 < —1 and since the previous sum
converges to the (finite) integral of |G|r~ on (0, 1), by (3.2.12), the previous
display vanishes as N — 0o. Now we look at the boundary terms in (3.2.6),
which can be written, for the choice of ©(N) = N"9*1 as:

NY+1

f G(%)P(}’_X)(T(J’)—Tlsmw(x)) ds
0 ye{ON}xEAN

which is equal to

t
KJ‘ <a_n‘lgvaGp>+</j_n‘IgvaGl3>dss
0

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

1
KJ G(q)(p(q)(a —ps(9)) +p(q)(B — ps(q)))dq
0

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 (3.2.2) with & = k¢, and & = 0.
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.Thecase 6 =1—vy

In this case we also take a function G : (0,1) — R 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 ©(N) = N2, by Lemma
3.2.10, which we state below, the first term in (3.2.8) can be replaced, for N
sufficiently big, by

]- ‘ 2 ‘ 2
N_1 Z S AG(5F) nsn2(x) ds =J (nN, % AG) ds.
T 2J0 xeny 0

Moreover, a similar computation to the one above shows that the second and
third terms in (3.2.8) vanish as N — oo (recall that ©(N) = N? and Y > 2).
Finally, the second term in (3.2.6) can be rewritten as

KNY+1 t
f Z Z G()p(y —x) (r(y) —nsn2(x)) ds
0

(N—1) ye{O,N} xEAy

and repeating the analysis we did in the previous case it converges, as N — 00
to

t 1
KJ f G()(p(@) (e — p5(q)) + B(@)(B — py(q)))dq ds.
0 JO

As above, from the previous computations we recognize the terms in (3.2.2)

with kK = KCy and 6 =o.

.The case 6 € (1—1v,1)

Take again a function G : (0,1) — R 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 3.2.10, which we prove below, the first term in (3.2.8)
can be replaced, for N sufficiently big, by

Now, the second term in (3.2.3) equals to

N2
—1

N J Z ZG(%)p(y—X)(r(y)—nsNz(x))ds

0 ye{o,N}xeAy
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and vanishes as N — oo since 6 > 1 —y. Now, the last two terms in (3.2.8)
also vanish because, for example, the second term in (3.2.8) can be written as

£ N2
J N—1 Z G(%)"E(%)nswz(ﬂds
0

xX€Ay

which can be bounded from above by a constant times tN2~" times a sum con-
verging to the integral of |G|r~ on (0, 1), and since y > 2 this term vanishes.
From this, we see the terms in (3.2.2) withk =0 and 6 =o.

Remark 3.2.9. We remark here that in the last three cases, similarly to what we
have seen in the case 0 < 0 for the models of Chapter 2 (see Remark 2.8.2), there
is an extra condition in the definition of the weak solution of (3.2.1). 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 Section A.4.

.The case 6 =1

In this case we consider a function G : [0,1] — R which is two times continu-
ously differentiable and we extend it on R in a two times continuously differ-
entiable 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 ©(N) = N2,
by Lemma 3.2.10, which we state below and which holds for this new space of
test functions, the first term in (3.2.8) can be replaced, for N sufficiently big,
by

Now we look at the terms coming from the boundary, namely the last term in
(3.2.6). Then, in the term for y = 0 of (3.2.6) (resp. for y = N) we do at first
a Taylor expansion on G and then we replace 1(x) by the average 7 ¢¥(1) =
% Z}(:N n(x) (resp. n(x) by RN —-1) = % Zi’:—;_l_m 1(x)), which can
be done as a consequence of Lemma A.3.2 as pointed out in Remark A.3.3.
Moreover, note that for y =0 and y = N it holds that

1
Z p(y—x)—— <. (3.2.13)
Therefore, we can write the last term in (3.2.6) as

3 f {(@=To(DIGO)+ (B — T N.(N —1)G(D} ds,
0
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plus terms that vanish as N — +00. Since n N (1) ~ p,(0) and n N(N—-1)~
p,(1) last term writes as

EJ {(a—=ps(0))G(0) + (B —ps(1))G(1)} ds. (3.2.14)
0

Now, we analyse the two last terms in (3.2.8). Since the function G has been
extended into a two times continuously differentiable function on R, by a Taylor
expansion on G we can write those terms as

f PRAGCN nsNz(x>ds——J . 68 naa(x)ds
0 0

x€Ay x€Ay
(3.2.15)
plus terms that vanish as N — +00. Above for x € Ay,
=D (x—y)p(x—y) and ©f= > (y—x)p(x—y).
y<0 y=N
Note that
= Z x0; ——0 and Z X0} —— (3.2.16)
xEAN xEAN
Moreover, note that
Z e, = Z Zyp(y)
oA )2 (3.2.17)
Z CM Z Z yp(y) oo Z°
XE€EAN xX€Ay y=N—x Too

In order to prove the convergence of . _ Ay © (or of e A, ©F in (3.2.17))
we use Fubini’s theorem to get that

Z e, = Z i)’?()’)+ Z Z yp(y)

XE€AN YEAN x=1 Yy=N x€Ay
= > ¥+ WIN=1) > yp(y),
Y€EAy y=N

and since y > 2 the result follows. By another Taylor expansion on G we can
write (3.2.15) as

2 50) e () ds — - G() f > Ol nua(x)ds

0 xeAy XEAN

(3.2.18)
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plus terms that vanish as N — +00. From Lemma A.3.2 we can replace in the
term on the left (resp. right) hand side of last expression 1,y2(x) by Wfﬁz(l)
(resp. (ﬁfgz (N —1)). Therefore, (3.2.18) can be replaced, for N sufficiently big
and for ¢ sufficiently small, by

t
2 2
f GO TN,(1)— G (DS NN, (N —1)ds.
0

<—¢cN

Since W;ﬁz(l) ~ ps(0) and 7 [, (N —1) ~ ps(1), last term tends to

t
J G'(0)% p,(0)— G'(1)% py(1) ds, (3.2.19)
0

as N — oo.
Putting together (3.2.14) and (3.2.19) we see the boundary terms that ap-
pear at the right hand side of (3.2.4).

.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 R 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 ©(N) = N2,
by Lemma 3.2.10, the first term in (3.2.8) can be replaced, for N sufficiently
big, by

The last term in (3.2.6) vanishes, as N — oo since, we can bound it by a con-

stant times
N0 S p(x).

XEAN

Since y > 2 last display vanishes if 6 > 1, as N — +00. Thus, we only need to
look at the expression (3.2.8). Therefore, in order to see the boundary terms
that appear in (3.2.4), we can use exactly the computations already done in the
case 6 =1 from which we obtain (3.2.19).

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 6 > 1—7.
Its proof can be seen in [2].
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Lemma 3.2.10. Let G : R — R be a two times continuously differentiable function
with compact support. We have

2

limsup sup |N? Z(G(}'Nﬂ)—G(ﬁ))P(J’)— U—AG(I%) =0.
N—-oo XEAN YEZ 2

3.3 The infinite variance case

In this section we analyse the case in which p(-)isasin (3.1.1) butnow y € (1,2)
so that p(:) has mean zero but infinite variance. We also consider only the
case where 8 = —1, but we note that in the regime 6 < —1 the behavior of
the system, when we take the time scale ©(N) = N"*9*1 is the same as when
0 < 1—1y and when p(-) has finite variance, that is, it is given by the weak
solution of (3.2.1) with & = 0 and Kk = KCy- The other regimes are open and
seem to be quite challenging. Recall the infinitesimal generator given in (3.1.2)
and (3.1.3) and since we are restricted to the case 8§ = —1, we consider the
Markov process speeded up in the time scale ©(N) = N7, so that {n,y, : t = 0}
has infinitesimal generator given by N” %,. As in Section 2.4 we can prove that
the Bernoulli product measures N as defined in (2.4.1) are reversible when we
consider @ = 3 = p. The proof is quite similar to the one given in Lemma 2.4.1
and for that reason it is omitted.

3.3.1 Hydrodynamic equations: infinite variance

We can now give the definition of the weak solution of the hydrodynamic equa-
tion 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. The frac-
tional Laplacian operator of exponent y/2 denoted by (—A)"/? is defined on the
set of functions G : R — R such that

= 1G6()
Lx, qu <0 (3.3.1)
by

= G(q)— G(v)

(_A)Y/2G (Q) = CY ll—I}(lJJ 1|q—V|Z€ WCIV (332)

provided the limit exists, which is the case, for example, if G is in the Schwartz
space S(R) and where c, is fixed in (3.1.1). Up to a multiplicative constant,
—(—A)"/? is the generator of a y-Lévy stable process.
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We define the operator L by its action on functions G € C>°((0, 1)), by

G(v)—G(q)

1
Vq € (0,1), (LG)(Q):Cyli_%J 1|q—v|28 lg—v|1*+r v
0

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

(), = % J J (@ -HONC@=60) o
[0,1]2

lg —v|Hr

The corresponding semi-norm is denoted by ||-||, /5. Observe that for any G,H €
C2°((0,1)) we have that

1

1
—f G(q)LH(q)dq =—J LG(q)H(q)dq = (G,H), /s
0 0

and note that for all q € (0,1),

(LG)(q) = —(—A)"%G (q) + V1(q)G(q) (3.3.4)

where V;(q) = r~(q) + r"(q), see (3.2.12), that is, V;(-) is given on q € (0, 1)
by:

1 1
Vi(@=cy =+ . 3.3.5
1(@) = ¢,y (qY (1—q)Y) (3.3.5)
Definition 3.3.1. The Sobolev space 5Y/? consists of all square integrable func-
tions g : (0,1) — R such that ||g||,/, < ©o. This is a Hilbert space for the norm
|| - l ¢v/2 defined by

18132 = llgl® + g3 -

Its elements elements coincide a.e. with continuous functions. The space L2(0, T; H712)
is the set of measurable functions f : [0, T]— /% such that

T
J 112, dt < 0.
0

We now extend the definition of the regional fractional Laplacian on (0, 1)
to the space 5#7/2.
Definition 3.3.2. For p € 57/ we define the distribution Lp by

1

f Low)G(u)du = J p(WLG(u)du, GeC((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, =L—«xV,, (3.3.6)

where

@) =p@) + B@ =¢,( 5 + =51 (3.3.7)

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 3.3.3. Let k > 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

{ 0@ =Lepf(@)+xTo(@), (LE[OTIxOD, oo
P =a, p¥(1)=p, telo,T],
where B
- . a
Vo(@) = ap(q) + Bp(@) = ¢, ( o s q)w)
if :

i) p*eL?0,T; 712),

(a—pF(q))? 4 (Bpi( )2
i) fO fo { - (;)Hrq (1fq)1liy }det <00,

iii) For all t € [0, T] and all functions G € CCL°°([0, T] % (0,1)) we have that
1 1
Fp,, :=f ri(@)G(q)dq —J g(q)Gy(q)dq
0 0

t 1
_f f ps’((q)(85+]L,<)Gs(q)dqu (3.3.9)
0 0

t 1
—Kf f Gi()Vo(q)dgds =0
0 Jo

Remark 3.3.4. 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.
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3.3.2 Hydrodynamic Limit: infinite variance case

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

V¥ (n,dq) :== 7 (s, dq)

since the time scale now is equal to 6(N) = N".
The second result of this chapter is stated in the following theorem.

Theorem 3.3.5. Let g : [0,1] — [0, 1] be a measurable function and let {y}n>1
be a sequence of probability measures in Qy associated to g(-). Then, for any

0<t<T,
NILIEO]P’HN (n. : > 5) =0,

where py is the unique weak solution of (3.3.8) in the sense of Definition 3.3.3.

1
> 6 (F) e () J @} (@)dg
0

N X€AN

3.3.3 Heuristics for hydrodynamic equations: infinite variance

Fix G : [0,1] — R which does not depend on time and has compact support
included in (0,1). Recall (3.2.6) and (3.2.8) and recall that we assumed 6 =
—1, so that (3.2.3) now writes as

t N’)/ t .
f NYgN(UTiV,G))dS = N— 1f Z (-ZNG)(%\])”SNY(X)
0 0

XEAN

KN)/+1 t

oo | 20 20 GG =000~ () ds.

0 ye{o,N}xeAy
(3.3.10)

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

t
J (n, ZyG) ds.
0

Since from Lemma 3.3 in [4], we can deduce that
Jim N"(£yG)(q) = (LG)(q) (3.3.11)
—00

uniformly in [a,1 — a], for all functions G with compact support included in
[a,1—a], that term can be replaced by

t 1
f J (LG)@)p () dg ds, (3.3.12)
0 JO
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as N goes to 0o. Now, the second term on the right hand side in (3.3.10) is
equal to

t t
KJ (a—nf’,Gp)ds+Kf (ﬁ—niv,Gf))ds
0 0

and converges as N — o0 to

t 1 t 1
Kf J (a—pf(q))G(q)p(q)dquKJ f (B —p;(9))G(q)B(q)dq
0 Jo 0Jo (3.3.13)

t 1 t 1
=—Kf J pf(q)G(q)Vl(q)dq+Kf J G(9)Vo(q)dg.
0 0 0 JO

Putting together (3.3.12) and (3.3.13) and using (3.3.6) we recognize the cor-
responding terms in (3.3.9).

Remark 3.3.6. We finish this chapter by noting that in [3 ] it was studied a similar
dynamics to the one described above. There we considered the same bulk dynam-
ics with long jumps given by p(-) with the choice (3.1.1) and y € (1,2) but the
boundary dynamics was different. In that paper 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 dy-
namics 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
that appear in the reaction diffusion equation 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 diffu-
sion 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 6 > —1, the slow boundary regime, when p(-) is given as above in the
case of infinite variance. This is a subject to pursue in the near future.



70

Symmetric exclusion with long jumps




Appendix 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 chapters.

A.1 Entropy bound

From now on, we suppose that a < f3. Let p : [0,1] — [0, 1] be a function such
that a < p(q) < B, forallq € [0, 1]. Let VZ(.) be the Bernoulli product measure
on )y with marginals given by

Wonine=1=p(5)- (A.1.1)

Given two functions f, g : Qy — R and a probability measure u on Qy, we
denote here by (f, g), the scalar product between f and g in L?(Qy, u), that
is,

(fr8)u= f f(n)g(n)du.
Qy

Let Hy(ul VZ (‘)) be the relative entropy of a probability measure y on Qy with
respect to the probability measure vg () on Qp. We claim that there exists a
constant C, := C(a, ), such that

HN(mvg(.)) < CyN. (A.1.2)

For that purpose note that, since vg 0 is product we have that

N—-1
() = ljp(ﬁ)”(’”(l —p(ENT) > (a A (1— BV
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from where we obtain that

Ny o[ 1) )_ | ( 1 )
H(ulv, ) > un) og(vg(.)(n) < > u(n)log o

neQy neNy

(i) )

We remark here that below when we use as reference measure the Bernoulli
product measure given in (A.1.1) we have to restrict to a # 0 and f # 1 since
in last estimate the constant C, = —log(aA(1—f)). We also note that when we
use the Bernoulli product measure with a constant parameter we do not need
to impose that restriction.

IA

> ) < Nlog(ﬁ_ﬁ)) < C,N.

NeQy

A.2 Estimates on Dirichlet forms

In this section we consider the model described in Chapter 3 since the results for
the model of Chapter 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 Chapter 2.

For a probability measure u on Qy, x,y € Ay and a density function f :
Qy — [0, 00) with respect to u we introduce

J (VF@) - V) du,
Qy

L, (v/f, )

O = f e r ) (VF@D = V) du.
Qv

In last identity y € {0,N} and r(0) = a and r(N) = 3. We define
INGVFw) = (Dyo+ D)V

where

1
Dno(VFm) =5 D, Pl =X)L, (VF.m), (Aa2.1)

x,yE€AN

@N,b(\/JT,.M) = ]% Z Z p(y—x)I;(y)(ﬁ,u). (A.2.2)

Y€{O,N} x€Ay
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Note that for the models of Chapter 2 the expressions above simplify to

NNVFw) = D Lo (VF. ), (A.2.3)
XEAN
PNV Fo) =5 (W + (V). (A2.4)

Our first goal is to express, for the measure y = VZ(.), a relation between

the Dirichlet form defined by —(%y v/f, V/f) - and 2y (V/f, VIIZ (y)- We claim
pee
that for any positive constant B, there exists a constant C > 0 such that

LN(.,%N\/?: \/?)vgm =< __4BN@N(\/_ p())+ BC]:\I Z P(y—X)(p(Z%)_p(%))Z
X, yE€AN
BN1+9 Z Z (p(N _r(}’)) p(y —x).
ye{0,N} x€Ay
(A.2.5)

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.

Remark A.2.1.

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

e for p(-) Lipschitz and such that p(0) = a and p(1) = 8, we get

1 9 o2
_N<-’(£N\/?,\/?>v2’(‘)—_4B_N@N(\/_ Dt 3Nz
+W Z Z (y—x)’ply —x)
y€{0,N} x€Ay
c 5 Cx
__4BN@N(‘/_ p())+ N27 T ENe
(A.2.6)

e for p(-) such that p(0) = a, p(1) = B, Holder of parameter L at the
boundaries and Lipschitz inside, we get

1 1 C 5 Cklog(N)
- <L -
GV Al <= s IV )+ o+

(A.2.7)
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14y

e for p(-) such that p(0) = a, p(1) = B, Holder of parameter —- at
the boundaries and Lipschitz inside, we get
1 c , Ck
_N(gN\/,?:\/?>v2’(_)—_4B_N@N(\/_ p()) 20" F gNvroeT
(A.2.8)

e for p(+) constant, equal to a or to B, we have

1
—N(ffN VF, \/T)vg < —4B—N9N(\/_ Vo) + o N9+1 (A.2.9)

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

e for p(-) Lipschitz and such that p(0) = a, p(1) = 8 and locally con-
stant at 0 and 1, we get

1 N c
_N("%N\/.?:\/.?>v§(')—_4B_N@ WVF )+ 5z (A210)

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.

e for p(-) constant, equal to a or to 3, then we have exactly the same
error as in (A.2.9).

3. If p(-) has infinite variance, then:

e for p(-) Lipschitz and such that p(0) = a and p(1) = f3, we get

1
+L ;
BNBxyeA =yt
BN3+9 Z Z Y- X) p(y X)
y€{O,N} xeAy
c Cx
_—4B—N@N(\/_ ))+ YU +BNY+9+1.
(A.2.11)

In order to prove (A.2.5) we need some intermediate results. For that pur-
pose we recall from [2] the following two lemmas.
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Lemma A.2.2. Let T : 1 € Qy — T(n) € Qy be a transformation in the configu-
ration space and c : 1 € Qy — c(n) be a positive local function. Let f be a density
with respect to a probability measure u on Q. Then, we have that

(emVFTm) =V, Vi),
< —ﬁ J e ([VFTmD - [VFm]) du (A2.12)

1 (1 (@) 7P
+ 36 | 75| cm—er e SEB | ([WFTan] + [Vim)]) du

Lemma A.2.3. There exists a constant C := C(p) such that for any N > 1 and
density f be a density with respect to vg(.)

sup | f(*)dvi () < C, sup | f(n)dv(n) < C.
x#Fyehy Jay x€Ay Jay

A simple consequence of the previous lemmas is the next two corollaries.
Recall the bulk generator £y ( given in (3.1.3).

Corollary A.2.4. There exists a constant C > 0 (independent of f and N) such
that

1
(@oVT V), < —5oalVT 7 +C 3 (=) () =P
Pt X, YEAN
for any density f with respect to vg(.).

Now we look at the generator of the boundary dynamics given in (3.1.3).

Corollary A.2.5. Let 6 € R be fixed. There exists a constant C > 0 (independent
of f and N) such that

(DA Dy, <=5 (VF )
+]% Z (P(ﬁ)—a)2P(X)+]% Z (p(%)—ﬂ)zp(N—x)

xeAy x€Ay

(A.2.13)
for any density f with respect to vg(.).

To prove the first corollary take ¢ = 1, T(n) = n** and note that |0 (n)—
112 < C(p(x/N)—p(y/N))?. To prove the second corollary we take for each y €
{0,N}, c(n) = c,(n;7r(y)) and T(n) = n*. From the two previous corollaries
the claim (A.2.5) follows.
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A.3 Replacement Lemmas

In this section we prove rigorously all the replacements that were mentioned
along the Sections 2.8 and 3.2.3. We first recall Lemma 5.5 of [2] adapted to
our situation (with just one reservoirs at each end point of the bulk).

Lemma A.3.1. For any density f with respect to vg(_), any x € Ay, anyy € {O,N}
and any positive constant A,., there exists a constant C such that

<

()=, )y, | < FHGF )+ CA oG —r ()]

The first replacement lemma that we prove is the one that is needed for the
model of Chapter 3 when p(-) has finite variance for the case 6 > 1.

Lemma A.3.2. For any t > 0, for vy > 2 and for any 6 > 1 we have that

=0,

ON—>oo
TR 0 xeAy

[ t
lim lim E, ’f Z @;(nsNz(x)—Wfﬁz(l))ds

t
lim lim 5, || f > 0F (o) = TN —1))ds| | = 0.
0 xeAy

Proof. Below C is a constant than can change from line to line. Note that since
6 > 1 we have O(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 the Bernoulli product measure with constant parameter (for example
a) and we recall (A.2.9), from where we see that

%(ffm/?, V), S—%@N(ﬁ,v’jﬂ%w—@ (A3.1)

so that the error to change Dirichlet forms vanishes as N — oo for 6 > 1 and
for 6 =1 it vanishes when B — +00.

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

H(pnlvy) | 1 gy | & 1o Trenw O (1T, 000
BN BN ° %
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We can remove the absolute value inside the exponential since el < eX + ¢
and

limsupN~'log(ay + by) < max {hm supN'log(ay), hm supN Yog(by) }.
N—oo N—oo

(A.3.2)
By (A.1.2), the Feynman-Kac’s formula and (A.2.9), last expression can be esti-
mated from above by %

%HSl;P{ZGQ(H(X)—WgN(l),fMg SN (VF )+ SN0,
XEAN

(A.3.3)
where the supremum is carried over all the densities f with respect to ¥

"
Now we have to split the sum in x, depending on whether N —1 > x > ¢N
or x < eN — 1. We start by the first case and we have

1+sN
) =TN), flw = f(’r)(X) n(y))f () dvy
eN x—1
(n(z +1)—=n(2))f (n) dvy.
1+¢eN Z;;,f

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 7

2z,2+1
invariant, we write it as

, for which the measure V" is

1+sNx 1
1

2 f(f(n) FMP*M)n(z +1)—n(2))dvy.
SN o Ry

By usmg the fact that (a —b) = (v/a— v b)(v/a+ v'b) for any a, b > 0 and since

Ad® b?

ab < — + — for all A> 0, we have that
2 2A

>0 ()= TN, )

o A N—-1 1+eN x—1
=5 2 @xZ N )3 th/f(n)—\/f(nz’z“))zdvg’
x=¢N y=1 z=Yy
1 No1 1+eN x—1
Z @xz N Z ZJ(\/f(nH VI 1))2(n(z + 1) —n(2))%d Y.
x eN y=1 z=y

(A.3.4)
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By neglecting the jumps of size bigger than one, we see that

J VI = VFeta =) dv < oy o(VF, A

2E€EAN

Therefore, by using also (3.2.16), the first term at the right hand side of (A.3.4)
can be bounded from above by

ANl

x eN

f \/f(n)—\/f(nzzﬂ)) < CADy o(VF, YY), (A3.5)
zEAN

Recall (A.2.9) and observe that 2y (+/f, vﬁ') > QN,O(\/)T, vg). 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
(A.3.4) by (use Lemma A.2.3)

sN’x 1
N Z o f WVF )+ VF =) (G + 1) = ()P d vy
x=¢eN eN y= 1Z =y
B -
SCNXGZA:NX@X

(A.3.6)

which vanishes as N — oo by (A.2.9). Note that the previous result holds for
any € > 0. Now we analyse the case when x < ¢N — 1. In that case, we write

()= TN, )y = Z j (100 —n(y)f () dWY

1+¢eN
ZELN J (1= + 1) —1(=)f () dW
y=lz=y
1 1+£N y 1
LY f (2 + 1) — n(=)f () V.
y=x+1z=x

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

eN—1 gNeN—l
D> e (n(x) =N, f) <C [ADN(x/?, v+ >lex .
x=1 x=1

Recall (A.2.9) and (3.2.16). Then, we choose A = N/8CB and the result fol-
lows. =
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Remark A.3.3. We note that above, if we change in the statement of the lemma
© by ry (resp. @:{ by r;\;) then the same result holds by performing exactly the
same estimates as above, because what we need is that

Z @f <400 and Z x@jE -0 (A.3.7)

xeAy XGAN
which also holds for rﬁ instead of @f since y > 2.

Remark A.3.4. Let us see now what the previous lemma says when p(1) = p(—1) =
%. In this case we note that we have the same estimate as in (A.3.1), see 2. in Re-
mark A.2.1 and also note that © # 0 for x = 1 and © = 0 for x # 1. Moreover,

e; =p(1)= %, so that the result above reads as

lim lim E, [ J (Msn2(1)— Hilf]]z(l))ds”:

e—>0N—-00

—D =L =1))ds

]:

lim lim E, [
e—>0N—-00

A.4 Fixing the profile at the boundary

Let Q be a limit point of the sequence {Qy}y>; and assume, without lost of
generality, that {Qy }y>1 converges to Q, as N — +00. In this section we prove
that for the model of Chapter 3 if 6 € [1—1,1) (and also for the model of
Chapter 2 when 6 < 0) that the profile satisfies p,(0) = a and p,(1) =
for t € (0,T] a.e. We present the proof for p,(0) = a but the other case is

completely analogous.
Recall (2.8.4). Observe that

f ((m5,1,) —a) ds‘]

where Lg(') =¢! 1(0,¢)(-). Therefore we have that for any 6 > 0,

Ey, [UO AR a)dsu E@N[
QN“J( T, t;) —a)ds

Note that LS is not a continuous function so the set {

>5]<51E [

T, g )—0t) ds‘ > 5}
is not an open set in the Skorohod topology, but, a simple argument as we did in

f (7 5Ne(1) — @) ds
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Section 2.10.3 allows to overcome the problem. Therefore, by Portemanteau’s
Theorem we conclude that

[‘f ({2 L) —a)ds

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. m,(dq) = p,(q)dq with p, a continuous function
in O for a.e. s, by taking the limit ¢ — 0, we can deduce that Q a.s. p,(0) = a
for s a.e. The result follows from the next lemma.

N—oo0o

>6] < &1 liminf E, [.J (ngz(l)—a)ds
0

Lemma A.4.1. For any t € [0, T] we have that

lim lim E, UJ (Wegz(l)—a)dsuzo,
0

e—>0 N—oo

To prove last lemma we use a two step procedure. First we replace when
integrated in time, 7,y2(1) by a and then we replace n;y2(1) by nZy N (1). This
is the content of the next two lemmas.

lim lim E, [U (TN, (N —1)— B)ds
0

e—>0 N—oo

Lemma A.4.2. Fory>1, for 1—y < 0 <1 and for t € [0, T] we have that

}:

Nli_)rroloEHN |:‘JO (nsNz(N_ 1)—ﬁ)ds‘:| =

NILH;OEMN[ N2(1)—a)ds

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 a = p(0) < p(-) < p(1)=p
and p(-) is %-Hblder at the boundary. From (A.2.7) that we know that

%<3Nﬁ,ﬁ>,,g)<——@,v<f Vo)t g €2y CxlogW) -y 41y

BN7r+6+1

By the entropy inequality, for any B > 0, the previous expectation is bounded
from above by

BN

BN

Jo (2 (1)—a)ds

|

Llo E [e
BN & ”gw
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By (A.1.2), 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 ex-
ponential, last display can be estimated from above by

BNY+6-1
(A.4.2)
where the supremum is carried over all the densities f with respect to v";’ 5% By

Lemma A.3.1, since p(-) is y/2-Holder at the boundaries, for any A > 0, the first
term in the supremum in (A.4.2) is bounded from above by

1
a
[ I(\/_ ))+A+N/2]
for some constant C > 0 independent of f and A. Moreover from (A.2.7), since

@N(\/?’ Vg(.)) = @N,b(\/?’ Vg(.))

and y + 6 —1 > 0, by choosing A = 4C(p(1)) 'BNY~1, we get then that the
expression inside the brackets in (A.4.2) is bounded from above by

c C Ck
Eo+t51;p{(n(1) f)vlz;r()——%v(\/_ p())+ —},

BNY91 cC ¢
+—t—=
p(1) NY2' B

4C?

Now if p(1) # 0, then the proof follows by sending first N — oo and then
B — 00. For y+ 6 —1 = 0 the same proof as above holds, the only difference is
that We use a Lipschitz profile p(+) such that a = p(0) < p(-) < p(1) = and
p()is L -Holder at the boundaries. From (A.2.8) that we know that

N Ck
—( LV A < @N(\/_ p())+ o+ =, (A.4.3)
B () B

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

Remark A.4.3. The previous lemma tells us that for the model of Chapter 2 and
for 8 <1andt €[0,T] we have that
J-o

]:

Note that the previous proof follows since we have the bound (A.2.10) and in this
model p(1) = %

t
Jim. EHNU L (nen2(1) — @) ds

NIEEOE“NUL (Msn2(N—1)—B)ds
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Remark A.4.4. 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
Nli—{go E,, “ JO (Msn2(2) —a) ds‘] =0

and the same result holds by changing a to f3.
Now we prove the second part of the two step procedure.

Lemma A.4.5. For 1 —y <6 <1 and t > 0 we have that

1=

t
lim lim EMN[U NN, (N —1) = ngy2(N — 1) ds
0

t
lim lim E, f Wjﬁz(l)—nmz(l)ds
0

£—0 N—oo

(A4.4)

1=

Proof. We present the proof of the first item, but we note that for the second it
is exactly the same. When y + 6 — 1 > 0, we fix a Lipcshitz profile p(:) such
thata = p(0) < p(-) < p(1) =B, and p(-) is %-Hélder at the boundaries, when
y + 0 —1 = 0, the Holder regularity at the boundary is % Since we imposed
the same conditions as in the previous lemma in the profile p(-) then in this
case (A.4.1) and (A.4.3) holds. From now on we suppose that y+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

H(‘u’vaZ('))_i_ 1 oo E [BN ]
BN BN C&FvlLe '

By (A.1.2), 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

£—0 N—oo

Jo TN, (D y2(1)ds

{+1

1
%Hsup{ 2 00 =1y ey (VF, i)+ S0t 4SBT,

BNY+6-1
(A.4.5)

where { = eN. Here the supremum is carried over all the densities f with
respect to vf)’ (- Note that since y € Ay we know that

y—1
() —n(1) =D (n(z +1)—n(z)).
z=1
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Observe now that

J(n(2+1)—n(2))f(n)d () = J(T)(Z+1) N () = f (P d vy

2 f (n(z + 1) —n@)(f () + f (™ )dV .

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

{+1

—Z| () =01, ) |

{+1 y—1
< z%e;zj(”(z“) @) (VF)+ VFa=) d,
A ly 2
f VEm =V fe)) dh

y 22 1

lZ+1 y—1
+— Zf(n(zﬂ) () (£n) + F (P 1))d vy

y =2|z=1

(A.4.6)

Now, we neglect jumps of size bigger than one as we did below (A.3.4), from
where we get that the second term on the right hand side of (A.4.6) is bounded
from above by CAZy (\/f, vg (.)) where C is a positive constant independent of
A, L, f. Then, for the choice A= N(4BC)™! and since y + 6 —1 > 0, we can
bound from above (A.4.5) by

ZBC “” v
f (e + =@ (VFm) + v FaraD) dw

y= 2z

lZ+1 C/
+— f n(z+1)=n() (£ () +F(>*1))d v, |+ —

y =2 [z=

é+1

SC(%ﬂ% fn(zﬂ) () (f () + f(**1))d ()’

(A.4.7)

for some constant C. For the last inequality we used Lemma A.2.3. Observe
that B{/N = Be vanishes as ¢ — 0. It remains to estimate the third term on
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the right hand side of the last inequality. For that purpose we make a similar
computation to the one of Lemma A.3.1 from where we get that

5 <c 2lo(=)-r(3)]

Since p(-) is Lipschitz, by (A.4.7), this estimate provides an upper bound for
(A.4.5) which is in the form of a constant times

J(n(2+ 1) = (@)U () + F (P 1))d v,

{+1
BO 1.1 )
— -+ — <Be+B '+¢
N B Neyzzzy

which vanishes, as ¢ — 0 and then B — oo. This ends the proof. |
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