N

N
N

HAL

open science

Cutoff phenomenon for asymmetric zero range process

with monotone rates
Ons Rameh

» To cite this version:

Ons Rameh. Cutoff phenomenon for asymmetric zero range process with monotone rates. 2024.

hal-04731272

HAL Id: hal-04731272
https://hal.science/hal-04731272v1

Preprint submitted on 10 Oct 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - NoDerivatives 4.0
International License


https://hal.science/hal-04731272v1
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr

arXiv:2410.05220v1 [math.PR] 7 Oct 2024

CUTOFF PHENOMENON FOR ASYMMETRIC ZERO RANGE PROCESS WITH
MONOTONE RATES

ONS RAMEH

ABSTRACT. We investigate the mixing time of the asymmetric Zero Range process on the seg-
ment with a non-decreasing rate. We show that the cutoff holds in the totally asymmetric case
with a convex flux, and also with a concave flux if the asymmetry is strong enough. We show
that the mixing occurs when the macroscopic system reaches equilibrium. A key ingredient of
the proof, of independent interest, is the hydrodynamic limit for irregular initial data.
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1. INTRODUCTION

1.1. Model. The Zero range process on [y = [1, N] is a model describing the evolution of
k > 1 indistinguishable particles hopping on the lattice /y with a rate that depends on the
number of the particles at the departure site and the direction of the jump. This model was
introduced by Spitzer in 1970 [32] as a stochastic lattice gas with on-site interaction. Since
then, it has been widely studied (see [15, 27, 18] and the reference therein).

Let us now explicitly describe the process. Define

N
Q% = {n e NS " (i) = k} : (1)
=1

the space of configurations of k particles on Iy .

Given p € (3,1], ¢ = 1 — p and a rate function by g : N ~— [0, +00) a non-decreasing
Lipschitz function such that g(0) = 0 < ¢(1), an Asymmetric Zero Range process (ZRP

(g,p)) is a continuous time Markov process on Q‘}V,  with the following generator:
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where 7™Y is the configuration obtained when one particle from = jumps to the site y and
J - QY = Ris a test function.

FIGURE 1. A configuration of particles with k£ = 11 and N = 8. The crossed
red arrows correspond to forbidden jumps.

Remark 1. When g is linear, the dynamic describes the evolution of k independent particles.
Each particle jumps to the right with rate pg(1) and to the left with rate qg(1).

The process is irreducible and reversible with respect to its equilibrium measure

X ﬁ (g)ﬂ(y)y 5

~ Znx L gy

where g(k)! = g(k)g(k — 1) --- g(1). In particular, when p = 1, the equilibrium measure is a
Dirac mass on the configuration Vy ; = kdn.

77N,k(77>
y=1

1.2. Mixing time and Cutoff Phenomenon. Classical Markov process theory guarantees that
the process converges to its equilibrium measure 7y, starting from any configuration. This
article aims to estimate the speed at which the equilibrium is reached. The standard choice is
the total-variation distance, as it allows for uniform control, following Diaconis’ earlier work
[14, 1]. We denote the worst-case total-variation distance by:

dn(t) = max [|[Z'() = mllry (4)

neily i
where P’ is the law of a ZRP at time ¢ started at 7).
For any level of precision § > 0, we define the mixing time of ZRP :

mix

TNR0) = inf{t > 0; dy(t) < 6} (5)

In particular, we aim to describe the behaviour of the mixing time when the size of the system

and the number of particles diverge to infinity. In this article, we work in the natural setting for
k

a scaling limit, where §; converge to a € R, a macroscopic finite density.

Of particular interest, is the dependence of the mixing time on the precision €. We say that
the system exhibits a Cutoff phenomenon if

i (0)
Vo € (0,1), TN”“(1/4) —

mix

In other words, the distance to the equilibrium stays around 1 and drops abruptly to 0. This
remarkable phase transition was discovered in the context of card shuffling [14, 1]. We refer

the reader to [26, Chapter 18] for more background on the Cutoff Phenomenon.
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1.3. Previous Results. The Cutoff was investigated in various contexts, among which the sim-
ple exclusion process that describes the evolution of particles hopping on a lattice and con-
strained to not coexist on the same site. SEP’s mixing time has been studied in both symmetric
[34, 23,22, 24] and (weakly) asymmetric [25, 8, 19, 20] settings. The articles [22, 19, 20, 21]
underlined a notable link between the macroscopic relaxation to equilibrium (the Hydrody-
namic limit) and the mixing time. In particular, it was proven that in the asymmetric setup,
the macroscopic equilibrium is reached in a finite time and it corresponds exactly to the mixing
time. This link was also emphasised for the symmetric SEP with reservoir [ 16] where the study
of hydrodynamic limit allows for a precise description of the Cutoff profile.

ZRP can be seen as a generalization of SEP as it can be mapped into a simple exclusion
process (SEP) when the rate function g is constant. Cutoff for ZRP was also shown when the
rate function is constant on the complete graph [29]. For more general rate functions, it was
only studied to the best of our knowledge on the complete graph [17, 33].

In the context of asymmetric ZRP, the hydrodynamic limit was thoroughly studied on Z?
[30] for regular initial data. It was also established in the non-conservative case [3] and in
a random environment [4]. In all these results the rate function is assumed nondecreasing to
guarantee the attractivity of the process and to avoid the condensation phenomena (see for
example [2]).

1.4. Our contribution. The main achievement of this paper is to prove that cutoff holds in
the totally asymmetric convex flux, and in the concave flux if the asymmetry is strong enough
(Theorems 2 and 3). Moreover, we show that it occurs exactly at the macroscopic equilibrium
time, which highlights once again the link between hydrodynamic limit and mixing times. Our
proof exploits the hydrodynamic limit of ZRP on the segment, which we generalise for irregular
initial data (Theorem 1). As far as we know, the hydrodynamic limit for irregular initial data
hasn’t been studied before. We also give a precise description of the evolution of the position
of the left-most particles and the stack of particles at position V.

1.5. Acknowledgment. The author warmly thanks Max Fathi for his advice throughout this
project and for thoroughly reading the drafts. The author also kindly thanks Christophe Ba-
hadoran, Cyril Imbert, Cyril Labbé, Hubert Lacoin, Fraydoun Rezakhanlou, Ellen Saada, Justin
Salez, Marielle Simon and Cristina Toninelli for helpful discussions. This work received fund-
ing from the Agence Nationale de la Recherche (ANR) Grant ANR-23-CE40-0003 (Project
CONVIVIALITY), as well as funding from the Institut Universitaire de France.

2. MAIN RESULTS

Before we state the main theorems, we introduce some notation. For any ¢ < ¢*, we define:
k

k
2e) =Y s ad  VkEN, (k) = %@gé)!

where ¢~ is the radius of convergence of Z. Throughout the paper, we will always assume the
following:
Assumption.

® g is non—decreasing,
e g is Lipshitz :

g =suplg(k +1) = g(k)| < oo,
k>0

o limgqy,- Z(p) = o0.



The first assumption ensures the attractivity of the process and avoids potential condensa-
tion phenomena that may arise. The family of measure (7,,),, can be thus parametrized by its
expectation:

Va € R, 1/(04) = U(a)
where @ is the inverse function of ¢ — Ej_ (X)) and corresponds to the macroscopic flux for a
density a. When @ is convex, we also denote by W its convex conjugate:

U(x) = Sl;p(ozx — d()).

If ® is concave, ¥ denotes the convex conjugate of (—®) instead. We recall that the convexity
(resp. concavity) of g implies that @ is strictly convex (resp. strictly concave) [5, Proposition
3.11.

Let M, ([0, 1]) be the space of non—negative measure on [0, 1] endowed with the weak topol-
ogy. For any sequence of configurations (nx)n € Q?V’k , we define the empirical measure
associated with the process (ny¢):

pni(dy) = Z 1w, ()0i/n (dy) € M.([0,1])
IGIN
where (1) is ZRP started at (nx,)n. Notice that (py,); belongs to the D(R, M ([0, 1]))
the set of cadlag functions with values in M ([0, 1]) endowed with the Skorokhod topology.
This allows us to simultaneously embed the configurations with different sizes in a common
space.

In the context of ZRP , it is intuitively clear that the worst initial condition should correspond
to An = ko, where all particles are on the first site. From a macroscopic scale, it corresponds
to imposing ady as initial data where o would be the macroscopically observed mass. The
following theorem gives the hydrodynamic limit of ZRP on the segment for general irregular
initial data.

Theorem 1. Assume that ® is either strictly convex or strictly concave. Given ug € M ([0, 1])
with total mass o, let U be the unique Barron—Jensen viscosity solution to

U +®(0,U) =0, t>0,2€R,

U0, ) = /[ (). (HD)

For any p > 1, if (pn(0,dy))n weakly converge to uo(dx), the sequence (t — PN, Nt )N

’p—q
converge in law in D(R ., M (R)) to a measure-valued function t — v(t, dx). Moreover,

vt > 0,Vz € (0,1], v(t, [0, z]) = max (U, a]lRM[LJFOO))*.

Let us underline that we chose to speed up the process by p%q to ensure the limit does not
depend on p. The precise definition of Barron—Jensen viscosity solution of the Hamilton—Jacobi
equation (HJ) is delayed to subsection 3.3. The limit is usually determined (see [31, 15]) as the
unique entropic solution to the scalar conservation law:

O+ 0, P(u) =0, t>0,z€R,

L% =

Both notions of solutions are equivalent when uy € L' N L* for convex or concave flux ®
[28]. Beyond the difficulties raised by the presence of boundaries, the irregularity of initial

data with eventually non-bounded rate jumps required the use of Hamilton—Jacobi equations
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to uniquely identify the limit v. Note that although there exists a notion of measure-valued
solution of scalar conservation law, ensuring well-posedness in a more general framework (see
[13,9, 10, 11]), adapting the uniqueness criterion to our situation seems more challenging. Re-
garding the boundary conditions, we extensively use the attractivity of the process and the fact
that the characteristics point towards the right.

For any o > 0, let U“ be the Barron—Jensen viscosity solution associated to u§ = ady. One
can in particular remark that the macroscopic system reaches equilibrium in finite time. We
define for any o > 0 the macroscopic equilibrium time

Teqpo = inf{t > 0,U(t,dzr) < al,=1}. (6)

If the macroscopic system has not reached the equilibrium, the microscopic system is also still
far from it. Consequently, the macroscopic equilibrium time provides the following lower—
bound on the mixing time.

Theorem 2. Assume that ® is either strictly convex or strictly concave. For any p > 3,

N—o0
k/N—a

T
Va e Ry, VO € (0,1), lim inf %() > Tegpa-

Our main result is that the lower-bound is sharp in the totally asymmetric convex case and
the concave setting if the asymmetry is strong enough.

Theorem 3.
1. For p =1 and assuming that ® is strictly convex and g* = g(1),

) 1
Va e Ry, V0 € (0,1 lim M= =T, 1,=——.
OAS +5 € ( ) )7 k]y]%oa N q,1, g(l)

2. Assume that ® is strictly concave and bounded by g. Assume p > %, a > 0 are such that

pg(1) — 49 ® (‘Iﬂ (qj_l <Ta>)) e ((—<I>’)_1 (_—1» 0

> max

b—q J/ (\I/—l (T Q@ )) ’ Teq,l,a
eq,l,a
Then,
T (9)
Va € Ry, VO € (0,1), A}l_I}I(l)O -y = Toqp.o-
k/N—«

Clearly, it implies that the ZRP in this framework exhibits a Cutoff since the limit does not
depend on . As was already the case in the ASEP [19], the hydrodynamic limit does not
provide precise enough information to prove the matching upper—bound. An easy way to see
it is by considering 15, + (k — 1)y as an initial condition where macroscopic equilibrium is
achieved and microscopically we need to wait for (p — ¢)g(1)N.

The main idea is to control precisely:

e L j: the position of the left-most particle
e Sn: the number of particles at the position /N

and prove that they do follow their macroscopic analogue (,,2”;‘, Ypa) , predicted by the hydro-
dynamic limit. Once these two statistics reach their equilibrium state, the system rapidly mixes.
At this level of generality, 7y 1, £ and ., are not explicit, making the problem delicate. We

also emphasise that ZRP do not have a particle-hole duality, unlike ASEP . Thus, the study of
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Ly and Sy need to be conducted separately. The technical condition (7) is due to a com-
parison to ASEP case which lacks precision. Indeed, condition (7) requires that the maximum
macroscopic speed and flux achieved by the ZRP be below the critical level pg(1) — ¢g of the
ASEP , to which we are comparing (see remarks 9 and 10). We believe that the result should
hold in a more general context.

Remark 2. The condition (7) is verified on a wider class of ZRP than just for the constant

rate. Indeed, we observe that when o converge to 0, <(—(I)’ )7t (‘—1>> — 0. Hence, one

(10 () o

Thus, when p = 1, the condition (7) is trivially fulfilled for any o < . Consequently,
Jmax, V0 < @ < Omax, IPmin € (1/2,1), Yp > Pmin such that the condition (7) is fulfilled.

can fix aunay such that

2.1. Organisation of the paper. The rest of the article is organized as follows. In Subsections
3.1 and 3.2, we recall the attractivity property of ZRP and the mapping to the exclusion process
when the rate is constant. Then, we recall the definition of the Barron—Jensen viscosity solution
in Subsection 3.3 and generalize the hydrodynamic limit on Z with irregular initial data in
Subsection 3.4. In Section 4, we prove the hydrodynamic limit of ZRP on the segment. The
proof of Theorems 2 and 3 occupies the whole Section 5. Section 6 is devoted to the control of
the position of the left-most particle and the stack at position N when the flux is concave. A
list of symbols used is inducted at the end of the Appendix.

3. PRELIMINARIES

3.1. Coupling, attractivity, and orders. Throughout the article, we shall frequently need to
couple ZRP on different graphs and rate functions. For convenience, we introduce a generic
form that serves as a standard framework, to which all specific cases can be reduced. Given
g+, 9- : N x Z — R, , we define the following generator:

Agog J) = g: (i), 1) (J") = T () + g-(n(i),5) (J(* ) = J(m)),  (8)
i€
where g, (resp. g_) is the rate of jumps to the right (resp. left) from position 7. Let us mention
that any ZRP generator on any sub-graph of Z could be written in this generic form.

It can be more convenient to compare their evolution by representing a configuration 7
through its height function. For any € N%, we define the height function by

J
hy(§) = (i),  VieZ 9)
=1

We denote by (27 the set of height functions corresponding to configurations on Z. It is endowed
with the order defined by

{h > ;3} = {Vi € Z,h(i) > /5(2')}.
As the asymmetry induces a bias to the right, we can understand this partial order as a compar-
ison of the evolution of the processes, where / is farther than h from the equilibrium.

Remark 3. In the case of ZRP on the segment, we will denote the set of height functions by
Qng = MQY ). In particular, the configuration Vy = kiy is the minimal element and
ANk = ko1 to the maximal element. Due to the bias to the right, the configuration Ay

corresponds to the worst initial condition.
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The following lemma provides a straightforward criterion to compare different processes,
which is a slight generalization of the usual attractive coupling.

Lemma 1 (Attractivity). Given g, 9,9+, g- : N X Z +— R, such that:
VieZ, Yl>m,  §o(l,i) > g (m,i)and §_(m,i) < g_(1,1). (10)
For any ho < ho € Qy, there exists a coupling such that almost surely:
Yt >0, hy < hy
where h (resp. h) follows the dynamic A,, , (resp. Az, ;).

Proof. We introduce a coupling via the following Markov generator:

€L

Groed (0,77) = (9 (n(0),9) A g=(7(0),4)) (J (0", 7"*) = J(n,7))
+1ge((i),3) — g (), )], (J (0", 7) — T(n,7))
[ ); i

+19:(0(1), 1) — 9 ((0), )] (J (0. 7") = T (1. 7)) -
As usual, we want particles for the two processes to jump simultaneously as much as possible.

We denote by

where
i)
i)

E=1{(h,h) € Q3 h>h}
It remains to show that if 4 > h then A1 e(h, il) > 0. We remark that the jump from ¢ € Z that
may contribute negatively are:

e A jump to the right of an n—particle without an 7j—particle jump when h(i) = ﬁ(z) In
such a case, n(i) < 77(7) which implies that g, (1(i),7) < g.(7(4),1).

e A jump to the left of an 7j—particle without an 7j—particle jump when h(i —1) = h(i—1).
In such a case, 7(i) > 7(¢) which implies that g_(n(i),7) > g_(n(7), ).

In both cases, the corresponding term in the generator is null which concludes the proof. [

Remark 4. As g is non—decreasing, we recover the attractivity of ZRP :

For any ho < hy, there exists a coupling such that almost surely for any t > 0, hy < h,.
One can see the attractivity as the analogue of the L'—contraction of entropy solution to (CL).
It can also be seen as a microscopic counterpart of the Hamilton—Jacobi’s maximum princi-
ple. The attractivity is the key argument in the proof of the hydrodynamic limit of the ZRP in
[301,[18, Chapter 6] and also for Theorem 1.

We will also seek to transfer information about the macroscopic behaviour of ZRP on Z to
the ZRP on subintervals. In the spirit of [19, Lemma 18] and [3, Lemma 3.3], the same coupling
(%) guarantees a comparison of both processes for short times and far from the border. The
proof is identical that in the references but we include it for completeness.

Lemma 2 (Comparison far from borders). Given a < b € ZU{+oo}, € Ry, let n be a ZRP
(9,p) onZ and 1) a ZRP (g, p) on [aN,bN] coupled according to (€).
There exists a constant C' > 0 such that for any o', € R suchthata < o’ <b' <b

1 X
N Z Ur (1) — ﬁ;fq (2) ] =0,

lim sup sup E
N—oo no= WOENZ SE[O CE]
22 M0 (H)<BN

where ¢ = min(b — b, a’ — a).

Proof of Lemma 2. Given such a/,b' € R. We introduce
7



e H : R+ [0, 1] smooth, non-increasing, equal to 1 on R_and to 0 on [1, c0).
e ¢: R~ [0,1] equal to 0 on [a’,¥'], to 1 on (—o0,a’ — £] U [V + 2, 00) and such that
9]l < 37"

We denote by J(t,x) = H ((p et q(x )) Then, there exists ¢, C' > 0 such that J(¢,z) > ¢
for any (¢,x) € [0, C¢] x [d’, V'] which implies:

e e

1=qa

Since 7y = 10, we have:

2 (05) e

where M is a martingale with M, = 0 and

o= felga ()b

As J is equal to 0 as soon as x ¢ [a' — 2, + %], we obtain:

1 sN (Z) — 77 sN (’L) ordMH

pP—q r—q

SR

D) ()

where ord; ; = 1(;i)—#i(i))(n(j)—i(j))>0- Since the number of particles is bounded by SN and .J
is smooth, there exists C'; 3 > 0 such that for any ¢ < Ce

s Gt [ a0+ 20 (25 s ) - .4.0).

0 icZ

N (i) = i ()] ordy o,

p—q pP—q

Finally, we observe that 0;.J + ;%;WIJ | < 0 which implies for any ¢ € [0, C¢|:

1 i Cup
E(W;J(’fw) >—T’

and concludes the proof. U

N (i) = 7. (D)

p—q

3.2. Link with the exclusion process. Let us recall the generator of the asymmetric exclusion
process (ASEP ) on a segment:

N

AT (n Z pr(@)[1=n(i+D)] (J(" ) = J(m)+ Y qn(@)[1=n(i—1)] (J(n""~") = J(n)) .
i=2

For any configuration & € QO o= {{ € {0, 1} vek-r STV k‘} we define F(§) €

Q?\/, ;. according the following rules:

e Label (z;)Y¥, the position of empty-sites on the configuration £. Fix zy = 0 and zy =
N+Ek+1
8



e On each site i, put z; — z;_; — 1 particles.

"o @ € ® eceo0e 0 ‘o 6

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

FIGURE 2. The exclusion configuration corresponding to the figure (Fig.1.1)

It is easy to see that E is a bijection from Q?\}ez to Q?V,k' Moreover, it is well-known that ZRP
is in bijection with ASEP on a segment /1 with k particles if the rate function is constant
[15, 12].

Lemma 3 (Link between ZRP and SEP). If (1:):>0 is a ZRP with a rate function g = 1,5,
started at 1o, then process (E~1(n;)), evolves according to A started at E~*(n).

3.3. Hamilton Jacobi Equation. In this subsection, we recall uniqueness and stability prop-
erties of the Hamilton-Jacobi equation on €2 = [0, +00) x R

U+ @(0,U)=0, tzeQ
U(0,-) = Uy,
where Q2 = (0, +00) x R. Let us assume that ® is strictly convex.

Barron and Jensen introduced in [7] a notion of viscosity solution adapted for discontinuous
initial data.

(HI)

Definition 1. A bounded lower semicontinuous function is a Barron—Jensen solution (BJ) iff
for all o € C*(Q) and at each maximum point (ty, x9) € Q of U — @, we have

8tg0(t0, ZEO) + q)(aLEw(th IO)) =0. (BJ)

Remark 5. The Barron—Jensen notion of viscosity solution is also called the “bilateral so-
lution” and is equivalent to the Crandall-Lions viscosity solution if ® is convex and U &
W,5%(Q) [7, Theorem 2.3].

loc
This notion ensures the uniqueness of the solution to (HJ).

Theorem 4 ([6, Theorem 5.14]). Assume that Uy is a l.s.c bounded function. There exists at
most one L.s.c function U which satisfies both (BJ) and

u(z,0) =ug onRY.

It is also well-known that if the initial data Uy is Lipshitz, the viscosity solution is given by
the Hopf—Lax formula:

U(t,z) = inf (Ug(y) + 1T (ﬂ» (12)
yeR t

where we recall that W is the convex conjugate function of ®. Demengel and Serre proved in

[13] that the Hopf—Lax formula is stable.

Proposition 1 ([ 13, Proposition 4.1]). Given a sequence (u ) bounded in L'(R) and converg-
ing vaguely to a measure ug o, let

Vn € NU {o0}, Un(t,x) = inf </ Upn(2)dz + tW <¥)) :
(7007’!/)

yEeR

Then, for anyt > 0,z € Cont(U(t)), (U,(t,x)) converge to U (t, x) defined by the Hopf-Lax
formula.
9



In the reference, the convergence is stated to be point-wise which is not the case even for
t = 0. Nonetheless, the proof yields the convergence at continuity points.
On the other hand, Barron and Jensen proved the stability of their solutions in [7, Corollary 3.9].
The proof is provided for a bounded Hamiltonian but can easily be extended to our framework.
Thus, we have the following corollary:

Corollary 1. Given uy € M (R) with finite mass, the unique Barron—Jensen solution U is the
function given by the Hopf-Lax formula (12) where

U(O,x):/ uo(dy) onR.
(7007:”)

Since in our case ®’ is non-negative, the characteristics always point towards the right direc-
tion. The uniqueness result can be generalized by specifying the influence domain.

Lemma 4. Assume that Uy, V) are l.s.c bounded functions and that there exists C' > 0 such
that:
Up(z) = Vo(z), Vo € (—00,C]
then, U(t,x) = V(t,z) forall x < C 4 t9'(0).
Proof. For any t > 0,z € R, we observe that if y is such that £ > &'(0) then ¥ (2¥) = 0.

So, the infimum can be taken on the smaller set y € (—oo,x — ®’(0)¢]. This implies the
lemma. 4

Remark 6. We emphasize that all these results can be adapted in the case of a strictly concave
flux by replacing l.s.c with u.s.c and maximum by minimum. It is sufficient to consider V (t, x) =
Uy(o0) — U(t, —z). The Hopf-Lax formula becomes:

U(t,z) = sup </ uo(dz) — tW (x — y)) , (13)
veR \J (—ooy] t

where VU is the convex conjugate of —®.

3.4. Hydrodynamic limit on Z. In this subsection, we consider the ZRP on Z. Let M (R)
be the space of non—negative measures on R endowed with the weak topology.

We consider (1y)n € NZ a sequence of configurations and we define the empirical measure
associated with the process 1y ¢

pn(dy) = Zm\u di/n (dy).

’LGZ
Note that we extended the empirical measure to the hole line Z.

Theorem 5 (Hydrodynamic limit on Z). Given uy € M_(R) with a finite mass, we consider
the Barron—Jensen viscosity solution to

U+ ®0,U)=0, t,xe (14)
U(0,-) = Uy,

where Uy is the cumulative distribution function of ug. Let (pn(0,dy))n be a sequence weakly

convergent in law to uy(dx).

We assume that there exists A > 0 such that:
N—oo

Then, the sequence (t — py ~i)n converge in law in D(Ry, M (R)) to a measure-valued

function t — u(t,dx). More over, for each t > 0, the c.d.f of (u,(dx)) is (U)*, the u.s.c

envelope of U,.
10



Rezakhanlou [30] has proved the hydrodynamic limit when the initial configuration is sam-
pled according to a local equilibrium ®;¢zv (u; ) where

R s |upeny, v — uo(2)] dz =0
and ug has a bounded density with respect to the Lebesgue measure. Actually, in [30], g is
assumed to be bounded. We underline that one can adapt the proof [18, Theorem 0.3, Chapter
8] to generalise the result to non-bounded g when (pn ) are compactly supported. Our the-
orem generalizes the hydrodynamic limit to irregular initial data, as we want to consider the
macroscopic behaviour for uy = dy.

Let us denote Qy the law of ¢ — py ~: . The proof is based on a tightness and uniqueness
argument. o

Lemma 5 (Tightness). The sequence (Qn)n is tight. Moreover, if Q is any limit point of
(QN)n, then for Q almost every u, u is weakly continuous in t.

The proof of this lemma is a standard argument similar to the tightness proof on the segment
(Lemma 6) and we omit it.

Proof of Theorem 5. Let Q* be a limit point of Q. The idea is to trap the process 1 between
two processes with more regular initial data. For any £ > 0, we introduce the following func-
tions

c2

|z + ¢ — y|?
-

o~ 2
R R
+

Us(z) = to(z) + sup {Uo(y)

Y

where .. is a smooth function equal to 0 on (—oo, —A — 2] and € on [-A — 1, 00). We denote
their associated unique viscosity solution by U® and U¢. We also denote by

infUs =U et supUc =U

For any ¢ > 0, Uj and U¢ are Lipschitz, non-decreasing, bounded, and converge to zero
when x goes to —oo. We can thus consider two ZRP with the following initial configurations:

58 ~ QiezV (N [Ug
By [30, Theorem 1.3], the hydrodynamic limit of £° (resp. £°) corresponds to the solution of
HJ with initial data U, (resp UY).

- USL' ;D and §g ~ QiezV (N [QE i1 —Ug L,Li|> .

i1 -
PN ' 2N N 2N N ' 2N N 2N

Let us denote by £y, the event where for any = € R,

Uy (v=2) = 2 < h(Na) < Uy (w+ ) + 55
hi(Na) = Us (2= =) = =
B5(Nw) S Uy (o4 5) + 5.

By using the Levy distance, we obtain that Qn(Ey) converges to 1. Thanks to the choice of
U;, U and the assumption (15), we obtain on the event Ey:

hy < ho < h.
1



A similar coupling as (%) ensures for any ¢ > 0, ¢ > 0, and almost surely on Ey,
hi < hy < hi.
By using the hydrodynamic limit of £* and £¢, we obtain for any ¢ > 0,

Q*-as, V€ Cont(U;), Us<U <Us (16)
where Cont(U;) are the continuity point of U;. By making € go to 0, we have for any ¢ > 0:
Q*-as, Va € Cont(U,), U, <U <U,. (17)

By Proposition 1, U(t, z) = U,(t, z) on their continuity point. Thus, we obtain V¢ > 0,
Q*-a.s, Va € Cont(U,), U =U,

which uniquely determines Q*. U

4. HYDRODYNAMIC LIMIT ON THE SEGMENT

Let (nyo) € Qn i such that the associated empirical measure (pyo) weakly converge to
ug € M ([0,1]). The proof is also a tightness—uniqueness argument. We denote by Q the
law of t — py v ,.

'p—q

Lemma 6 (Tightness). The sequence (Qn)n is tight. Moreover, if Q is any limit point of
(ON)N, then for Q—almost every u, u is weakly continuous in t.
The main argument is the point-wise convergence of the cumulative distribution functions.

Proposition 2 (Concentration on BJ solution). Given (nno) € Sny such that the associ-
ated empirical measure py o weakly converge to uy € M_([0,1]), we consider U the unique
Barron—Jensen viscosity solution associated to (HJ) where Uy is the c.d.f of uy.

Foranyt > 0,6 > 0andy € (0,1) N Cont(Uy), we obtain

) 1
&%P(Nh]v’&(y]\f) —U(t,y)‘ 25) =1

The proof of Lemma 6 and Proposition 2 are deferred to the next subsections.

Proof of Theorem 1. Given Q* a limit point of QY, the previous lemma implies that for any

t >0,
y

Q" — a.s, y € (0,1) N Cont(U;), / 7 (dy) = Ul(t,y)

The total number of particles is conserved. Thus, for any ¢ > 0,

Q" —as, 7([0,1]) =«
which uniquely determine Q. U
4.1. Proof of Lemma 6: By [18, Proposition 1.7], it is sufficient to show that for any J €
C>([0,1]), the sequence (t — (py. g, J) is tight. Since the total mass of the empirical
measure is bounded, it remains to prove that for any 7" > 0:

lim lim E
60 N—oo

sup
5,¢<T,|t—s|<d

| S

Let f(n) = & SN LT (%) n(z). We consider the associated martingale (My,) such that for
anyt >0

Nt

/ (ﬁm,ﬁ) —f (771\/,%> = NS_ Anf (mnr) dr—i—MN’%t — My

pP—q

. (19

12



A direct computation shows that

N? ANf (nN,r) dr
p—q prtq 1 N-1 il }
= N ;(pg(m(x)) — qpg(m(x + 1)) <J( ¥ ) iy <N>) dr
k
S IV I lloog™d- 00)

On the other hand, we obtain by Doob inequality:

g8 ) 25 (v )

s<T 'p—q

) ( /0 o Anf (ve)? = 2f () Anf (77N,r)>

_ %]E (/ONT g(pg(m(ﬂﬁ)) +qg(m(z + 1)) (J (x; 1) -7 <%>>2>

]{JCJTg
< _KCurg 1)
(p—q)N?
Clearly, (20) and (21) imply (18). O

4.2. Proof of Proposition 2 (Lower bound). The idea is to compare the process on the seg-
ment to the process on Z through two different couplings.

Given t*,6,e > 0, we fix R = %. We denote by C' the constant given by Lemma 2
fora = 0 and b = +o0o. As the macroscopic comparisons are valid only over a period of

%, we introduce a time subdivision (t;);eny = (%z’)ieN. For convenience, let us denote

(Tz‘)ieN = (%i)iel\l-

We introduce a first process 7 on the subgraph N started at 70 = n(- — [2e/N|) which we
couple with the ZRP process 7 on the segment following (%’). For any ¢t > 0,

hye < B, a.s. (22)

Then, we define 77 a ZRP on Z coupled with 7 according to (¢’) on 1}, T;;,) and updated at
each T; by imposing 7 = 7. We claim that for any ¢ < 2¢*, the sequence (7 (¢, dy))n converge
in law for the weak topology to the measure 0,[U; (- — 2¢)].

Thanks to Theorem 5, it is sufficient to prove the claim for each update ¢; < 2¢t*. We argue
by induction and we assume that the claim holds at ¢;_;.
Let us denote £ = {Vs < t*, h(s, RN) = k}. Thanks to Lemma 1, we can couple 7 with k
independent particles jumping only to the right with rate pg*. Thus,

PE)>1-P ('ElllanXi > RN) :
S Zg*in*

where X; are independent Poisson variables with parameter: p—

r.h.s term converges to 1.

. Lemma 13 implies that

13



Given a bounded continuous test function .J, we obtain on the event £ by the triangular inequal-
ity:

1 T N *
N ;Z: J (N) il ([TZ]JF’ x) — / J(QJ + 25)8xUti (d.l’) < Ai,N + B@N + Ci,N + Di,N; (23)
where

2o
Ay =22 37 [0(Ta) =i (7] 2)|

r=eN

k
Biy =—sup |J(z) — J(0)|

N z<e
1 RN - R—2¢
Cin = N Z J(z/N)i ([T}, ) —/ J(x 4+ 2¢)0, U/ (dx)
r=eN —€
1 & k
Din =J(0) | > 0 (L7 2) — |-
r=eN

First, (A; ) converges to 0 in expectation by Lemma 2. The second term vanishes by continu-
ity of J in 0. By the induction assumption, (C; x) and (D; y) converge in probability to zero
which concludes the proof of the claim.

Consequently, for any ¢ < 2t* and x € R such that x — 2¢ € Cont(U,):

"

1) 16 1 - N
b (Vo) = Ut =29 2 5) SPE)+ B |5 5l @) = i o)

o z€[eN,RN]
)
> — P
al > 8) + (

where £¢ the complementary event. The third and fourth right-hand side terms converge to zero
thanks to the hydrodynamic limit of 7. Lemma 2 guarantees the convergence of the second
term. Thus,

“(

1 J
lim P (NhMt(xN) > Ul(t,z —2¢) — —> =1

N—oo 2

hose (Na) = Uty — 25)‘ > é) .

8

B (N) = Ut - 28)( > é) — 0.

2 N—oo

By (22), we obtain

Finally, Cont(U;) is dense and for any z € Cont(U;), we can choose ¢ > 0 such that

x — 2¢e € Cont(Uy) and Ult,x —2¢) > Ul(t,x) — g

Thus,
1
lim P <NhN’t(a:N) > Ult,x) — 5) =1, Vo > 0.

N—oo

14



4.3. Proof of Proposition 2 (Upper bound). The proof follows a similar approach to the
lower bound proof, but we need to be cautious at the boundary at N. Thanks to Lemma 1, it is
sufficient to prove the same result on the subgraph [—oo, N].

Lemma 7. Let 7jy a ZRP on [—oo, N| started at nyo. For any t,0 > 0 andy € (0,1) N
COIlt(Ut).'

: L
A}l_rgo ]P)(NhN’pth(yN) < U(t,y)+5) =1

k/N—«

Proof of Lemma 7. Given ,t* > 0 and ¢ > 0. We fix R = % and C the constant pro-
vided by the Lemma 2 for a« = —oo and b = 1. As above, we introduce a time subdivision
(ti)ien = ($i)ien and (T;)ien = (%i)iew

Whenever we use Lemma 2, we lose information about the density profile between (1 —¢)N
and N. Unlike the lower bound, this part may contain a non-negligible number of particles.
To get around this, we introduce a delayed version at each ¢; where we gather the particles at a
well-chosen point before N (1 —¢). This is still sufficient as we are looking for an upper bound.
More precisely, let us define the function V¢ by:

e Forany t € [ty,t;), V¥ = U, where U, is the Barron-Jensen viscosity solution to (HJ)
with Uy as initial condition.
e For any i € N, there exists y; € Cont V4(¢; ) N (1 —2¢,1 —¢)

Via 1) = Ve t7) i 1<y,
Vd(:(;’ tl) = if > Yi-

For any t € (t;,t;41], V¢ is equal to the Barron-Jensen viscosity solution started at
V(t;).
As the updates at each ¢; affect only the function on a support [1 — 2, +00), Lemma 4 implies
that V¢ = U forany t > 0 and z < 1 — 4e.
We also define the microscopic analog 7% to V¥ on || — oo, N|

e Forany t € [0,T}), 1 is set to be equal to 7.
e For any i € N, conditionally on o (7(s), s < T;)

ﬁd (xaTZ) = ﬁd<1‘,Ti_) if =< \_N%J?
(2, T) = X vy T, 1) it @ = [Ny,
7%z, T;) =0 if =>|Ny].

This modification delays the evolution. More precisely, h%(T;",-) > h(T;",-). For any
t € (T;,T;4+1], both processes evolve according to (%) to respect the order of height
functions.

We finally introduce a ZRP 7? evolving on Z coupled with 7¢ according to 4" and updated on
each T; as for 7j2. We claim that

Nt

Lemma 8. For any t < 2t*, the sequence (ﬁd (p—q’

dy)) converges in law (in the weak
N

topology) to the measure 0, V.
15



We defer the proof of this lemma to the end of this sub-section. For any ¢ < 2t*, z €
Cont (Uy) N (—o0, 1 — 4e):

B

3|1 R
+5E % 2l i () =it ()] +IP’<

JE[-RN,N(1—¢)[

Ry, (Nxz) — U(t,m)‘ > 5) <P (ﬁdm (—rN) > N >

p—q p—q 3

#%, (-NR, Na]) — U(t,x)‘ > g) .

r—q

The second right-hand side term vanishes as /V goes to infinity thanks to Lemma 2 and Lemma
8 implies the convergence to zero of the third term.
By Lemma 1, we can couple the process 7% with a process of & independent particles that jumps

only to the left with a rate ¢g*. Thanks to this coupling, we obtain for any s < 1%;

b

P (hiy(~RN)>1) <P (ig% X, > RN) , (24)

. . . . * *
where (X;), are independent Poisson variables with parameter 22~

forany t > 0 and x € Cont (U;) N (—o0, 1 — 4e):

. Lemma 13 implies

lim P ( Ry, (Nz) — U(t,x)‘ > 5) —0.
N—oo p—q
Since h% > h, we conclude the proof, up to Lemma 8. U

We turn to prove the last lemma.

Proof of Lemma 8. We first recall that for any ¢ < 7, {fzdﬁ(—RN ) > 1} occurs with proba-

bility converging to one. Thanks to Theorem 5, it remains to prove the convergence for each
update t; < 2t*.

As above, we argue by induction and we assume that the lemma holds at ¢;_;. Given a
bounded continuous test function .J, we obtain almost surely on {hl (—~RN) > —RN}:

1 T\ . N
¥ 27 ()i @) = [ I@0V; (d0)] < Ay + B+ Cow 4 Dive 25)

€L
where
2| loo od (11— d
Ain =N Z |77 (), 2) = (T3] 79‘5)|
z€[-RN,N(1—¢)]
Ny; k
Bin = J<L ]\?/'JJ> N_J(yi)@
1 yilV Ad 3 Yi
Cov=| 2 /Wit (I 0) = [ J@0u (o)
2=—NR —R '
J(LN]\?iJ) yilN Yi

First, (A; n) converges to 0 in expectation by Lemma 2. The second term converges to 0 by

continuity of J. By the induction assumption and Theorem 5, we obtain the convergence in
16



law of (74 (T}, dy)) ,, to 8,V,~. Thus, (C; ) and (D;,x) converge to 0 in probability as V- is
continuous in y; and — R. U

5. PROOF OF LOWER AND UPPER BOUNDS ON THE MIXING TIME

In this section, we prove the main theorems on the mixing time.

Let us recall that Ay = ké; and Vy = kdn. For the sake of clarity, we will omit the
indices when it is clear from the context. As mentioned, A corresponds to the configuration
farthest from the equilibrium. By Theorem 1, its macroscopic density evolution is described
by U“ the unique Barron-Jensen solution of (HJ) and its macroscopic equilibrium time T, ;, o
corresponds to the mixing time.

5.1. Lower bound of the mixing time. The proof of the lower bound relies on the hydro-
dynamic limit of the ZRP on the segment and uses the position of the left-most particle as a
distinctive statistic.

Given a configuration ) € QS)V, » we denote by ¢(n) the position of the left-most particle. The
following lemma controls ¢(n) when 7 is sampled according to the equilibrium measure 7y .
The proof is the analogue of [19, Lemma 11] and [25, Proposition 11].

Lemma 9 (Concentration of £(n)). There exists C, depending on g, p such that for any N, k, 0 €
N:

s
ol <N =) < Cat) (£) 6)
Proof. We observe that
avem™™)  (p\"T g() () [P\
mvi(n) (q) SN +1) = g(h) (q) ’

where 7% is the configuration obtained by moving a particle from a position 7 is moved to the
position N. Thus,

. g(k) (p\ " vy g0k) (P
avp(ln) =i) = > 7wk < o \g > (™) < o \g -
n,¢(n)=1 n,0(n)=i
We obtain the lemma by summing over : < N — J. O

We can now prove Theorem 2.

Proof of Theorem 2. As mentioned above, it is natural to consider as initial condition A. We
obtain for any o > 0,

dN7k ((Teq,p,a - 5)N) Z ||P(/’}eq,p7u—5)N - 7T]\TJCHTV
> Pl e (C() SN —eN) =y (6n) > N —eN).

where P, is the law of the process started at A. Since

1
Teqpa = inf{t > 0,U(t,dz) < al,1}, (27)
p—q
the hydrodynamic limit on the segment (Theorem 1) implies that for any o > 0, there exists
e €(0,1),
hm P?Teq,p,a_5)N (6 (77) S N - gN) — ]_

N—oo
k/N—«

Lemma 9 concludes the proof. U
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Remark 7. Let us emphasise that the same method would apply for g of polynomial growth if
the hydrodynamic limit holds.

5.2. Upper bound: totally asymmetric jumps and convex flux. Let us first observe that as
p = 1, the system is mixed when it reaches the configuration V. Thanks to the attractivity, we
have in particular

Vit > 0, dN,k(t) = Pt/\ (h(N — 1) > O) .
On the other hand, the Hopf-Lax formula written (12) as:
U%(z,t) = inf{ir<1£ [a+tU(z)]; 12£ [tU(2)]}

implies that the macroscopic equilibrium is reached at
1 1

Tt = 50) ~ (1)
As T¢, 1., depends only on the value of ¢ in 1, the idea is to couple through () with the linear
rate function, the simplest and slowest convex rate function.
We consider a ZRP (1) started at A and a linear rate function g,q : * — g(1)z. Since

g > gind>» We couple both processes according to (%) to obtain almost surely for any ¢ > 0:
hind > p,.

We recall that ZRP with a linear rate corresponds to independent random walks. Consequently,
we obtain for any ¢ > 0,

dyi(t) =P (hy(N — 1) > 0) <P (hM(N — 1) > 0) = 1 — P (P(tg(1)) > N)*.

If ¢ is fixed to N (ﬁ + 5), the limit is zero, which yields the first assertion of Theorem 3.
5.3. Upper-bound: Concave flux. In this subsection, we will work within the framework of
Theorem 3.2. The main idea is to show that the leftmost particle and the number of particles at
position N approach their equilibrium state around N7, , .. Once there, the system will mix
rapidly. Let us denote by:

LN,k = g(/\t), and SN,k = /\t(N), (28)
where (A;); is a ZRP(g, p) started from the configuration A. We also introduce their macro-

scopic analogue:

Z(t) = inf{x € R,U*((2p — 1)t,z) > 0},

vt >0, (29)
S(t)= a—=U*((2p—1)t,17).

The macroscopic equilibrium time could be written as:
(03 -1 « -1
Tegpa = (‘gp ) (1) = (‘yp ) (a).

The following lemma ensures that the microscopic behaviour corresponds to the expected
macroscopic behaviour.

Proposition 3 (Macroscopic behaviour of Ly and Sy ). For any t < T.,, ., we have the
following convergence in probability:

1 o 1 o
NSN,k(Nt) E} yp (t) and NLNJf(Nt) m c% (t)
k/N—o kE/N—a
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The proof of this lemma is deferred to Section 6. As in the case of the exclusion process [19,
Proposition 9], we emphasise that the hydrodynamic limit of (A;) provides only the upper—
bound on Ly and Sy : For any 6 > 0
Ly (Nt
Vt < Togpoas M

1
N—o0 N—oo

im P (SN’fT“W) < 7o) + 6and lim < 201+ 5) .y

Let us focus on the proof of the second statement of 3.
Proof of Theorem 3.2. By triangular inequality, we have for any ¢ > O:

dN,k(t) S QI’;LI%IX ‘ Pth — Pth/

TV
The attractivity of the ZRP permits a first simplification. Indeed, starting for any h, h’, we can
trap their evolution between (A;) and (V;) thanks to a similar coupling to (%):

dni(t) < 2127%;() ph—p¥ )Tv < 2P (A # Vy).

Then, once the process (/\;) reaches the minimal state V, the processes (A\;)s and (V)5 become
identical:
dNJg(t) S 2P (VS S t, /\s 7£ \/) .
For any € > 0, we define
Exp = {n €Wy Ln) > N1 —e)andn(N) > (1 —e)k} .
We also denote by A° the maximal element of the set £F; ;.. For any § > 0, we obtain

dN,k(N [Teqw,a + 5])
<2P(Vt < N [Togpa+9], Nt #V)
<P (VE < N [Togpa + 6], At #VEANT, 0 € Exi) + 2P (ANTuype & Exvie)
< 2P (Yt < ON, A; # V) + 2P (ANTegpe & Exi) »
where (A7) is a ZRP started at A°.
Since Tegpo = (Z5) (1) = ()" (a), Proposition 3 implies that

P (/\NTeq,p,a ¢ (C:ZEV’k) m 0.
k/N—a
We compare the system to an exclusion process to control the last term. We denote by g =
maxy, g(k). Let us introduce two ZRP (A;) (resp. (V;)) with a modified rate function § =
(pg(1) + qg)]l.zl and a bias p = I#ﬁ)@ started at A (resp. V). We couple these three
processes with (%):
Vvt > 0, hi, > max(hn,, hy,) a.s.

We obtain that:

P (Vt <N, Ay # V) <P (VE <N, A # V)
SIP’(/\E%N;&\?gN) +P(Vte EN,&N] , vﬁév).

We recall that Lemma 3 implies that the processes (E~1(V;)) and (E~1(A;)) evolve according
to an accelerated exclusion process. So, we can use the same argument as in [19, Theorem 2]
and [20, Lemma 12] since we are reduced to an exclusion process.

In particular, there exists an increasing function fy ; on {2y and such that:

E[fnx (hy) — fag (Re)] Slgé’_gt (fng () — fae(h)),



where h, h' are ZRP (g, p) coupled according to (%) and o is a constant (see [20, Equation 45]).
We obtain by Markov’s inequality and [20, Lemma 12]:

E (fN,k (m) — fw (hs
< 2

P (A # Vix) <

(%)

D) e ) o

minney (e () — Favi(h))] qg

Thus, for a fixed o > 0, we can choose ¢ small enough to obtain:

Finally, the Markov inequality implies:

5 - 2]E\/(7~-V) 2
J— < =
P <Vt S {QN, 5N} , Vi # V) = SN INTN (V)

where 7, an excursion’s duration from the configuration V and 7y, the equilibrium measure
of ZRP (g,p). It is then sufficient to lower-bound 7y (V) by a constant. For any n € Qf,,
we have

ﬁN,k(\/) > ﬁ-N,k(n)

Thus, for any A > 0,
Tne(V)# {0 € Q% €(n) +n(N) > N+ k — A} > 7inp () +n(N) > N + &k — A)

Due to [19, Lemma 11], we can choose A independent from NV, k such that

v (U(n) +n(N) =2 N +k—A) >

N —

We conclude by observing that

#{n € B ) 40 2 N k- 8} <30 ()

g

Remark 8 (Pre—Cutoff). We emphasise that by using the same approach, we obtain the pre—
cutoff for asymmetric ZRP as long as pg(1) > qg and  strictly concave (see [26, Chapter 18]
for more background on the Pre—Cutoff). Indeed, we can couple the ZRP to ZRP (g, p) where
= _ = =~ _pg(l)
9= (pg(1) +q9) L1 and p = o5
forany e > 0:

. By using Lemma 3 and [19, Proposition 9], we have

P (AN’feqpa ¢ 5z€\z,k> gravaas
P —00
k/N—a

where Teq,p@ is associated to ZRP (G, p). Then, the same method yields for any 6 > 0,

R () TNEO) -
Tegpa < hNHi, 1£f Lz (0) < hlr\? sup —= (6) < Tegpa
—
k/N—a k/N—O>oa
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6. EVOLUTION OF THE LEFT-MOST PARTICLE AND THE STACK AT N

In the sequel, we prove Proposition 3 and assume that the flux @ is strictly concave and
bounded by g. We recall that

LN,k = f(/\t) and SNJ€ = /\t(N) (30)

where (A;); is a ZRP(g, p) started from the configuration A.
Let us first describe the behaviour of %‘3‘ and Yp‘l. Thanks to the Hopf—Lax formula (13),
we can explicitly compute U“.

o ~ max (0, —t¥ (=2)) ifx < g(1)t,
Uet ) = { o if x> g(1)t. S
This implies that £ (t) = . <@> and .7 (t) = 7 ((2p — 1)t) where
0 ift < gior 0 ift < -1
t) = — ¥(0)’ t) = = g(1)’ 2
2 ) { —tW~! (1) otherwise ’ ) { t¥ (—1) otherwise. (32)

These functions are continuous, increasing and strictly convex. Indeed, we can easily compute
their derivatives:

O ol 1
20=-Sgarm s e ay  20=e(v(T)) ey

The proof is now divided into two subsections: 6.1 for the lower-bound on (L ;) and 6.2 for
the lower—bound on (Sy ). Unlike for the exclusion process, we do not have a particle-hole
symmetry, so we need to prove both estimates.

6.1. Convergence to .. Let us start by noting that the fastest density is the null density.
Thus, if we suppose that a few particles are left behind [ N.Z |, they will travel at a higher
speed and eventually catch up. The proof will rely on this observation. We first prove a partial
version of the Proposition.

Lemma 10. Given e > 0, let t*(¢) = (D%a)_l (6g*qe). For any k € N such that t*(¢) + (k —
1)e < Ty po and any v > 0,

. * (6% _ o — —

where Ay = V(0).

Proof. Given £ > 0, we introduce the associated time subdivision 7, = N [t*(¢) + ke|. For
convenience, we denote W, . = £ </~€5 + m> and R, . = £ (t*(e) + ke).

We will prove (f, ;) by induction on . Let us sketch the idea of the proof. At T, the
hydrodynamic limit implies that there are only o(/N) particles between NW, . and NR, .. In
the totally asymmetric case, we can follow the same approach as in the convex case. Indeed, let
us remark that when density converges to zero, the asymptotic speed is g(1). So, we can com-
pare to a ZRP with a constant jump rate fixed at g(1) and use the analogous result proven by
Labbé & Lacoin [19, Proposition 9] for ASEP using the bijection between the two processes.
If p # 1, strict concavity of ® allows for an improvement of the result.
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0 anl,s WH,E RH,E 1

FIGURE 3. The configuration 7) at t = T}, zoomed out by a factor N. The red
dashed line corresponds to the added wall.

For k = 1, the result is trivial. Assume (H, ;) holds and that t*(¢) + ke < T¢y,q. Given
~v > 0, we introduce three parameters v, ¥2, 5 > 0 that we will choose later.
We define a process 7 (figure 6.1) initialized at time 7}, by

0 if ®<|[NR,.—Nvy|&zx#[NW,1.—Nmn],
i, (x) = § BN if o=[NW, .- Ny],
N, () if 2>[NR..— Nyl.

Regarding the dynamics, we impose that no particles cross through the site | NW, .|. The
evolution on the sites after | NW, .| will follow a ZRP(g, p) dynamics. However, the particles

on the sites before | NW, . | evolve with a modified rate function § = (pg(1) + ¢g)1.>; and a

pg(1)
pg(1)+qg”

convenience, (h;) (resp.(h;)) denotes the height function associated to (A;) (resp. (7;)).
We denote by

&= {LN,]C(TI{) > N [anl,s - ’}/1]} N {hTH ((NRN,E - N’VZ—‘) < BN}
Thanks to Theorem 1 applied to (A;), we have:
lim P (hg, ([NR,. — N7]) < BN) = 1.
N—+o0

bias p = Let us remark that the generator could be written in the generic form (8). For

Therefore, the induction assumption (H, ;) implies that £ occurs with probability converging
to one.

On the event £, we observe that the height functions are ordered:
hr, > hr,.

Since pg < pg and ¢ = q7 < qg, the processes (7;) and (A\;) coupled through (%) verify
almost surely on £
VT >t > Ty, Bchn
where
T=inf{s > Ty, @ ([NWec]+1) >1},

the first time that the 7j-particles beyond the wall attempt to cross it.

We obtain the following inequality
P (LN,k (Tn+1> < N [Wn,s - 7])
<PHN) (Tg1) K N[Wye—A}NE)+P(E)+P(r < Ne).

Regarding the third term of (33), we couple through (%) to a process where the particles on

sites ¢ > [N R, .| jump to the left independently from each other with rate qg(1). If 7 < Ne,
22
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at least one of the particles had jumped more than | NR, . — Nvyo| — [NW, .| — 1. We obtain
that

P(r<e) <P (m]?XXz‘ > [NRye — Ny2) — [NW, ] — 1) ,

where (X;)¥_, are independent Poisson variable with parameter qg*e N. As &£, is convex,

Rn,s - WK,E 2 RO,E - WU,E 2 659*(]'
If we fix 72 < £g*q, Lemma 13 implies that P (7 < Ne) converge to zero.

It remains to control the first term of (33). The process restricted to Ijyyy, .| behaves like a
ZRP(g, p) on a segment with the following features:

N = [NW,.], k = BN,

and initialised by { = 8Nd;nw,_, .- n+,]- Thanks to Lemma 3 and [19, Proposition 13], we
obtain

vt >

— 2
(\/B+ \/Iz;@(,al) _‘/Zf;—l,a + 71) : J\}linoop (f(ﬁ) (Nt + Tn) Z N [Wn,e — ’y]) = 1.

To conclude, we should choose /3, v, verifying:

e > (\/B+ \/Wn,a - WR—].,& + 71)2

= (34)
pg(1) —qg
As oiﬂpa is convex, we have
Wie = Wit < e(Z) (Tegpa) = 0 — )L (L7 (1/a))
and since we assumed
1) — aa
pg( ) q9g >$/<$71(1/a))7
b—q

we can choose (3, v; small enough to verify (34) which concludes the proof. U

Remark 9. The condition (7) is due to the comparison to the exclusion process, which lacks
precision. Indeed, we require that the maximal speed attained (£;") (Teq p.a) is less than the
highest speed reachable by ZRP (g, p). The same method would imply a more general solution
if one could control Ly . for small densities.

We can now finish the proof of the lower-bound on L .

Proof of Proposition 3 (Part 1). Givent < T, ,, and €,y > 0, we fix
t—t*
€

As £ is non—decreasing,

z° ((5—1)5+ﬁ) > 0 (t—t*(a)—25+ﬁ>.

Since t*(¢) converge to T—g and £ is continuous, there exist £1(7y) such that for all € <
e1(7);

' (w ~le+ Xao(p — q)
23
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It follows from the previous lemma that:
lim P (Lyi(t*(e)N +keN) > N £ (t) —27/3]) = 1.
N—o00
k/N—«
Finally, we observe that
t—e<tr(e)+ r'e <t.
During N (t—t*(¢)+r*¢), Ly, cannot move any further than N+~ /3. Indeed, between t*(¢) N +

ke N and t, we couple (A;) by (%) to the process where particles jump independently to the left
with rate gg(1). Thus,

P(Lya(tN) 2 N [ £ () = 1])
>P (LN,k(t*(g)N +keN) > N [D%a (t) — 27/3}) _P (ml?XXz‘ > %) |

where (X;)¥_, are independent Poisson variable with parameter N (t*(¢) + x*¢ — t). Lemma
13 implies the result once ¢ is small enough. 4

6.2. Convergence to ./;". Let us start with a lemma that guarantees a partial result.

Lemma 11. Given e > 0, let t*(¢) = (5”;*)_1 (6gqe). For any r € N such that t*(¢) + (k —
e < Tiypo and any v > 0,

1
. * > [0} _ - — —
]\}15;0 P (SN,k[Nt () + keN] > N [Yp ((/{ e + JEn= 1)> 7]) 1 (Hq2)
k/N—«

Using the same argument as in Lemma 10 to derive the convergence of Ly j, one can show

that Lemma 11 implies the convergence of Sy j in probability.

Proof. Given ¢ > 0, we introduce the associated time subdivision 7, = N [t*(¢) + ke]. For

convenience, we denote W, . = .7 (/4:5 + m) and R, . = 7 (t°(e) + ke).

We also prove (f, 2) by induction on ~. Let us sketch the proof. The hydrodynamic limit
on the segment implies that on a o(/N') window near N, there are N R, .. The strategy consists
of slowing down the NW, . first particles by comparing them to a ZRP with a constant rate.
Consequently, we can use the analogous result proven by Labbé & Lacoin [19, Proposition 9]
to control the flux through N.

For k = 1, the result is trivial. Assume (H, ») holds and that t*(¢) + ke < T¢y,pq. Given
~v > 0, we introduce three parameters vy, y2, 5 > 0 that we will choose later.
We define a coloured process 77 = 7° + 7 (figure 6.2) where we denoted the black particles

Wi,e
- k—1,e
WK,—l,E

0 — 75 1

)00060000)

FIGURE 4. The configuration 7 at T, zoomed out by a factor /V.
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by 7i* and 7% the white particles. We initialize them at time 7, by:

A, () if x<z<N-[Npj],
it (x,T.) =< k—hp(N—[NB]—1)— NW,. if »=N-[Ng],
0 otherwise.
and
0 if z<x<N-[Np],
~w . N[W,{,a - Wn—l,a -+ ’)/1] if =N — [Nﬁ—l,
T =Y NW e — ) if z=N,
0 otherwise.

In particular, on the event
€ ={Snr(Tx) 2 N [Weore =i} 0 {k = hg, (N = [BNT]) = N(Rye —72)},
the height functions are ordered
hgﬂ'{ + h?g Z hTH?

where h?, h¥, hr, are the corresponding height functions.

Regarding the dynamics, the white particles evolve only on [N — [ N3], N] with a modified
rate function § = (pg(1) + ¢g)1.>; and a bias p = ]%. The black particles evolve only
on In_rnp) according to a ZRP (g,p). Let us emphasise that the black and white particles
coexist only on the sitt N — [ N3]. For this particular site, the jump rate for 7° to the left is
qg(n(N — [Nf])). In other words, only black particles can see the white ones. We claim the

following:

Lemma 12. There exists a coupling which ensures almost surely on &
Vr>t>T., b+ > hy,
where

r=inf{s> T, 7 (N-[NB])<1}.

The exact form of the generator of (7°, 7**) and the proof of this lemma are delayed to the
appendix.
From now on, the proof is similar to its counterpart (Lemma 10). We obtain the following
inequality:

P (Snik (Thy1) < N [Wie —11)
<P ({2, (N) SN [W..—1]}NE) +P(£)+P({r < Ne}Nn§&).
The hydrodynamic limit of (A;) ensures that
lim P (k—hr, (N =[BN]]) = N(Ree —72)},) = 1.

N—+4o00

(35)

Thus, thanks to the induction assumption H,, », the event £ occurs with probability converging
to one.

If 7 < Neon €&, there was at least NR,,. — Ny, — NW,. . — 1 jump to the left from the site
N — [Nf]. Thus

P{r < Ne}né&) <P(P(Neg) > NR,. — Ny — NW, . —1).
By using the convexity of .7,

Rn,a - Wn,a Z RO@ - WO,& Z 6€§q
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If we fix y2 < €gq, P ({7 < Ne} N &) converges to zero.

Regarding the third term of (35), we remark that 77 behaves like a ZRP (g, p) on a segment
of size BN and with NW,, . particles. By mapping the process into an ASEP (Lemma 3), [19,
Proposition 13] implies:

(\/B+\/WRE_WH—16+71)2 . ~
; L, 7 lim P (7° (Nt + T, N) > N [W,. — = 1.
T Jim P (7" )2 N [We =)
As 5”: 18 convex, we have

Wee = Wire < () (Tugpa) = (p — )@ (H’/)l ( - ))

and we assumed
pg(1) = ag > (p — @)@ ((_@/)1 ( - )) '

Teq,l,a

vVt >

We can choose 3, y; small enough to verify
e > (\/B"’ \/Wn,a - Wf@—l,a + '71)2
- pg(1) —qg
which concludes the proof up to Lemma 12. U

(36)

Remark 10. We observe that the flux of ZRP (g, p) when density blows up converges to (p —
q)g. By slowing down the white particles, the maximal flux reachable is the maximal flux of
a ZRP (g,p), that is pg(1) — qg. So, (7) means that we impose to the highest flux reached at
() (Tegp,a) to be below the critical level pg(1) — qg.

APPENDIX A. PROOF OF LEMMA 12

Let us first make explicit the generator of the process (7%, 7}°):

N—[NB]-1
AT ) = Y g [T, () = T ()]
i=1
N-1 A
+ pg(D) Ly [J((™)+ ") = T (0, n")]
i=N—[Ng]
N-[NB]-1
+ ag(ny) [J(n®, ()" ~1) = T (", n")]
1=2
+ ag (e + - pve) Ly, [0 ()N TIREREINEEY — g )]
N
+ Y gl [T ) = T
i=N—[NB]+1

Proof of Lemma 12. In order to justify the existence of the coupling, we compare the rate jumps
that may inverse the order of the height functions.
e The departure site i < N — [ N3], only black particle can jump.
— A jump to the right of a black particle when h’(i) = h(i). In such case, 7° < 7;
which implies that g(77?) < g(n;).
— A jump to the left of (A,)-particle when h?(i — 1) = h(i — 1). In such case, 77 > 7;
which implies that g(77, ;) > g(mi41).
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e Wheni =N — [Nfj],

— A jump to the right of a white particle when h*(i) + h*(i) = h(i). In such case,
7 < ¢+ 77 < n; which implies that g(1) 15051 < g(n:).

— A jump to the left of (A,)-particle when hP(i — 1) = h(i — 1). In such case,
¥ + 7 > n; which implies that g(7¥ + 7?) > g(n;). Moreover, the stopping
time ensures the presence of a black particle on this site. Thus, this jump cannot
occur.

e The departure site i > N — [ N3], only black particle can jump.

— A jump to the right of a black particle when h%(i) + h*(i) = h(i). In such case,
71’ < m; which implies that g(1) 15051 < g(n;).

— A jump to the left of (A,)-particle when h®(i — 1) + h¥(i — 1) = h(i — 1). In such
case, 7j;" > n; which implies that glzws1 > g(n;41).

From this discussion, we conclude the existence of a coupling analogous to ¢ and we omit its
tedious expression. O

APPENDIX B. A TECHNICAL LEMMA

For the sake of completeness, we provide proof of the concentration of Poisson variables that
we used on multiple occasions.

Lemma 13. Given any a > 0 and C > 0, let (X;) a sequence of independent variable dis-
tributed according to P(aN), then

N—00 i<CN

lim P (max X, > 3aN> =0.

Proof. Lety =1n [br\‘,—g + 1} , Markov’s inequality implies

E (67 max;<cnN Xi)

63'yocN

P <max X, > 3aN> <
i<CN

aN(e7-1)

(67X1) e

< ON2e3eN [ RA+1]

which converges to zero. U

LIST OF SYMBOLS

N: The size of the segment.
k: The number of paricles.
g: The rate function of the ZRP
Ap: Generator of the ZRP on the segment [[1, N].
QR x: The space of configurations of k particles on the segment [1, N].
Qn 1+ The space of height functions of configurations in Q?v, K
7%+ The equilibrium measure of the ZRP on the segment with & particles.
a: An asymptotic density.
®: The asymptotic flux function.
W: The convex conjugate of @ if it is convex and of —® if ® is concave.
dn i The worst—case total-variation distance of ZRP to the equilibrium.
T H]Ylf Mixing time of the ZRP on the segment with k particles on the segment [1, N].
U“: The Barron—Jensen solution to (HJ).
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Teqp.at The macroscopic equilibrium time of U“.

An,k: The configuration where all particles are localized at position 1.

V.t The configuration where all particles are localized at position V.

¢(n): The position of the left—-most particle in a configuration 7.

Ly 1+ The position of the left-most particle for ZRP started from Ay .

Snk+ The mass accumulated at the position N for ZRP started from Ay .
%'+ The left-most position where a macroscopic mass is observed starting from a:dy.
'+ The macroscopic mass accumulated at the position 1 starting from adp.
P(«): A Poisson distribution of parameter c.

Cont: The set of continuity point of a given function.

f*: The upper semi—continuous envelope of a given function f.
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