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CUTOFF FOR THE MEAN-FIELD ZERO-RANGE PROCESS

BY MATHIEU MERLE AND JUSTIN SALEZ!

Université Paris Diderot

We study the mixing time of the unit-rate zero-range process on the com-
plete graph, in the regime where the number 7 of sites tends to infinity while
the density of particles per site stabilizes to some limit p > 0. We prove that
the worst-case total-variation distance to equilibrium drops abruptly from 1 to
0 at time n(p + %pz). More generally, we determine the mixing time from an
arbitrary initial configuration. The answer turns out to depend on the largest
initial heights in a remarkably explicit way. The intuitive picture is that the
system separates into a slowly evolving solid phase and a quickly relaxing lig-
uid phase. As time passes, the solid phase dissolves into the liquid phase, and
the mixing time is essentially the time at which the system becomes com-
pletely liquid. Our proof combines metastability, separation of timescales,
fluid limits, propagation of chaos, entropy and a spectral estimate by Morris
(Ann. Probab. 34 (2006) 1645-1664).

1. Introduction.

1.1. Model and results. Introduced by Spitzer in 1970 [23], the zero-range
process has now become a classical model of interacting random walks. In its
most general form every site of a graph G is allowed to contain an arbitrary num-
ber of indistinguishable particles which randomly hop along the edges at a rate
that only depends on the number of particles occupying the site of departure. The
present paper is concerned with the mean-field setting where G is simply the com-
plete graph of order n and, at unit rate, each nonempty site expels a particle to a
uniformly chosen site. Formally, the state space is

Qi={neZl:m+--+n,=mj,

where m represents the total number of particles in the system, and n; the number
of particles occupying site i. The Markov generator £ acts on observables f: Q2 —
R as follows:

1 . .
(1 LHO =~ > Ag=0(f(n+8 —8)— f().

I<i,j<n
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where § ,’( equals 1 if k =i and O else. This generator is irreducible and symmetric.
Consequently, the uniform law 7 on €2 is reversible, and the process mixes: the
transition kernel P; = '~ satisfies

P(n,-) ——m,
t— 00

regardless of the choice of the initial state € Q2. A standard way to quantify the
rate at which this convergence to equilibrium occurs consists in estimating the
so-called mixing time:

‘TV S 8}'

twix (n; €) :=min{t > 0: | P (n, ) — 7|
In this formula ¢ € (0, 1) is a parameter controlling the desired precision, and
e — vty :=maxacq |#(A) —v(A)| denotes the total-variation distance between
@ and v. Of particular interest is the worst-case mixing time which is obtained by

maximizing over all possible initial states n € :
hax (€) := max{tMIX(TI; g):ne Q}

Estimating this fundamental parameter—and in particular, its precise dependency
in e—is in general a challenging task; see the books [18, 21]. The present paper is
concerned with the regime where n tends to infinity, while the density of particles
per site stabilizes to some value p € (0, 00):

m

2) n— 0o, — = p.
n

All asymptotic statements will be understood in this sense, and we shall often keep
the dependency upon » implicit in order to lighten the notation. In the regime (2)
a spectral gap estimate due to Morris [22] implies that ty;x(1; €) = O(n). Here,
we determine the precise prefactor and express it explicitly in terms of the largest
values of . To describe our result, let us first note that, by symmetry, the initial
heights may always be assumed to be arranged in decreasing order:

3) Mm=m>->np.
Passing to a subsequence, we may further assume without loss of generality that
foreachk > 1,

“) — ——> ug,

for some nonincreasing sequence (u)x>1 of nonnegative numbers. With this stan-
dardized setting in mind, our main result can be stated in the following simple
way.

THEOREM 1 (Mixing times). In the regime (2)—(3)—(4), we have for each fixed
e€(0,1),

tix (17; €) 1 &
(5) MIX —— 14+ p)u; — 5 ZM,Z
i=1

n
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Note, that by Fatou’s Lemma, the limiting heights (;);>; must necessarily sat-
isfy

(6) > Ui <p.

Under this constraint the right-hand side of (5) is uniquely maximized by taking
u1 = p and up = u3z = --- = 0. Thus, the worst-case mixing time is achieved (at
least to first order) by initially placing all particles on the same site, a fact which
seems rather intuitive but for which we were not able to find a direct argument. As
a consequence we obtain the following important corollary.

COROLLARY 1 (Worst-case mixing time and cutoff). For any fixed ¢ € (0, 1),
in the regime (2),

tvix (&) o+ 1,02

n n—00 2

(7

The remarkable fact that the precision parameter ¢ € (0, 1) is absent from the
limit adds the mean-field zero-range process to the growing list of chains exhibit-
ing what is known as a cutoff [6]. Instead of decaying gradually, the total-variation
distance to equilibrium stays close to 1 until the mixing time and then abruptly
drops to 0 over a much shorter timescale. We suspect the cutoff width to be here
©(4/n), with a Gaussian profile in the limit. However, our estimates are not precise
enough to establish this second-order refinement, which we leave as a conjecture.

1.2. The solid-liquid heuristic. Condensation is one of the most remarkable
features of the zero-range process. In our setting the total rate at which particles are
expelled from a given site is 1, regardless of the number k of particles occupying
that site. Consequently, the effective rate at which each particle is expelled is 1/k
only; denser regions evolve more slowly. This simple observation naturally leads
to a formal decomposition of the system into two components, or phases, relaxing
on very different timescales:

o A (slow) solid phase, consisting of those few sites which are occupied by © (n)
particles.
e A (quick) liquid phase, formed by those sites that are occupied by o(n) particles.

The presence of a solid phase is a clear indication that the system is out of equi-
librium since, under the uniform distribution, the maximum occupancy is only
logarithmic in n. The case u; = 0 in Theorem 1 indicates that the converse is also
true: in the absence of a solid phase, the system reaches equilibrium in time o(n)
only. The proof of this fact occupies a substantial part of the paper. In light of it,
the picture becomes much clearer: as time passes, the solid phase described by
the profile (4) progressively dissolves into the liquid phase, and the mixing time
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is essentially the time at which the system becomes completely liquid. Note that
the dissolution occurs on a time-scale of order n, since the effective jump rate per
particle in the solid phase is @(%).

To obtain the precise prefactor appearing in the right-hand side of (5), we need
to estimate the instantaneous melting rate of a solid site. In our mean-field set-
ting, this is precisely the proportion of empty sites in the system which in turn
depends on the density of the liquid phase. What makes the problem tractable, de-
spite this cyclic interaction between the two phases, is a separation of timescales
phenomenon: the liquid phase relaxes so quickly that, on the relevant timescale,
the solid phase may be considered as inert. Consequently, the liquid phase is per-
manently maintained in a metastable state, which resembles the true equilibrium,
except that its density is lower because a macroscopic number of particles are
“stuck” in the solid phase. This imposes a simple asymptotic relation between the
number of particles in the solid phase and the proportion of empty sites. As a con-
sequence, the evolution of the solid phase can be approximated by an autonomous
system of differential equations, whose explicit resolution yields the precise for-
mula appearing in Theorem 1.

1.3. Proof outline. 'To make the above picture rigorous, we proceed in three
steps, with each occupying a whole section. In Section 2 we get a rough idea of the
system by ignoring the precise geometry of the zero-range process (n(¢): t > 0)
and focusing on the distribution of the number of particles on a typical site. This
data is encoded into the so-called empirical distribution of the system:

1 n
®) 0 =—3 -
i=1
For convergence purposes, we regard the set P(Z.) of probability measures on Z -

as a subset of ¢! (Z4) with norm ||g|| := Y32 Igk|. At equilibrium the empirical
distribution is simple: if £ is uniform on €2, then in the regime (2),

€)) ‘

P
N O,
n—oo

1 n
=Y 8 —G(p)
n‘
i=1
where E denotes convergence in probability and G(p) the geometric distribution

with mean p, that is,
1 o \X
g =—(—)
ko=

To discuss the n — oo limit of the process (Q(¢): t > 0), it will be convenient to
assume that

(10) 00) — ¢,
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for some g € P(Z). It turns out that this suffices to guarantee the convergence
of the whole process (Q(#): t > 0). Moreover, the limit (q(¢): t > 0) is determin-
istic and characterized by the initial data q(0) = ¢ through the following explicit
(nonlinear) dynamics:

d
(11) % = k+1 — Qiclge=1) — (Z %)(qk — dk—11x=1))-
>1

In the fluid limit literature, results of this type are referred to as propagation of
chaos [24].

PROPOSITION 1 (Propagation of chaos). Under assumptions (2) and (10) we
have

P
sup Q) —qt)| —— 0,
ze[o,T]H | e
for any fixed horizon T > 0, where (q(t): t > 0) is the unique solution to (11) with
q(0) =gq.

Metastability will then consist in showing that the fluid limit q(z) relaxes as
t — oo towards a geometric profile as in (9), except that p is replaced by the tilted
density

o0
(12) A= kqp.
k=1

PROPOSITION 2 (Relaxation for the fluid limit). We have q(¢) z—> g).
— 00

Entropy will play a crucial role in the proof of this result. Note that by Fatou’s
Lemma, we always have A < p with strict inequality in the presence of a solid
phase. We emphasize that time has not been rescaled with n here: the empirical
distribution Q(#) approaches the metastable equilibrium G (1) on a timescale ® (1)
only. In Section 3 we build upon the above results to establish the case u; =0 of
Theorem 1 which ensures fast mixing in the absence of a solid phase, that is, when
(13) max n; =o(n).

1<i<n

PROPOSITION 3 (Fast mixing). In the regime (2)—(13), we have tyix(n; €) =

o(n).

In a sense, Propositions 1 and 2 already indicate this: if Q(0) is uniformly inte-
grable, then A = p and therefore, Q(¢) can be made arbitrarily close to the equilib-
rium profile G(p) by choosing ¢ large, independently of n. This is, however, much
weaker than Proposition 3 in three respects:
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(i) The assumption (13) is far from ensuring that A = p: the choice n; =--- =
k=7 and ngyy = --- =1, =0 with I Kk K n does satisfies max n = o(n),
and yet A =0.

(i) The empirical distribution Q says nothing about the positions of the particles:
if the system is exactly at equilibrium and we rearrange the particles so that
N1 > --->n,, then QO is unchanged and yet the law of the system becomes
asymptotically singular to 7.

(iii) The convergence ||Q () — G(p)|| — 0 is still far too weak to imply that the
law of Q(t) is close to equilibrium in total variation: moving o(n) particles in
an arbitrary way will not affect the convergence || Q () — G(p)|| — 0 and yet,
changing the maximum occupancy from ® (logn) to anything larger already
suffices to make the law of Q(¢) singular to equilibrium.

Finally, in Section 4 we provide the following description for the dissolution of the
solid phase.

PROPOSITION 4 (Dissolution of the solid phase). In the regime (2)—(3)—(4),
forfixed T >0,i>1,

ni(nt)

n

P
— Ui(t)‘ —— 0,
r€[0,T] n—>00

where the functions v1(t), 02(t), ... are deterministic and satisfy

! 1
(14) Ui(t)z(u,-—/o 1+/0—Z?i1 0,0) ds>+.

Note that the Cauchy problem (14) is slightly degenerate, since the usual Lips-
chitz condition does not apply. We start by verifying that there is a unique solution
v to this problem and then show that the latter does indeed describe the evolution
of the solid phase. In addition we compute the time at which this solution van-
ishes, and find that it is precisely the right-hand side of (5). When combined with
Proposition 3, this observation easily leads to the proof of Theorem 1.

1.4. Related works. The zero-range process has a long history. In the classical
setting the particles evolve on an infinite transitive graph like the lattice Z¢, and the
description of the set of stationary laws constitutes by itself an important question.
More recently, hydrodynamic limits and complex phenomena such as metastability
and condensation have received a considerable attention in both the mathematical
and physical communities. The works are too numerous to be all cited, and we
refer the interested reader to the comprehensive survey [10] and the references
therein.

Results addressing the rate of convergence to equilibrium of the zero-range pro-
cess on finite graphs are more limited. In [4] Caputo and Posta estimate the entropy
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dissipation constant on the complete graph in the condensation-free regime where
the jump rate grows roughly linearly with the number of particles on the site. More
directly related to our setting is an important work of Morris [22], in which the
spectral gap of the constant-rate zero-range process is estimated on the complete
graph and the d-dimensional torus. While the spectral gap provides general bounds
on the mixing times, these are usually too crude to get the precise prefactor and
establish cutoff. Nevertheless, the result of Morris plays an important role in our
proof of fast mixing in the absence of a solid phase; see Section 3. Another im-
portant inspiration for the present work is a paper of Graham [12] concerning the
asymptotic behavior of (Q(¢): ¢ > 0) in the special case where the initial config-
uration 7 is constant. Our propositions 1 and 2 extend these results to arbitrary
initial conditions. As explained above fluid limits only provide a very rough de-
scription of the system and much more work is required in order to control the
total variation distance to equilibrium.

The first occurrences of a cutoff phenomenon were discovered in the 1980s by
Aldous, Diaconis and Shahshahani [1, 2, 7] for card shuffling. Since then, other
instances have been found in a variety of contexts and, notably, interacting particle
systems. Three emblematic examples are the stochastic Ising model (on the com-
plete graph [17], the lattice [19] and other topologies [20]), the East process [11],
and the exclusion process (on the complete graph [16], the line [14] and the cycle
[13, 15]). Interestingly, the proof of cutoff for the exclusion process on the cycle
implies that of the zero-range process on the cycle via a well-known bijection [9].
To the best of our knowledge, the cycle is the only graph on which the zero-range
process has been shown to exhibit cutoff. Extending this to the d-dimensional
torus, for d > 2 seems to constitute a natural and challenging problem. More gen-
erally, the question of characterizing the Markov chains that exhibit cutoff has
attracted much attention over the past three decades but remains unsolved.

2. Metastability of the liquid phase. Before we establish Propositions 1 and
2, let us briefly prove the statement (9) for completeness. Let A (n, m) denote the
number of ways to place m indistinguishable particles into n sites:

-1
(15) N(n,m) = <m+” )
n—1
If £ is uniformly distributed on €2, we have for each k € Z,
Nn—1,m—k) Nn—2,m—2k)

P =k) = and P& =k, &=k =
(61 =k) Nom) (61 §r=k) N
In the regime (2) these ratios tend to Gi(p) and (Gr(p))? respectively. Thanks to
the exchangeability of (&1, ..., &,), this easily implies that

2
0k —— Gi(p).

Since k € Z is arbitrary, the claim follows.
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2.1. Propagation of chaos. In this section we establish Proposition 1. The
route that we follow is standard, and we refer the interested reader to the com-
prehensive book [8] for more on the widely studied topic of hydrodynamic limits
for Markov processes. Define a map F: £!(Z,) — ¢! (Zy) by the formula

Fi(q) = qir1 — qrlg=1) — (Z W)(Qk — qk—11x=1))-
=1

This map is locally Lipschitz continuous: for any ¢, ¢’ € £'(Z.),

(16) |F@)—F(@)| <200+ lqll + 4') g — 4|

Consequently, for each g € EI(Z+), the Picard-Lindelof theorem (see, e.g., [3])
ensures existence and uniqueness of a maximal ol (Z +)-valued solution (q(t): t €
[0, 7)) to the Cauchy problem

t
(17) qit)=gq +/0 F(q(s))ds.

Note, however, that the horizon 7, needs not a priori be infinite, as we have not yet
ruled out the possibility that ||q(z)|| explodes in finite time. Let us now show that
the empirical distribution of the system satisfies an approximate version of (17).
Thanks to our mean-field setting, the projected process (Q(f): ¢t > 0) is again a
Markov process on (a finite part of) P(Z. ), with jumps

1
(18) g q+ - 45 -5t —6b
n

occurring at rate 14>1)qk(nge — 1¢4=x)), for each (k, £) € Z%r. The infinitesimal
drift D: ¢Y(Zy) — £'(Z) can thus be decomposed as

1
(19) D=F+ —R,
n
with Ri(q) = 2qi1(k>1) — qk—11(k>2) — gk+1. By Dynkin’s formula (see, e.g., [8]),
the compensated process
t
M@ =00~ 00— [ D) ds

isa ! (Z4)-valued martingale. Comparing with (17) and using (16)—(19), we eas-
ily obtain

t
[o®) —a®)| <e@) +2 /O 2+ aw])]Q) — a(s)] ds.
for all ¢+ < T,, where we have set

1 t
e(t) = ||Q(0)—q||+r—l“/0 R(Q(s))ds|| + |M(@)].
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We may now fix 0 < T < T, and apply Gronwall’s lemma to obtain

T
sup | Q@) —q(0)|| < ( sup e(t)) exp{Z/ 2+ Hq(s)H)ds}.
1€[0,T] t€[0,T] 0
In order to establish the claim for T < T, it therefore suffices to show that

(20) sup e(t) ——s 0.

1€[0,T] =0
This will also guarantee that q(¢) € P(Z) for all ¢ € [0, T,), thereby ruling out
the possibility that ||q(¢)|| explodes in finite time. We will thus have T, = oo, and
the proof will be complete. To prove (20), we treat each term appearing in the
definition of e(¢) separately. The first one vanishes by (10). For the second we
observe that || R(q)|| <4|q|| forall g € Zl(Z+), so that

1
sup —

- AT
ref0,71 1 T on

/(; R(Q(s))ds

Finally, for the martingale term, we note that the kth coordinate My is a
continuous-time martingale with jumps of size at most % occurring at rate at most
nQ2Qk(t) + Qr-1(t) + Qr+1(1)) dt. Thus,

T
E[|M(T)[] < 2 /0 E[201(8) + Ly 1) Ok 1 (1) + Q1 (0] 1,

4 T
E[(M(T)’] = = [ E2000) + 1) @t + Qe (0] dr.
Since } ; kQx(t) = %, we deduce that in the regime (2),

00 0 1
Sk + DE[[M(D)|]=0(1) and Y (k+ DE[(MK(T))*] = 0(5).

k=1 k=1
This is more than enough to imply E[|M(T)||] — 0. The convergence

supepo. 71 1M (@)l E) 0 then follows from Doob’s maximal inequality applied to
the sub-martingale (|| M (¢)I)>0.

2.2. Probabilistic representation of the fluid limit. 'We now turn to the analysis
of the fluid limit (q(z): # > 0). The latter trivializes in the degenerate case A = 0,
and we will henceforth assume that A > 0. Let 2%, E~ be two independent Poisson
point processes with unit intensity on R, and define a process Z := (Z(¢): t > 0)
by the formula

(21) Z(@) = E’L(/Ot(l — qo(s))ds) — 27 @).
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Now let X (0) be a g-distributed variable independent of E*, and consider the
reflected process

(22) X(t):=(X(0) + Z(1)) v sren[g)il(Z(t) — Z(5)).

Inwords X = (X (¢): ¢t > 0) is a time-inhomogeneous birth-and-death process with
initial law ¢, upward rate 1 — qo(#) and downward rate 1. Comparing the associ-
ated Kolmogorov equations with (17), we see that X “represents” our fluid limit
(q(#): t > 0) in the sense that

(23) (1) =P(X (1) =k),

for all k € Z4 and all r € R,.. Note, in particular, that 1 — qo(¢) =P(X (¢) > 0), so
that X can be autonomously described as a time-inhomogeneous birth-and-death
process with downward rate 1 and upward rate P(X (¢) > 0). We now enumerate a
few consequences of this representation.

LEMMA 1 (Mixing for the fluid). X (¢) is asymptotically independent of X (0),
that is, for all k, £ > 0,
P(X(0) =k, X (1) =€) —P(X(0) =k)P(X()=1¢) = 0.

PROOF. For each k € Z, define a process X* by
Xk(t) := (k + Z(1)) v max (Z(t) — Z(s)),
s€[0,1]
so that X¥ coincide with X on the event {X (0) = k}. Since X (0) is independent of
Z, we have
P(X(0) =k, X(t)=¢)=P(X(0) = k)P(Xk(t) ={).

By construction we have XkK@t) = XO0) forall t > Ty := inf{tr >0: Z(t) = —k}.
Consequently,

o0

|IP’(Xk(t) =0)-P(X@t)=¢)| < ZIP’(X(O) =i)P(Tivk > 1).

i=0
The conclusion follows by letting t — 0o and observing that the T;’s are almost
surely finite, since Z has upward rate at most 1 and downward rate 1. [

LEMMA 2 (Conservation of mass). E[X(#)]=A forallt > 0.

PROOF. For any bounded observable ¥ : Z; — R and any time ¢ > 0,
Dynkin’s formula ensures that

t
E[y (Xn] =E[y (X0)] +/O (1 = q0)E[AY (Xy) — Ay (Xy — D] du,
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where AY(—1) =0 and Ay (x) =¥ (x + 1) — ¥ (x) for x € Z,. By monotone
convergence the formula extends to the case ¥ (x) = x, but then Ay (x) = 1(x>0),
and the integral vanishes. [l

LEMMA 3 (Lower-bound on void probability). For each s > 0, we have
inf P(X (¢ =0)>0.
P9 =0) >

PROOF. Let Y = (Y(u): u > 0) take the value |2\ over the time interval
[0, ] and then evolve as a simple random walk on 7. from time t onward (i.e.,
it jumps up and down at unit rate, except that jumps from 0 to —1 are censored).
Since our original process X has the same downward rates and lower upward
rates, we may couple X and Y in such a way that:

(1) (X(u): u €]0,1]) is independent of Y ;
(i1) from time t onward, the attempts to jump downward occur at the same times
for X and Y
(iii) from time t onward, whenever X jumps upward, so does Y .

Properties (i1)—(iii) guarantee the inclusion
(X <2A]} S {X(s+1) <Y(s+1)}.
In particular,
[X(s+0=0}2{Y(s+1)=0}N{X() < [2A]}.

By (i) the two events on the right-hand side are independent. The first has prob-
ability ks([2A], 0) > 0, where k denotes the transition kernel for simple random
walk on Zy. For the second we may invoke Markov’s inequality and Lemma 2 to
write

__
2] +1°

The right-hand side exceeds % and we conclude that

P(X(r) < [2A]) > 1

1
P(X(t"i_s):O)ZEKY(I.Z)“JaO) O
LEMMA 4 (Uniform integrability). The process X is uniformly integrable.

PROOF. On [0, 1], the representation (21)—(22) immediately yields the domi-
nation

max{X (t): t €[0,1]} < X(0) + E* (1),

and the right-hand side has finite mean. On the other hand, on [1, 0co), Lemma 3
guarantees that the upward jump rate 1 — qo is less than 1 — ¢ for some ¢ > 0.
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Consequently, we can couple (X (¢): t > 1) with an homogeneous birth-and-death
process ¥ = (Y (¢): ¢t > 1) starting at zero and jumping up at rate 1 — ¢ and down
at rate 1, in such a way that

Vie[l,o0), X@)<X()+Y().

Surely, starting Y from its stationary law Q(%) instead of 0 can only make it larger,

and hence Y (¢) is stochastically dominated by G (%). In conclusion X (¢) is stochas-
tically dominated by the sum of three integrable variables whose laws do not de-
pend on ¢, and the claim is proved. [J

2.3. Entropic relaxation. Entropy will play a crucial role; see [5] for an ac-
count. Recall that the entropy of p € P(Z+.) is

o

1
H(p):=)_ prlog— €0, oo,
k=0 Pk

with the convention Olog% = 0, and where log denotes the natural logarithm. In
particular,

H(G(\) =1+ 1) log(l + 1) —Aloga.

In fact G(A) achieves the maximum entropy over all laws p € P(Z.) with mean A.
Indeed, using the fact that log(Gx (1)) is an affine function of &, it is straightforward
to check that

(24) H(G() = H(p) + Dxr(pIIG()).

where Dy (pllq) is the Kullback—Leibler divergence of p w.r.t. a fully supported
law g € P(Z+):

(25) DKL<p||q>:=qu¢(%), B () = ulogu — (u — 1) > 0,
k=0

Note that by strict convexity of ¢, we have Dy (pllg) > 0 unless p = g. Now,
given a fully supported law p on Z., we define a quantity V (p) € [0, co] by

V(p) == (1 = po)(Dx(plIP) + DxL(PII ),
where the (fully supported) law p € P(Z..) is defined as follows; for all k € Z,

(26) P 1= L

1= po
Note that the geometric distributions are characterized by the memoryless property
p = p. Inparticular, V(p) =0, if and only if p is geometric, and this quantity may
thus be viewed as measuring how far p is from being geometric. The essence of
Proposition 2 lies in the following identity.
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LEMMA 5 (Entropy production). For all t > 0, we have
H@O) = 1@+ [ Vaw)d

PROOF. Note that ¢(¢) has full support as soon as ¢ > 0, by our probabilistic
representation (23) and the fact that the Poisson distribution has full support. Thus,
the above integral is well defined, albeit possibly infinite at this stage. Now the fluid
equation (17) may be rewritten as follows:

dak

— =my_1 —mg  where my := (1 — qo)(qx — Gx)

with the convention m_; = 0. In particular, for r € R, and k € Z., we have

1 t
qu (1) log —— = gy log — + / (M) — w1 ) (1 + log e (1)) du
qk 0

1
qr (1)

Summing over k and rearranging, we see that for all K > 1,

K K
1 t t
(27) > ak(®)log =qulog—+/ UK(u)du—i-/ ek (u)du,
k=0 k=0 9k J0 0

1
qx (1)

where we have set
K—1

bk = kaloga =1 —-q0) Z<Qk¢<q >+Qk¢(2;z>),

k=0 k=0

K—1
&K :=mK(1+10qu)+<Z my | log .
k=0 1— q0
Since vg 1 V(q) as K — o0, the claim will readily follow from (27), provided we
can show that

t
(28) / ex w)du —— 0,
0 K—o00
which we now do. First, Lemma 2 ensures that the series ) qx converges uni-
formly on R, . Note also that [my| < qx + qx+1 and that Y, my = 0. From this it
follows that

K-1
1
mg + (1 —qo)qk logax + | Y my | log —0,
k=0 11— qo K—o0

uniformly on compact sets. Comparing with the definition of ¢x, we see that as
K — o0,

t t 1
(29) [ exdu= [ axi@log——du-+ o).
0 0 qK

(u)
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Note that qg 1 log CILK > (. We may therefore pass to the limit in (27) to obtain the
inequality

t
H(a) = Hg)+ [ V(a@)du.
In particular, the integral on the right-hand side must be finite. By definition of V,
this implies

qx (u) J
u
qk (u) K—00

0.

t
/O Q1) log

In view of (29) and the uniform convergence qx+1logqx — 0, we now readily
obtain (28). [

PROOF OF PROPOSITION 2. By Pinsker’s inequality, we have for all # > 0

1
GO a0~ M < Daa@IGM) = H(GR) — Haw).
where the equality follows from Lemma 2 and observation (24). Now the limit
Hyo = tlim + H(q(1))
—00

exists by Lemma 5, and so our proof boils down to showing that Hy, > H (G(A)).
By Fatou’s Lemma it suffices to exhibit a sequence (#,),>1 along which q(z,) —
G(*). To do so, observe that Lemma 5 forces inf;>o V(q(¢)) = 0, as otherwise
H (q(¢)) would diverge as t — oo, violating (30). We can thus find a sequence of

times (#,),>1 along which
31) V(a(tn)) —— 0.

On the other hand, by Lemma 4, the collection (q(z): ¢ > 0) is relatively compact
w.r.t. the 1-Wasserstein metric. We can thus assume (upon further extraction) that
q(ty) — p, with p € P(Z) having mean A. It then follows from (31) that p = p,
and therefore p = G()), as desired. [

3. Fast mixing in the absence of a solid phase. In this section, we establish
the special case u; = 0 of Theorem 1, as stated in Proposition 3. To do so, we deal
with each of the issues enumerated below Proposition 3 in order of appearance.

3.1. Uniform downward drift. To deal with issue (i), we show that, starting
from any state 5, the uniform integrability of Q(t) is guaranteed after a time
t = ®(maxn) only. This is contained in the following proposition which asserts
that the number of particles on any nonempty site decreases at a linear rate. The
uniformity in n comes from the fact that, in the regime (2), the density of particles
per site is at most a constant p, that does not depends on n:

m
(32) — = Ps
n



3184 M. MERLE AND J. SALEZ

PROPOSITION 5 (Uniform downward drift). There are constants 0,6 > 0,
depending on p, only, such that for any n > 2, any initial state n € 2, any
ie{l,...,n}and any timet € Ry,

E[eeﬂi(r)] < 2(1 + 6977:'—&).

The reason behind this result is the existence of a uniform lower-bound on the
proportion of empty sites in the system after time # = 1 (1 can actually be replaced
by any positive constant).

LEMMA 6 (Many empty sites). There is a constant y € (0, 1), depending on
P« only, such that for any n > 2, any initial state n € Q and any time t € [1, 00),

P(Qo(r) <y)<e 7"

PROOF. We can construct the zero-range process using an independent, rate
—% Poisson point process &;_, ; for each pair (i, j) € [n] x [n]: the successive
points of E;_, ; indicate the times at which site i attempts to send a particle out to
site j, and the move is allowed, if and only if i is not empty. Because of (32), at
least half of the sites i € [rn] must satisfy n; < 2p,, and we may thus select a subset
A of them with |A| = [n/2]. Note that n — |A| = [n/2] > n/3, since n > 2. For
each i € A, consider the “good” event

Gi=| ¥ sjio1)z20f0f ¥ &i(0.1) =0},

jennA Jjeln]
Then, by construction, we have G; C {n; (1) = 0}, and hence

1
Qo(1) = = 1g,.

nica

Since ;e Ej—i ([0, 11) and " icppa Ei— ([0, 1) are independent Poisson
random variables with mean 1 and at least 1/3 respectively, we have

_ 37k
PGz e ™ 3 —=p.
k>2px
Moreover, the events (G;);c4 are independent because G; depends only on the
Br_¢ for (k,£) in

B; := ({i} x [n]\ A) U ([n] x {i}),

and the (B;);c4 are pairwise disjoint. Thus, % > iea 1g; stochastically dominates a
binomial random variable with parameters [7/27 and p. By Hoeffding’s inequality

we deduce that
1 p p2n>
P —E 1. <= | < ——,
(” icA o= 4) _eXp< 4
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and so we may take y = p?/4 to obtain the claim for # = 1. Since the result is
uniform in the choice of the initial state 7, the claim for t > 1 follows automatically
by the Markov property. [J

PROOF OF PROPOSITION 5. For 6 > 0, Dynkin’s formula ensures that
oo (1) :=E[e?7 ()] satisfies

-0/,
(33) deg (1) _ (69 _ 1)E[69”i(’)<1 — 00(r) — Wl(ﬂi(ﬂzl)>]'

dt

The trivial observation that the right-hand side is at most (e? — 1) (1) already
yields

(34) ¢o(1) < ¢ (0) exp{(e? — 1)t}.

We will use this crude bound only for ¢ € [0, 1]. For r > 1, we may instead invoke
Lemma 6 to get P(Qp(?) < y) <e V", for some y > 0 that depends only on p,.
Going back to (33), we have
dey (1) -

t

— (¥ — DE["D(1 = Qo(t) —e™?) +e7?]

< (" =11 =y —epat) + e + (1 — )OI}

where we have split the expectation according to whether Qg(¢) > y or Qo(t) <y
and, in the latter case, used the crude bounds Q¢(z) > 0 and n;(t) < p,n. Let us
now choose 0 := 11—* sothat 9p, —y <0and 1 —y —e~? < —0p,. We are then
left with the differential inequality

deo(1) _
dt  —
which we may integrate to deduce that for all # > 1,

+ (000 = e,

(e — 1)(1 — pubgs (1)),

Po(t) <

0«

where 8 := (¢ — 1)6p, > 0. Combining this with (34), we conclude that for all
t >0,

b0 (1) < k(14 pp(0)e™?),

where k, §, 6 depend only on p,. Finally, observe that these three constants may
respectively be replaced with %, Sa, O« for any « € (0, 1), since by Jensen’s
inequality,

Do (1) < (¢9 (t))a < K“(] + ¢9a(0)e_8°”).

Choosing « small enough will make k“ < 2, and the result is proved. [
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3.2. Partial exchangeability. To deal with issue (ii), we introduce an object
that refines the empirical distribution Q(¢) studied in Section 2, the empirical tran-
sition matrix of the system,

1 n
(35) W= > 800 0)mi 1))

i=1

In words, for each (k, ¢) € 72, Wk e(t) 1s a [0, 1]-random variable indicating the
proportion of sites that start with k particles at time 0 and end up with £ particles
at time ¢. Contrary to Q(t), the understanding of W (¢) suffices to fully recover the
law of n(z).

LEMMA 7 (Partial exchangeability). Fix an initial configuration n and a time
t > 0. Then the conditional law of n(t) given W (t) is uniform over all configura-
tions & € Q such that

1 n
(36) ;Z&n,-,si) =W@).
i=1

PROOF. Since the rate at which a site attempts to send a particle to another
site is the same for all pairs of sites, the zero-range process enjoys the following
obvious symmetry: if ((¢): ¢t > 0) is a zero-range process and if o : [n] — [n] is
a permutation, then the process (n'(¢): t > 0) defined by

i (1) := g (i) (1)

is again a zero-range process. In particular, if o preserves the initial state (n’(0) =
n(0)), then the two processes have the same law. Since W is invariant by such
permutations, the result follows. [

In light of this, our task boils down to understanding the behavior of the process
(W(t): t = 0). The following proposition lifts the results obtained for Q(¢) to
W (¢). For convergence purposes we regard arrays as elements of the Banach space
€4(Z3), with norm [lw|l = Y ¢ lwi el

PROPOSITION 6 (Matrix refinement). For any fixed time horizon T, in the
regime (2)—(10), we have

P
sup ||W(t) — LU(t) ” m 0,
tel0,T]

where wi ¢(t) =P(X(0) =k, X(¢t) =), and (X (¢): t = 0) is defined at (22).

PROOF. The proof mimics that of Proposition 1, except that the existence of
the fluid limit is here already granted. For a time-inhomogeneous birth-and-death
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chain X with downward rate 1 and upward rate r(¢), the law w(t) of the pair
(X (0), X (1)) satisfies the differential equation
dwg ¢
dt

Here, we further have r(1) = P(X () > 1) = > ;>0 2_¢>1 Wk,e(t). Consequently,
forall r e Ry,

= w1 — Lesnwie —r(wr e — Le=nwre—1), (k,£) € Zi-

37) w(t) =w() + /(;t F(w(s))ds,

where the drift F: ¢! (Zi) — EI(Z+) is defined by
Fio(w) = wie o1 — L1y Wk, e — <Z > wk,z>(wk,e — L= wi,e-1)-
k>0¢>1
Observe that F is locally Lipschitz. For w, w’ € £! (Zi),
(38) [ F@w) = F)] <2(1+ llwll + [w’])

On the other hand, (W(¢): t > 0) is a Markov process on a finite subset of
P(Zi) with jumps w — w + %Ai,_/,k,g occurring at rate ¢; j x,¢(w), where for
each (i, j, k, ) € 72,

w—w|.

A jke =06 j—1+ 8k e+1 — i j — Sk ¢,
Ci j ke (W) =1(i>nwi j(nwe.e — 1, j=c,0))-
Consequently, Dynkin’s formula asserts that the compensated process

t
39) M@)=W(@)—W(QO) — /(; D(W(s))ds

is a Zl(Zi)—valued martingale, where the infinitesimal drift w +— D(w) is given
by

D(w) := % Yo ik tWAL ke
(i,j.kDezs
Comparing with the definition of F', we see that D = F + ,llR, where
Ry o(w) :=wk e+1 + wi e—11¢e>2) — 2wk ele>1)-
Subtracting (37) from (39) and using (38), we obtain
W) —w@)| <e@)+ 6/: [W(s) —w(s)| ds,
where we have set

1 t
e(t) = ||W(0)—w(0)||+;”/0 R(W(s))ds| + [ M@)].
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By Gronwall’s Lemma, we deduce that

sup [W(t)—w(®)] < ( sup [e@])e’”,
t€[0,T] 1€[0,T]

. . P .
and it only remains to show that ¢(¢) — 0 as n — oo. We treat each term appearing
in the definition of e(¢) separately. The first one vanishes by assumption (10). For
the second one it suffices to note that || R (w)|| < 4||lw||, so that

/Ot R(W(s))ds

4T
< —.
T n

1

sup —

telo,T1 7

Finally, the convergence sup, o 77 IIM (#) || LN 0 will follow from Doob’s maximal
inequality if we can show that E[||M (T)|]] — 0. For each fixed (k, £) € 72, My ¢

is a real-valued martingale with jumps of size at most % and jump rate at most
n2Wi o+ Wi e41 + Wi e—11e>1)), 50

T
E[|My.o(T)|] <2 fo E[2Wi o(1) + Wie1(0) + Wie—1 (01|t

4 T
E[(My.¢(T))?] < ;/0 E[2Wi,e(t) + Wi e41(1) + Wi e—1() =1 ] dt.
Since Y ((k +OW; ;(T) = 27'", we deduce that in the regime (2),

Y (k+ €+ DE[|Mpo(T)|] = O(1),
k.,

> k+e+ I)E[(Mk,Z(T))z] = 0(%)

kL
This is more than enough to ensure that E[||M (T)|]] — O, as desired. [

3.3. Spectral gap argument. To deal with issue (iii), we exploit a spectral gap
contraction argument. Consider an irreducible, continuous-time Markov process
on a finite state space €2, with generator £ and stationary law 7. If 7 is reversible,
then — L is a nonnegative self-adjoint operator on the Hilbert space £ (i), and the
spectral gap is defined as its smallest nonzero eigenvalue:

(40) gap := min{A > 0: ker(A + £) # {0}}.

This fundamental parameter can be used to bound the total-variation distance to
equilibrium via the following classical inequality (see, e.g., [21]): for any initial
law v € P(2) and any time r € R,

1 1/2
4D WP — ey < —(max "(x)) (e
2 \xeQ m(x)

In the case of the mean-field zero-range process, the spectral gap was estimated by
Morris [22].
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THEOREM 2. In the regime (2) the spectral gap is bounded away from 0.

Thus, the right-hand side of (41) decreases exponentially fast with ¢. Since the
size of the state space |2| grows exponentially in n, maximizing over v in (41)
leaves us with the worst-case bound #fyx(¢) = O(n). This has the right order of
magnitude, but is rather remote from our current aim, namely to prove mixing in
time o(n) in the absence of a solid phase. We will instead use Proposition 6 to
show that the relative entropy Dy, (v P'||7r) quickly becomes o(n), where

p(x)
mT(x)

Once there, the following lemma will be invoked to conclude.

Dy () == pu(x)log ——

xe

LEMMA 8 (Fast mixing once relative entropy is small). Consider a continuous-
time Markov chain with reversible law m on a finite space 2. Fix an initial law
veP(RQ) and ¢ € (0, 1), and set

1 (D) l
(42) t:= 2ap <7€ g(g)-l—l).

Then, ||vP; — m||rv <&, where P; denotes the transition kernel of the process.

PROOF. Consider the subset S C 2 defined by

(x) +2DKL(U”7T)}‘
&

S_{er log

Observe that by definition,

(1 + M)”(SC) <3 vlog

€ xes¢ ( )

= Dk (v]|lm) + ) v(x)log @

xes x)
< Dx (vlim) + 7 (S) — v(S)
=< DKL(V||7T) + V(SC)’

where at the third line we have used logu < u — 1. After simplification we are left
with

€
S < =
o(s%) <5
Now let V := v(-|S) be v conditioned on S. Note that
vx) 1 V) _ { 2Dy (v||7) }
max max <expy2+ ——1,
xeQ w(x) v(S) xes n(x) )



3190 M. MERLE AND J. SALEZ

because v(S) > 1/2 > 1/e. Consequently, (41) shows that for all # > 0,

Dy (v]|) _

R 1
||VPt—7T||TV§§eXP{1+ gapt}.

Choosing t as in (42) sets the right-hand side to £/2. On the other hand, we trivially
have

VP —vPilry <[V —=V|rv = V(SC) <

| ™

By the triangle inequality we deduce that ||v P, — 7 ||py < &, as desired. [

3.4. Proof of fast mixing. We are now ready to establish Proposition 3. First,
by Proposition 5, there are constants §,6 > 0 that do not depend on #n, such that
for

0
43) r = — max n;,

S 1<i<n

we have max; E[¢?7 ()] < 4. By Markov’s inequality this implies that
4
P(n(r) ¢ Ka) < p

where K, :={£ € Q: % Y ¢%i < a}. On the other hand, by the Markov prop-
erty,

@) NP = lyy <POr() ¢ Ko) + max | Po(§, ) =y,

Thus, Proposition 3 will follow if we can show fast mixing from any configuration
in K,, where a is allowed to be arbitrarily large but fixed independently of n. In
words, the uniform downward drift allows us to replace the assumption (13) by the
much stronger condition

(45) Ly e =om,
i=1

In this regime the empirical distribution % i1 8y, is uniformly integrable: upon
passing to a subsequence, we may assume that (10) holds, with the limit ¢ having
mean A = p. Under this condition we will now show that for any s = s(n) that
diverges with n (say, s =logn),

(46) Dy (Ps(n, )llm) = o(n).

The conclusion will then follow by applying Lemma 8 with v = P (7, -). Indeed,
the time ¢ defined at (42) satisfies t = o(n), and we have || Pi45(n, ) — 7|ltv =
lvP; — m||rv < &, showing that tyx(n; €) <t + s = o(n), as desired. The remain-
der of the section is devoted to proving (46).
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Define the combinatorial entropy of the nonnegative integers ao, ..., ag to be
apt+a+---+a
h(ao,...,aK):=log[<0 : K)},
ao,ai, ...,dK
and extend this definition to finitely supported sequences ap, ay, ... by simply ig-

noring the zeros. Now consider one sequence (a(’)’, a{’, ...) foreach value of n > 1,
and assume that

i) ay+al +--- —— +oo,
n—oo
n
9k

a6’+a?+ n—00

(i) VkeZs, Pk
for some law p € P(Z+). Then a classical application of Stirling’s approximation
yields

h(al,d", ...
(47) lim inf 71091 -+)

> H(p).
n—00 a6l+a’11+_ (p)

We will use this fact below. First, observe that the number of configurations & € Q2
satisfying (36) is precisely

exp(Z h(nWyo(t): L e Z+)).

k=0

Therefore, Lemma 7 guarantees that the conditional law of n(¢) given W(¢) has
entropy > 2o oh(nWy ¢(t): € € Z,). Since conditioning reduces entropy (see [5]),
this implies that

H(P,(n,)) = D E[h(nWi¢(1): £ € Zy)].
k=0

We may finally let n — oo: Proposition 6 ensures that for fixed t > 0 and (k, £) €
Z%r, we have

W o(6) ——> we (1) =P(X (0) =k, X (1) = £).

Applying (47) with aj =nWj ,(¢) and then Fatou’s lemma, we see that for any
fixed t > 0.

liminf
n— oo

@ > H(X (1) X (0)),

where H(Y | X) denotes the conditional entropy of Y given X defined by

(48) H(Y|X):=) P(X =k, Y =10)log

= P(Y = £|X = k)
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On the other hand, since |Q2| = N (n, m) with A (n, m) defined at (15), the uniform
law 7 satisfies
H(m)
n

The right-hand side is H (G (p)). Since Dy (u||w) = H () — H(u) for = uniform,
we conclude that

— = (I+p)log(1 + p) — plog p.

DKL P ) N
fim sup X1 ’2’7 N b(Ge0)) = HX (01X )

n—oo

for any fixed ¢ > 0. The conclusion (46) follows, since the left-hand side is a de-
creasing function of ¢ (this is a general fact; see, e.g., [21]) and the right-hand side
can be made arbitrarily small by choosing ¢ large enough, thanks to Lemma 1 and
Proposition 2 (recall that A = p here).

4. Dissolution of the solid phase. In this final section we start by verifying
that there is a unique (explicit) solution to the Cauchy problem (14), and then show
that the latter describes the evolution of the solid phase in the sense of Proposition
4. We finally put things together to prove Theorem 1.

4.1. Resolution of the main differential equation. With the setting of Theorem
1 in mind, we fix a sequence of numbers u| > u; ... > 0 such that

o
(49) Zui =p,
i=1

and we consider the Cauchy problem (14), repeated here for convenience:

! 1
Ui(l)=<ui—_/0 Y200 ds)+.

By a solution to this problem, we will here mean a collection (v;);>1, where for
eachi > 1, v;: Ry — [0, u;] is a measurable function such that the equation (14)
holds for all # € R;.. We start by showing the existence and uniqueness of such a
solution. It will later be seen that v; (¢) is the limit of w as n — o0.

LEMMA 9 (Uniqueness). There is at most one solution to (14).

PROOF. For t > 0, we introduce the key quantity

oo
SOEDD) IS
i=1

Note that the nonincreasing function ¢ — r(#) may diverge at zero but that by
condition (49),

[ reas=a+p Y u <o+ ).

i=1
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Now let (v;);>1 and (tv;);>1 be two solutions to (14), and define for all # > 0,

A@) =) |oi(t) — w;(1)] € [0, pl.

i=1
From equation (14), it readily follows that
t
|0i (1) — w; ()] < fo A(s) ds.

Moreover, the left-hand side is zero for ¢ > (1 4 p)u;, because (14) implies

t
0 (1) v 10; (1) < (u, _ m)

Summing over all i > 1, we deduce from these two observations that
t t
A() < r(t)/ A(s)ds < / r(s)A(s)ds.
0 0

Gronwall’s Lemma now implies that A(z) = 0 for all ¢+ € R, thanks to the fact
that » € L' (R.) and the uniform bound A < p. [

Let us now construct an explicit solution to (14). We start by setting, for each
i>1,

i—1
(50) ti:=ui(1+p+¢—2uj)——2u

Our assumptions on (u ) ;> easily imply thatz; — 0 as i — oo. Note also that the
sequence (#;);>1 is nonincreasing, since for all i > 1,

i .
l
ti — tiy1= (Ui — ui+1)<1 +p - Zuj) + E(uiz —ui1) =0,
j=1
We now define a function f: R, — R as follows:
0 ifr=0,
2(t — t; L+p—Y"_ u, 2 l4p—Yi_juj
J ( l+1)+( : j=l1 j+ui+l) . j=1%J

i

f@):= i

4
iff € (ti+1, 1],

—_ ift>1.
1+ +u1 > n

Let us use the convenient convention #y := +00. Then for each i > 0, f is increas-
ing and C* on (f;+1, t;). Moreover, for i > 1 we have f(t;+) =u; = f(¢;), so f
is in fact continuous and increasing on (0, 00). In particular, lim f(0+) exists and
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must be equal to lim; .~ f(#;) which is 0 because u; — 0. Now, for each i > 0
and each t € (¢;41, t;), we easily compute

1 1
I+p— Yo jj— f@)  1+p =52~ f@O)s
where the second equality follows from the fact that f(#) < u;, if and only if # < #;,
by strict monotony. Consequently, we may safely write, for all r > 0,
i 1
f @ Z/ ds.
0 L4+p =302 i — f(s)+

i=1

fl@=

Setting v; () = (u; — f(t))+ yields a well-defined solution to (14)—the only one,
by Lemma 9.

4.2. Relating the dissolution rate to the density of the solid phase. In our
mean-field setting the dissolution rate of the solid phase is the proportion Qq(¢)
of empty sites in the system. By metastability the latter should only depend on the
total density of particles in the solid phase. The purpose of this section is to make
this intuition rigorous. For simplicity we will here assume that the solid phase is
restricted to the region {1, ..., L} for some fixed L > 0, that is,

(51) ax n; =o(n).
>L+1

1

Note that this property is then preserved by the dynamics: by Chernov’s bound,
the uniform downward drift of Proposition 5 ensures that for any 7, ¢ > 0,
(52) P3i > L: i(t) > en) < 2ne_”9€(1 4+ max eem—‘”),

i>L+1
where we recall that the constant 6 > 0 does not depend on 7. Since the right-hand
side is summable in 7, we see that the solid phase remains restricted to the region
{1,..., L}: for any time t = t(n),

(53) max 7;(1) = o(n),
i>L+1

almost surely. In particular, the proportion of particles in the solid phase at time ¢ is

iL:I "’T(t) 4+ o(1). The main result of this section is the following relation between

this number and Qg (7).

PROPOSITION 7 (Dissolution rate). In the regime (2), (51), for any fixed s > 0,
1 P

Qo(ns) — : 0.
1_1_[0 _ ZiL:] Th(:s) n—o00

To prove this proposition, we will “erase” the solid phase so that the fast mixing
result of Section 3 becomes applicable, and then compare this truncated process to
the original one.
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LEMMA 10 (Truncation). Fix n € 2, and let 7] be obtained by emptying the
first L sites, that is,

~ _Jmi ifi>L,
T"=Vo i<,
Then, the zero-range processes starting from n and 7 can be coupled in such a way

that their respective empirical profiles (Q(t): t > 0) and (Q (t): t = 0) satisfy, for
any horizon T > 0,

E[ sup]||§(t)— Q(t)H] <

tel0,T

2L(1+T)

PROOF. Recall the standard construction of the zero-range process using an
independent, rate —% Poisson point process E;_, ; for each source-destination pair
(i, j) € [n] x [n]: the successive points indicate the times at which the source
attempts to send a particle out to the destination, and the jump is allowed if and
only if the source is not empty. We may couple the processes starting from n and
77 by simply using the same underlying Poisson clocks for both processes. We then
have

7(t) < n(1),

for all # > 0. Indeed, this inequality is true at time r = 0 by construction, and it is
preserved by the dynamics because any jump that is allowed for the left-hand side
must also be allowed for the right-hand side. In particular, this implies that

Yo i@ =m0= > ni@®— D H@).

i=L+1 i=L+1 i=L+1
The right-hand side equals O at time ¢ = 0, and then the only clock rings that may
increment it (by one unit each time) are those whose source i isin {1, ..., L}. Over

the time interval [0, T'] the total number of such rings is just a Poisson random
variable with mean LT, and hence

(54) E[ sup > |mit) — m(t)q <LT.

1€0.T] =1 +1

Now observe that for each k € Z_ we have

1 & 1 &
- 1,‘t=k__ 1Ajt:k
n;(n() ) nizzl(n() )

Summing over k, we deduce that

~ 2 2 "
lo®) —0m| < . > Ay < —<L + > |ni@) =7 (1) )
i=L+1

i=1 n

~ 2"
|Qk()) = Qu0)] = = 2 Yooz o) Loi=o-

i=1

and the claim now readily follows from (54). [
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REMARK 1 (Stochastic regularity). The above construction of the zero-range
process enjoys another useful property: letting &; = _; E; + E;—; denote the
clock process for arrivals and departures on site i, which is a Poisson point process
of intensity 2 —, we clearly have forall 0 <s <7,

i (1) = mi(s)| < Ei([s, 2]).

PROOF OF PROPOSITION 7. If 5 satisfies (51), then its truncation 77 is com-
pletely liquid in the sense of (13). By Proposition 3, this ensures that the zero-range
process (77(¢): t > 0) mixes in time o(n). In particular, for fixed ¢ > 0, the empir-
ical profile Q(ne) must satisfy (9) but with m — (51 + - - - 4+ nr) particles instead
of m, that is,

L
0 m ni
Jewo-a(3-27)|| ==
1=
On the other hand, under the coupling of Lemma 10, we have
2) 2L
E[||Q(ne) — Q(ne)|] <2Le + -

Finally, Remark 1 implies that

2

L L
ni ni(ne)
2o

} <2Le.

Combining these three estimates, we easily deduce that
1
L i
1+,0_Zi:1 n(:e)
This seems rather weak compared to what we want to establish. However, by the

Markov property and (53), the result also applies to the shifted time ne + ¢ (n), for
any choice of ¢(n) > 0. Choosing ¢ (n) = (s — ¢)n for fixed s > 0 yields

1
limsupEHQo(ns) - T
l+p—

lim supEH Qo(ne) —

n—>oo

] <4Le.

"eD) i| <4Le.

n—oo .
i=1 n

Since this is valid for any choice 0 < ¢ < s, the result follows. [

4.3. Tightness and convergence. We are now in position to prove Proposi-
tion 4. We first establish a weak form of it, namely, that in the finitely supported
case where

(55) L:=sup{i>1:u; >0}
is finite, we have U/ (t) — v;(¢) in probability for fixed i, ¢ > 0, with the conve-
nient short-hand

(56) Uy = 100,
n
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PROOF OF THE WEAK FORM. We proceed by induction over L. The base case
L =0 is trivial by (53). To move from L — 1 to L, we only need to establish the
convergence

" P
|Ui ) —Ui(l‘)| P 0

fori <L and t € [0, T], where T =tz is the time at which the nonincreasing
function vy reaches 0, as defined in (50). In this range we have

t 1
(57) At _/0 T4 p = X1 0i(s) "

On the other hand, by Dynkin’s formula, we have the decomposition
t t
8 UrO=Ur O~ [ Qowns)ds+ [ Lupimo ds + M),

where M is a martingale. We will show that the right-hand sides of these two
equations are close to each other as n — 00, by a term-by-term comparison. First,
we have

(59) U0) — ui,

by assumption (4). Second, Proposition 7 readily implies that

t t 1
/OQO(ns)ds—/O 1+,0—Z,-L:1Ui"(S)ds

Third, setting A, (t) :=max; <z, |U/"(t) — u;(t)|, we have

sup

1€[0,T] n—00

T
§L/ Ay () de.
0

4 1 t 1
/ / 7 - ds
0 14+p— Z qui(s) 0 1+p—=2,2,U/(s)

up
tel0,T]

Fourth, observe that if U;"(s) =0 for some s <t then A, (s) > u;(s) > ur(t), so
that

t 1 t
60 / 1no—o ds < —f A, (s)ds.
(60) , Lwr=0 w0 Jo n(s)

Finally, since U”(t) makes jumps of size % at rate at most 2n, we have

E[(M] (T))?] < 2L, which by Doob’s maximal inequality, implies that

sup | M (1)| —> 0.
t€l0,T]

By Gronwall’s Lemma we conclude that

61) A (t)<0]p(1)exp{Lt+W}
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where the term op(1) does not depend on ¢ and tends to O in probability as
n — oo. For fixed ¢t < T, this already implies that A, () — 0 in probability, be-
cause ur,(t) > 0. In particular, we may now go back to (60) and improve it to

/ 1(U"(A) =0) ds —>O

This improvement suppresses the term ML(I)
g

PROOF OF PROPOSITION 4. Remark 1 is more than enough to ensure, for
each i > 1, the tightness (as n varies) of (U/'(t): t > 0) in the Skorokhod space
DR, R), and the almost-sure continuity of any subsequential limit. By diagonal
extraction we may find a subsequence along which

d * *
r o, )% wr s,
weakly with respect to the product topology, with each coordinate being equipped
with the topology of uniform convergence on compact sets. We already know that

each limiting coordinate U} belongs to C(R4, R ) with probability 1, and our task
boils down to proving that necessarily,

Ui (1) = 0i (1)
almost surely, for each i > 1 and each r € R, . Note that this is true at time ¢t = 0,

by our assumption. Now let s > 0. Since u; < 3 it follows from Proposition 5

that U (s) =0 foralli > L := p 9 We may thus apply the weak form at time s to
deduce that necessarily,

o e t 1
A (t)—(Ui (s) s 14+p =302, U (w) du)+’

forall # > s and all i > 1. Letting s — 0, we see that (U;");> satisfies (14) with
probability 1, and the uniqueness in Lemma 9 concludes the proof. [

4.4. Putting things together: Proof of the main result. As a corollary of the
above analysis, we obtain the following explicit value for the dissolution time.

COROLLARY 2 (Maximum occupancy). In the regime (2)—(3)—(4), we have
for any fixed t > 0

ni(nt) p
X —_—

1<i<n n n—00

(62) v1(t).

Moreover, the function v satisfies

(63) 01(1) >0 — t<t1—(1+,0)M1——Zu
i=1
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PROOF. If the maximum were taken over 1 <i < L for some fixed L, then
the result would be a direct consequence of Proposition 4. The only point that
needs to be justified is the fact that max<;<p i (n” ) =max|<j<L M provided L
is chosen large enough. This fact is a clear consequence of (52), together with the

observation that ny 1 < 7 O

+1

This is all we need to complete the proof of Theorem 1. We split the argument
into two parts.

PROOF OF THE UPPER-BOUND. If ¢ > #; then v(¢) = 0, so Proposition 3
ensures fast mixing from the random configuration & := n(nt), that is,

tix(§;8) P
n n—oo

0.

Explicitating the definitions, this means that for any fixed s > 0,

P
sup | Pys(§, A) — m(A)| —— 0.
ACD n— 00

Taking expectations and noting that E[ P, (§, A)] = Py¢+s5)(n, A) by the Markov
property, we obtain

jg%‘Pn(H—s)(’?’ A) —m(A] —=0.

In other words for any fixed ¢ € (0, 1),

. { haix (15 €) }
limsup] —————
n—o00o n

<t+s.

Since s and ¢ can be chosen arbitrarily close to 0 and ¢ respectively, the upper-
bound is proved. [J

PROOF OF THE LOWER-BOUND. Our distinguishing event will be

(64) A _{neQ max n,>ﬁ}.

1<i<n

We note for clarity that the choice /n is irrelevant here: any k = k(n) satisfying
logn <« k(n) <« n will work. If ¢ < 1, then v(¢) > 0, and so the above corollary
shows that

Ppi(n, A) m 1.
On the other hand, we have seen in Section 2 that if £ has the uniform law 7,

Nn—-1,m-1)
N, m) '

(65) P =k) =
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The right-hand side is at most (m+";_1 K= (# + o(1))¥, which is o(n~2), when

k > alogn with « large enough. Summing over all possible choices for i and &,
we deduce that

7(A) —— 0.
n— oo

These two estimates prove that || P, (1, -) — 7 ||rv — 0, or equivalently, that for all
e (0,1),

t .
liminf{ M} >t
n—oo

n

Since ¢ can be chosen arbitrarily close to 71, the lower-bound follows. [

Acknowledgment. The authors wish to thank Jonathan Hermon for his careful
reading and thoughtful comments on this article.

REFERENCES

[1] ALpous, D. (1983). Random walks on finite groups and rapidly mixing Markov chains. In
Seminar on Probability, XVII. Lecture Notes in Math. 986 243-297. Springer, Berlin.
MRO0770418

[2] ALDous, D. and DIACONIS, P. (1986). Shuffling cards and stopping times. Amer. Math.
Monthly 93 333-348. MR0841111

[3] AMANN, H. (1990). Ordinary Differential Equations: An Introduction to Nonlinear Analysis.
de Gruyter, Berlin. Translated from the German by Gerhard Metzen. MR1071170

[4] CAPUTO, P. and POSTA, G. (2007). Entropy dissipation estimates in a zero-range dynamics.
Probab. Theory Related Fields 139 65-87. MR2322692

[S] COVER, T. M. and THOMAS, J. A. (2006). Elements of Information Theory, 2nd ed. Wiley
Interscience, Hoboken, NJ. MR2239987

[6] DIACONIS, P. (1996). The cutoff phenomenon in finite Markov chains. Proc. Natl. Acad. Sci.
USA 93 1659-1664. MR1374011

[7] DIAcONIS, P. and SHAHSHAHANI, M. (1981). Generating a random permutation with random
transpositions. Z. Wahrsch. Verw. Gebiete 57 159-179. MR0626813

[8] ETHIER, S. N. and KURTZ, T. G. (1986). Markov Processes: Characterization and Conver-
gence. Wiley, New York. MR0838085

[9] EvANs, M. R. (2000). Phase transitions in one-dimensional nonequilibrium systems. Braz. J.
Phys. 30 42.

[10] EvVANS, M. R. and HANNEY, T. (2005). Nonequilibrium statistical mechanics of the zero-range
process and related models. J. Phys. A 38 R195-R240. MR2145800

[11] GANGULY, S., LUBETZKY, E. and MARTINELLI, F. (2015). Cutoff for the East process.
Comm. Math. Phys. 335 1287-1322. MR3320314

[12] GrRAHAM, B. T. (2009). Rate of relaxation for a mean-field zero-range process. Ann. Appl.
Probab. 19 497-520. MR2521877

[13] LACOIN, H. (2016). The cutoff profile for the simple exclusion process on the circle. Ann.
Probab. 44 3399-3430. MR3551201

[14] LACOIN, H. (2016). Mixing time and cutoff for the adjacent transposition shuffle and the sim-
ple exclusion. Ann. Probab. 44 1426-1487. MR3474475

[15] LACOIN, H. (2017). The simple exclusion process on the circle has a diffusive cutoff window.
Ann. Inst. Henri Poincaré Probab. Stat. 53 1402—1437. MR3689972


http://www.ams.org/mathscinet-getitem?mr=0770418
http://www.ams.org/mathscinet-getitem?mr=0841111
http://www.ams.org/mathscinet-getitem?mr=1071170
http://www.ams.org/mathscinet-getitem?mr=2322692
http://www.ams.org/mathscinet-getitem?mr=2239987
http://www.ams.org/mathscinet-getitem?mr=1374011
http://www.ams.org/mathscinet-getitem?mr=0626813
http://www.ams.org/mathscinet-getitem?mr=0838085
http://www.ams.org/mathscinet-getitem?mr=2145800
http://www.ams.org/mathscinet-getitem?mr=3320314
http://www.ams.org/mathscinet-getitem?mr=2521877
http://www.ams.org/mathscinet-getitem?mr=3551201
http://www.ams.org/mathscinet-getitem?mr=3474475
http://www.ams.org/mathscinet-getitem?mr=3689972

(16]

(171

(18]
(19]
(20]
[21]
[22]

(23]
[24]

CUTOFF FOR THE MEAN-FIELD ZERO-RANGE PROCESS 3201

LACOIN, H. and LEBLOND, R. (2011). Cutoff phenomenon for the simple exclusion process
on the complete graph. ALEA Lat. Am. J. Probab. Math. Stat. 8 285-301. MR2869447

LEVIN, D. A., LuczAk, M. J. and PERES, Y. (2010). Glauber dynamics for the mean-field
Ising model: Cut-off, critical power law, and metastability. Probab. Theory Related Fields
146 223-265. MR2550363

LEVIN, D. A., PERES, Y. and WILMER, E. L. (2017). Markov Chains and Mixing Times.
Amer. Math. Soc., Providence, RI. MR3726904

LUBETZKY, E. and SLY, A. (2013). Cutoff for the Ising model on the lattice. Invent. Math. 191
719-755. MR3020173

LUBETZKY, E. and SLY, A. (2014). Cutoff for general spin systems with arbitrary boundary
conditions. Comm. Pure Appl. Math. 67 982—1027. MR3193965

MONTENEGRO, R. and TETALI, P. (2006). Mathematical aspects of mixing times in Markov
chains. Found. Trends Theor. Comput. Sci. 1 x+121. MR2341319

MORRIS, B. (2006). Spectral gap for the zero range process with constant rate. Ann. Probab.
34 1645-1664. MR2271475

SPITZER, F. (1970). Interaction of Markov processes. Adv. Math. 5 246-290. MR0268959

SZNITMAN, A.-S. (1991). Topics in propagation of chaos. In Ecole D’Eté de Probabilités
de Saint-Flour XIX—1989. Lecture Notes in Math. 1464 165-251. Springer, Berlin.
MR1108185

UNIVERSITE PARIS DIDEROT

5 RUE THOMAS MANN, 75205 PARIS

FRANCE

E-MAIL: mathieu.merle @lpsm.paris
justin.salez@Ilpsm.paris


http://www.ams.org/mathscinet-getitem?mr=2869447
http://www.ams.org/mathscinet-getitem?mr=2550363
http://www.ams.org/mathscinet-getitem?mr=3726904
http://www.ams.org/mathscinet-getitem?mr=3020173
http://www.ams.org/mathscinet-getitem?mr=3193965
http://www.ams.org/mathscinet-getitem?mr=2341319
http://www.ams.org/mathscinet-getitem?mr=2271475
http://www.ams.org/mathscinet-getitem?mr=0268959
http://www.ams.org/mathscinet-getitem?mr=1108185
mailto:mathieu.merle@lpsm.paris
mailto:justin.salez@lpsm.paris

	Introduction
	Model and results
	The solid-liquid heuristic
	Proof outline
	Related works

	Metastability of the liquid phase
	Propagation of chaos
	Probabilistic representation of the ﬂuid limit
	Entropic relaxation

	Fast mixing in the absence of a solid phase
	Uniform downward drift
	Partial exchangeability
	Spectral gap argument
	Proof of fast mixing

	Dissolution of the solid phase
	Resolution of the main differential equation
	Relating the dissolution rate to the density of the solid phase
	Tightness and convergence
	Putting things together: Proof of the main result

	Acknowledgment
	References
	Author's Addresses

