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One-dimensional particle clouds with elastic collisions

Mikhail Menshikov* Serguei Popov' Andrew Wade*

11th September 2025

Abstract

We study an interacting particle system of a finite number of labelled particles on the integer
lattice, in which particles have intrinsic masses and left/right jump rates. If a particle is the
minimal-label particle at its site when it tries to jump left, the jump is executed. If not,
‘momentum’ is transferred to increase the rate of jumping left of the minimal-label particle.
Similarly for jumps to the right. The collision rule is ‘elastic’ in the sense that the net rate of
flow of mass is independent of the present configuration, in contrast to the exclusion process, for
example. We show that the particle masses and jump rates determine explicitly, via a concave
majorant of a simple ‘potential’ function associated to the masses and jump rates, a unique
partition of the system into maximal stable subsystems. The internal configuration of each
stable subsystem remains tight, while the location of each stable subsystem obeys a strong law
of large numbers with an explicit speed. We indicate connections to adjacent models, including
diffusions with rank-based coefficients.

Key words: Interacting particle system, elastic collisions, lattice Atlas model, asymptotic speeds,
partial stability, invariant measures, exclusion process.
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1 Definitions and main results

We consider dynamics of an interacting system of N ordered particles performing continuous-time
nearest-neighbour random walks on the integer lattice Z with elastic collisions. Each particle
i€{1,2,...,N} (labelled left to right) is endowed with intrinsic jump rates a;,b; € Ry := [0, 00)
and an intrinsic mass m; € (0, 00).

The dynamics of the system are as follows. If the site occupied by particle ¢ is occupied by
no other particle, then particle ¢ jumps to the left with rate a; and to the right with rate b;,
independently of the other particles; hence particles perform independent continuous-time random
walks as long as they avoid each other. When two or more particles occupy the same site, only the
particle with the smallest label in the stack can jump left, and only the particle with the largest
label in the stack can jump right, and the rates are modified by what we call the elastic collision
rule. Specifically, if particles k, ...,k + /¢ (and no other) are at a given site then particle k£ jumps to
the left with rate m,;l ?Lﬁ mja;, while particle k+4-¢ jumps to the right with rate m,;ie Zfiﬁ m;b;.

Denote by X;(t) € Z the position of particle i at time ¢ € R, with initial configuration
X1(0) < X2(0) < --- < Xn(0); observe that the collision rule preserves the weak order X;(t) <
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FIGURE 1: Schematic for the N = 6 elastic particle system with identical masses m; = m € (0, co0) for all 7.
Pictured is the configuration X;(¢) = 0, X5(t) = X3(t) = 1, X4(t) = X5(t) = Xg(t) = 4 and the transition
rates from this configuration are indicated on the arrows. In the case of multiple particles occupying the
same site, we imagine that particles are stacked in increasing order of index, and it is the bottom and top
particles that are allowed to move: the transition to the left would move the particle from the base of the
stack, while the transition to the right would move the particle from the top of the stack. To contrast the
elastic dynamics with exclusion dynamics, we refer to Figure 4 below; note that in the identical-mass setting,
the total activity rate of the elastic system is >, (a; + b;) independently of the current configuration.

Xo(t) <--- < Xn(t) for all t € Ry. We give a slightly more formal definition shortly, and refer to
Figure 1 for a schematic.

We use the word ‘elastic’ to describe the distinguishing property of this interacting-particle
system that the total momentum is independent of the present configuration, where momentum is
the (net) rate at which mass moves to the right (see Lemma 1.7 below and surrounding discussion).
This model is equivalent to one proposed in §6.2 of [36] as a lattice particle system possessing the
elastic collision property of the continuum Atlas model, in contrast to the classical simple exclusion
process which does not have the elastic property, since the exclusion dynamics suppresses movement
of particles in some configurations (see §2 for a description of the model of [36] and its equivalence
to the one here, and for background on the exclusion process and the Atlas model).

To give a physical motivation to the elastic collision rule, note that, first, if we interpret trans-
itions rates as speeds, when it does not share occupancy with any other particle, particle ¢ has
‘momentum to the left’ m;a; and ‘momentum to the right’ m;b;. On the other hand, if particle i
is part of a stack of multiple particles, the momentum generated by the stack to the left and right
is obtained by summing the individual momenta of the particles in the stack. For example, if
particles k, k4 1,...,k + £ are the occupants of a particular site then the elastic collision rule im-
parts to particle k a ‘momentum to the left’ of my, - m, 1 Z] pmja; = Z] . mjaj, while particles
k+1,..., k4 have ‘momentum to the left’ of zero. Similarly to the right. In this sense, ‘momentum’
is conserved.

We introduce some more notation and describe our main results. For n € N := {1,2,3,...},
define [n] := {i € Z : 1 < i < n}. The configuration space of the system of N € N particles is
Xy C ZN, given by

XN:{(xi)ie[N] EZNZ.CCl §§x]\[} (1.1)

We write X (t) € Xy for the state at time ¢t € R, with coordinates X (t) = (X;(t))e[n). We start the
system from a deterministic (but arbitrary) initial state X (0) € Xy. The process X := (X(t))iecr,
is a continuous-time Markov chain on the countable state space X, in which X;(¢) jumps to X;(t)—
at rate A;(X(t)) and X;(t) jumps to X;(¢) + 1 at rate B;(X(t)) where, for x = (7;);cn) € X,

m;ia;
Ai(w) = 1ya,  <ayy Z ]l{:cj—zl]w Bi(2) = Lz, >0} Z ——1g=a:}> (1.2)
] =1
with conventions g = —oco and xx4+1 = +00. Denote the intrinsic velocities of the particles
u := (ui)ie[n], Where u; :=b; —a;, for i € [N]. (1.3)



We then define Uy := 0, My := 0, and, for k € [N],

k k
Uk = Zmiui, and Mk = Zm, (1.4)
=1 i=1
Also, for ¢ € {0,1,...,k} define

k k
U&k = Uk—Ug:— Z mi;ug, and M&k = Mk—Mg: Z m;. (15)
i=0+1 1={+1

Remark 1.1. Because of the elastic interaction mechanism, many of the a;s and b;s can be set
to zero and the model still be non-trivial. For example, one can take b; > 0, ay > 0, and all
other a;,b; = 0, and the elastic process still, with positive probability, moves all particles any finite
distance to the left or right, while, in contrast, the exclusion process with the same parameters
(see §2.4) would reach an absorbing state in finitely many steps.

Remark 1.2. The reason for the negative sign in the definition of Uy in (1.4) is to conform with
the interpretation of Uy /Mj as a sort of potential function associated with the system. Roughly
speaking, the evolution of the system will favour moving particles in directions of negative gradient
of the potential; hence the choice of sign. We elaborate on this following Definition 1.8 below.

For non-empty € C [N] denote the span of particles labelled by € as

Ag(t) :=sup X;(t) — igng(t) = Xnaxe(t) = Xmine(t), for t € Ry, (1.6)
IS
Our first main result is a criterion for stability of the system, meaning that the system evolves
as a single cloud of particles, within which the inter-particle distances remain exponentially tight,
with a single characteristic speed. The formal statement is the following.

Theorem 1.3 (Stability criterion). Let N € N, m; € (0,00) for all i € [N], and a;,b; € Ry for all
i € [N]. With Uy, My, defined at (1.4), suppose that
U _ Uy

My < My for all k € [N —1]. (1.7)

Then the system is a single stable cloud in the following sense.
(a) Limiting speed. For every i € [N], there holds the strong law of large numbers

lim t1X;(t) = _Uy

Jim My a.s. (1.8)

(b) Relative stability. There exist constants C € Ry and § > 0 (depending on the a;,b;, and
m;) such that

sup P [A[N} (t) > s] < C[l + PO | =05 for all s € R,
teR4

and, moreover,

" A (1)
im sup

< 00, G.S.
t—oo  logt

Furthermore, condition (1.7) is necessary for (b) to hold.



Remark 1.4. That condition (1.7) is sufficient for relative stability was conjectured in [36] (for a
modified but equivalent version of the process, as explained in §2.3), and is a lattice analogue of
the stability result for Atlas-type models (e.g. Theorem 8 of [39]). That condition (1.7) is necessary
for relative stability (b) is a consequence of the more general partial stability result, Theorem 1.10,
that we present below. That result also shows that (a) can hold if (1.7) is violated, in a system
with multiple stable clouds all with the same characteristic speed, a simple example being the
homogeneous-speed case in which u; = u for all i € [N] (cf. Example 1.11 below).

For a configuration = = (z1,...,2n) € Xy, define its vector of inter-particle distances
D(x) := (Dji(%))ien—-1 € z¥ 1, where D;(z) := w41 — a; for i € [N — 1]. (1.9)
Then associated to process X is the process 1(t) := (1i(t))ic[n—1], on fol, where
n(t) == D(X(t)),i.e., n;(t) = X;41(t) — X;(t) for ¢ € [N — 1]. (1.10)

Clearly (Xi(t),n(t)) defines a Markov process on Z X Zf ~1 that contains the same information
as the original process X. Moreover, it is not hard to see that 7 := (9(t))ier, is itself a Markov
process, describing the configuration relative to the left-most particle. The relative stability part
of Theorem 1.3 has the following interpretation in terms of the process 7.

Corollary 1.5. The Markov chain n on Zf‘l is positive recurrent if and only if (1.7) holds. If
positive recurrent, then n is geometrically ergodic, meaning that the stationary distribution has a
finite exponential moment.

The following example covers systems with few particles; a contrast with the exclusion process
described in §2.4 is given in Example 2.1 below.

Example 1.6 (Small systems). The case N = 1 is trivial; then (1.7) holds vacuously, U; = my(a; —
b1) and (1.8) reduces to the ordinary strong law for a single random walker, lim; o t 2 X7 () = uy,
a.s. When N = 2, the stability criterion (1.7) reduces to the simple condition uy > uy (regardless
of the masses), meaning that if the two particles did not interact, the leftmost would overtake the
rightmost. For N = 3, the masses of the particles enter, and the stability criterion (1.7) is

(mg + m3)uy > maug + msuz and myuy + maoug > (M + ma)us;

note that a consequence of the above two inequalities is that u; > ug, and a sufficient condition for
stability is w1 > uo > us. A

Before moving on to the general case in which (1.7) is not satisfied, we give some intuition
behind the speed —Uy /My appearing in (1.8), and the origin of condition (1.7). Let

G = (G(t))ier, , where G(t) = ML miX;(t), for t € Ry, (1.11)

the centre of mass process associated with the particle system. In general G is not itself a Markov
process, since the transition law of G(t) depends on the whole configuration X (t). Nevertheless, we
show below (see Theorem 3.1) that there is a well-defined local speed of G(t) which is always equal
to —Un/Mp. Moreover, in the equal-mass case where m; = m independently of i, it is immediate
from (1.2) to verify the following stronger fact, which says that G is Markov. This is a discrete
analogue of a similar observation for diffusion systems (e.g. Lemma 7 of [39], and §2.6 below).



Lemma 1.7. If m; =m € (0,00) for all i € [N], then G performs a continuous-time, spatially ho-
mogeneous random walk on N7 which jumps —m/N at rate Efil a; and +m/N at rate Efil b;.

In particular, Lemma 1.7 together with the strong law for Poisson processes shows that
limy 00 t1G(t) = —Uxn /My in this case; we show below the same is true more generally (see The-
orem 3.1). This fact is true regardless of the stability or otherwise of the particle system, but it
does explain why, in Theorem 1.3, when the system is stable, the limiting speed of the cloud as
given by (1.8) has to be —Un/My.

To state our general stability result, Theorem 1.10 below, we need some additional definitions.

Definition 1.8 (Concave majorant, boundary, slopes). (i) Given My, ..., My and Up,...,Up, a
continuous, concave function u : [0, My] — R is a concave majorant if U < u(Mjy) for every
k€ {0,1,...,N}. The (unique) least concave majorant @ : [0, Mn] — R is a concave majorant
such that w(z) < u(z) for all = € [0, My] and every concave majorant u. See Figure 2 for a picture.

(ii) It is not hard to see that @ is piecewise linear. Denote
Vi={ke{0,1,...,N}: Uy =u(My)}, (1.12)

the set of boundary indices for W; note that it is always the case that {0, N} C V. In other words,
V ={ko,k1,...,k,} (v € [N]) is the unique set with 0 =ky < --- < k, = N,

Uk;_1 k Uk, k

7> *L forall j € [v—1], and 1.13
My, sk~ My ki [ ] ( )
Uk. U k.
b Rk gor all 0 < Jj<wvandall kj <m < kji1, (1.14)
Migjm Mg g1
where the convention is Uy/Mj := 0.
(iii) Given boundary indices V = {ko,ki,...,k,}, denote the sequence of slopes of successive
boundary segments by
v = ij*l’kj for j € [v]; (1.15)
J - Mkj,hkj ) 3 .

then (1.13) says that v; > v for all j € [v —1].

Remark 1.9. If in (1.13), we demand strict inequality, then we obtain the set of vertices of the least
concave majorant, and the line segments between successive vertices are its faces which have strictly
ordered slopes. The set V' from Definition 1.8 can also include non-vertex boundary points, in cases
where the path (My, Vi) touches its concave majorant at the interior of a face, corresponding to
equality in (1.13).

The next result will demonstrate a cloud decomposition, which means an ordered partition
¢; < --- < €, of [N], where the clouds € are non-empty, pairwise disjoint, have union [N], and
where € < ¢’ for €, ¢’ C [N] means that i < j for every i € € and j € ¢'. Then for every i € [N]
there is a unique j € [v] such that ¢ € €;; we say that particle i belongs to cloud j. The next
result shows that the particles in each cloud are typically close, in the sense that all inter-particle
distances within the same cloud remain exponentially tight, but different clouds either diverge
ballistically (if their speeds differ) or are very often well-separated (if they have the same speed,
see Remark 1.12(ii)). For this last part, we will need also the following non-degeneracy condition:

Z(ai + b;) > 0 for every j € [v], (1.16)
1€¢;
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FIGURE 2: Identifying the stable clouds: here, these are {1,... .k}, {k1 +1,...,k2}, and {ka +1,..., N}
(with the speeds being equal to minus the corresponding slopes).

which says that every cloud has some intrinsic activity. For j € [v — 1], we write

Lj(t) := min X;(t) — max Xy (t) = Xmine;,, () — Xmaxe, (1) € Zy, fort € Ry, (1.17)
1€€ 11 i'el; J 7

the minimal distance between particles from clouds €; and €;;1 at time ¢.

Theorem 1.10 (Cloud decomposition). Let N € N, m; € (0,00) for all i € [N}, and a;,b; € Ry
for alli € [N]. Suppose that (1.16) holds. Suppose that V- = {ko,k1,...,k,} is the set of boundary

indices for the least concave majorant, as in Definition 1.8. Then for the cloud decomposition
C1,..., ¢, given by €5 :={i € [N] : kj_1 <i < k;}, the following hold.

(a) Cloud speeds. For every j € [v] and every i € €;, with v; the slope defined at (1.15),

lim ¢ X;(t) = —vj, a.s.

t—o00

(b) Clouds are stable. Recall that A¢ is defined at (1.6). There exist constants C € Ry and
d > 0 (depending on the a;,b;, and m;) such that for every j € [v],

sup P [Agj (t) >s] < C[l + YR (0)]6—557 for all s e Ry,
teRy

and, moreover,

t—o00 logt

(c) Cloud separations. Let j € [v —1]. If v; > vjt1, then limyyoo t1Li(t) = |vj41 — vj| > 0,
a.s. If v = vjq1, then there exists € € (0,1/2) such that

1 t
im —— ; < t° = .S. .
tlgglo tlE/O {L;(s) <t°}ds =0, a.s., (1.18)
while nevertheless
liminf L;(t) =0, a.s. (1.19)
t—o0

Example 1.11 (Homogeneous speeds). Suppose that u; = u € Rfor alli € [N]. Then Uy /My = —u
for all £ € [N], meaning that V' = {1,2,..., N} and the cloud decomposition consists of v = N



singleton “clouds” all with the same speed —v; = u. The condition (1.16) holds (and hence so does
the separation result in (c) above) unless a; = b; = 0 for all ¢ € [N], in which case (1.18) will fail,
since the particles do not move at all. This, and similar examples, shows that the hypothesis (1.16)
cannot be removed in Theorem 1.10(c). A

Remarks 1.12. (i) Recalling Definition 1.8, we have that V' = {0, N}, i.e., n = 1 and the concave
majorant @ is strictly above (M;,U;) for every i € [N — 1], if and only if (1.7) holds. Hence
Theorem 1.3 follows from Theorem 1.10, although we prove them in the other order.

(ii) Statement (1.18) says that each gap between clouds with equal speeds is all but a vanishing
proportion of the time growing at least as a small power of ¢, while (1.19) says that it is, on
the other hand, recurrent. A natural (but difficult) question concerns recurrence or transience
of L(t) := (Lj(t))jea for A C [v — 1] with v; = v,y for every j € A. For N = 3 particles
in v = 3 singleton clouds, criteria for recurrence and transience can be deduced from results for
random walks on Z2 [7] as described in Example 2.18 of [36] for the related model with exclusion
interaction, but we leave the general case as an open problem.

(iii) Theorem 1.10 identifies stable subsystems of a Markov chain that may not be stable as a
whole; interest in such partial stability results [2, 22, 36] has been stimulated by queueing theory
especially, and there is a queueing interpretation of the present model, as we explain in §2.5 below.

(iv) In the construction of Definition 1.8, note that if we multiply all masses m; by the same positive
constant, then the Uy, M, are multiplied by that same constant, hence their ratios remain the

same, and so the boundary indices {ko, ..., k,} remain unchanged, as do the v; at (1.15). Similarly,
if we multiply all rates a;,b; by the same positive constant, then the Uy are multiplied but not
the My, so the boundary indices {ko,...,k,} remain unchanged once more, but the v; are all

multiplied by the common rate factor. Moreover, in the special case where masses m; = m € (0, c0)
are constant, the boundary indices also remain the same if one adds the same quantity to all the
a;’s (and/or all the b;’s), corresponding to an affine transformation Uy — Uy + ak which preserves
the concave majorant (cf. Figure 2).

(v) Suppose that parameters w := (aj,b;);c[n) are determined before the dynamics begins by
sampling a random environment. That is, take (a1,b1), ..., (an,by) are independent draws from
a law P, and then, given the realization of the environment w, define the Markov chain X through
rates (1.2), under a law that we now call P,, to indicate the dependence on w. Theorem 1.10 is
then a quenched result (for given w) but also of interest is behaviour for typical w. For simplicity,
suppose that m; = 1 € (0,00) (constant masses). Then the cloud decomposition is determined
by the concave majorant of the N-step random walk (under P) Uy, Uy,...,Uyx with increments
—uq,...,—up, by (1.4). A classical result on concave majorants of random walks (see [1, 46] and
references therein) says that, assuming u; has a density under P, the expected number of slopes
of the concave majorant is asymptotically equivalent to log N, and hence the (random) number of
clouds v in the decomposition of Theorem 1.10 has Ev ~ log N as N — oo as well.

We indicate two quite broad directions for potential future work, in addition to the recur-
rence/transience question raised in Remark 1.12(ii).

e We have dealt here with finite systems of particles with elastic collisions, but it is a natural
open problem to also consider semi-infinite systems, with particles enumerated by the natural
numbers. Here one expects some progress can be made by comparison with large finite
systems, but also new and rich phenomena; see e.g. [38], and references therein, for the
setting of exclusion interaction (as described in §2.4 in the finite case).



e In contrast to the case of exclusion interaction, where explicit product-geometric invariant
distributions are known in the stable case (see [36]), the results above in the elastic case give
no explicit form for invariant measures. There are reasons to expect that, in the elastic case,
simple explicit formulas are not available generically, but only in some special cases of the
parameters, that as yet remain to be classified. We make some observations in this direction
in §5, but leave fuller study of invariant measures as an open problem.

The outline of the rest of the paper is as follows. In §2 we describe equivalent models to the
model described above (including in §2.3 the original formulation of the particle model from [36]
in which no site can be occupied by more than one particle). In §2.4 we contrast the elastic model
with the simple exclusion process, which has a non-elastic collision mechanism and is one of the
most studied models of interacting particle systems, while in §2.6 we draw parallels with a well-
studied continuum model of mutually-reflecting diffusions. In §2.5 we formulate a queueing model
equivalent to the elastic particle model. In the exclusion-process context, a similar translation
gives a Jackson network, for which partial stability results due to Goodman and Massey [22] were
a key component to developing the corresponding cloud decomposition [36]; as far as we know, no
such results are available for the class of queueing models we end up with here, and so we need a
different approach. The proofs of our main results are divided between proof of, loosely speaking,
stability (Theorem 1.3) in §3 and instability and hence the cloud decomposition (Theorem 1.10)
in §4. The arguments for stability, including the proof of Theorem 1.3 given in §3.1, use some
Lyapunov function ideas presented in §3.2. The most involved part of the proof of instability
concerns the case where there are several different clouds of the same speed, and here we make
use of some apparently novel tools from martingale defocusing that we present in a self-contained
appendix (§A). The proof of Theorem 1.10 is then given in §4.3. In §5 we present some partial
results on invariant distributions and pose some open questions in that context.

2 Discussion of equivalent and adjacent models

2.1 Random walks with rank-dependent rates

Here is an alternative construction of the model formulated in §1. Consider a system of N labelled
particles with identical masses m; = m € (0, 00) foralli € [N]. Let Y (¢) := (Y1(t),...,Yn(t)) € ZV,
where Y;(t) € Z denotes the position of the particle labelled i at time ¢ € R, started from
Y (0) € ZV (not necessarily in label order). Let o4(i) denote the permutation on [N] giving the
time-t rank of the particle labelled ¢ among all the particles, using lexicographic order in case of
ties (rank 1 being leftmost, rank N rightmost):

ou(i) = Y WY;(t) <Yi(h)} + Y 1{Yj(1) = Yi(1)}.
Je[N] j€ld]

Then define dynamics by declaring that at time ¢, particle 4 jumps —1 at rate A7*(Y'(¢)) and jumps
+1 at rate BY'(Y (t)), independently of other particles, given the ranks, where A and B?, for a
permutation o with inverse !, are defined similarly to (1.2): for y € ZN,

N o (i)
ATW) = Ty, 1y <o) > Gy, ag=up B = Ly >0 > by, G)=uds
j=al(i) =1

with conventions o= 1(0) = 0, 0"Y(N +1) = N +1, yp = —oc and yyy; = +oo. Considering

the ordered particles X;(t) := Y1 (t), we recover the identical-mass elastic particle system X ()

8



defined in §1. In words, the elastic collision mechanism can be obtained by starting with a system
of particles that perform independent random walks at rate parameters determined by their ranks,
and tracking the ordered configuration of particles. This is a discrete analogue of a construction of
Atlas-type diffusion models (see e.g. [9, 28, 32, 39] and §2.6 below).

2.2 Discrete time

Associated to the continuous-time Markov process X defined in §1 is the discrete-time jump chain,
obtained by sampling the continuous-time process at the times at which it changes configuration.
Since the jump rates of the continuous-time process are uniformly bounded above, and uniformly
bounded below if we exclude the trivial case where a; = b; = 0 for all i € [N], statements about
stability, partial stability, exponential bounds, etc., from Theorems 1.3 and 1.10 apply equally well
to the discrete-time version of the process.

The relationship between the speeds is a little more involved. In the particular case when all
masses are equal, i.e., m; = m € (0,00) for all i € [N], a consequence of (1.2) is that the total
activity rate of the continuous-time process is constant, regardless of the configuration:

L PIX(E+ ) £ X(1) | X (1) = 7]
h—0 h

= Z (a; + b;), for every x € X. (2.1)
1€[N]

Consequently, ergodic properties of the discrete-time and continuous-time chains are equivalent up
to a constant multiplicative factor in terms of the right-hand side of (2.1): this means that speeds
are all related by the same multiplicative factor, and stationary distributions coincide exactly. In
the case of general masses m;, the time-change between discrete and continuous time is less explicit,
as total activity rate depends on the ergodic behaviour internally to each stable cloud, which is not
explicitly quantified since stationary distributions are not known explicitly (see §5 below).

2.3 Expanded elastic system excluding multiple occupancy

Take the elastic process described in §1 in the case when all masses are equal, i.e., m; =m € (0,00)
for all i € [N]. Define X;(t) := X;(t) +i — 1 for every i € [N] and all t € Ry. The Markov process
X (t) := (Xi(t))ie[n) can be described as a particle system on Z, with no more than one particle per

site, in which the particle at position X, attempts to jump left at rate a; and right at rate b;. If no
particle is occupying the site of an attempted jump, the jump is executed. If a particle is occupying
the target site of an attempted jump, instead that blocking particle immediately attempts to jump
to its neighbouring site in the same direction; and so on. In this way ‘momentum’ is transferred
to the outermost particles of contiguous blocks, as represented in Figure 3. For the case of non-
identical masses m;, a similar interpretation is possible.

We call X (t) the expanded elastic particle system, and, when contrast is needed, we refer to the
model of §1 as the contracted elastic particle system. Up to the bijection between the two sets of
configurations by the transformation (z1,...,zx) — (z1,22 + 1,...,2x5 + N — 1), the two models
are equivalent. Thus Theorem 1.3 and Theorem 1.10 apply, mutatis mutandis, to the expanded
elastic model as well. The expanded elastic model was first proposed, as far as the authors are
aware, in §6.2 of [36], where the stability criterion in Theorem 1.3 was conjectured.

2.4 Simple exclusion process with particle-wise heterogeneity

The exclusion process, originating with [35, 44], is one of the most intensively studied interacting
particle models, but it differs crucially from the elastic model of §1 because collisions suppress
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FIGURE 3: Ezpanded elastic dynamics. Take the configuration of NV = 6 equal-mass particles represented in
Figure 1, and apply the transformation X;(t) := X;(t) + ¢ — 1 for every ¢ € [N] to obtain a configuration in
which the ‘stacks’ of multiple occupancy sites are expanded into contiguous blocks of particles. This gives an
equivalent version of the elastic particle system, in which no site can be occupied by more than one particle,
and in which ‘momentum’ of attempted jumps is transferred to the outermost particles of contiguous blocks.

activity of the system, as we will explain. The version of the exclusion process that serves as a
comparator for our model (in the case of identical masses m; = m) consists of N particles, with
configurations in Xy, and particle ¢ has jump rates a;, b; to the left, right, when it is on its own,
exactly like the model of §1. The difference is that when multiple particles occupy the same site,
the minimal index particle jumps left at only its intrinsic rate, rather than the sum of all rates of
the particle stack. Similarly for jumps to the right; thus the exclusion collision rule replaces the
rates A;, B; from (1.2) by simply A§*°(x) := 1y, | <p,30; and Bi¥(x) := 1y, 5q,10i- See Figure 4
for an illustration.

b1 b3 b6
o N
< O V\/. O \_/: O Y/
rate aq az a4

FI1GURE 4: Contracted exclusion dynamics. Schematic showing a configuration of N = 6 equal-mass particles
and transition rates indicated on the arrows. In the case of multiple particles occupying the same site, we
imagine that they are stacked in increasing order of index, and it is the bottom and top particles that are
allowed to move: the transition to the left would move the particle from the base of the stack, while the
transition to the right would move the particle from the top of the stack. To translate a configuration to
the more standard exclusion configuration, shift particle ¢ to the right by 7 — 1 sites; this change of variables
shows equivalence of this ‘contracted’ exclusion process to the classical exclusion process in which sites are
occupied by at most one particle.

It should be noted that the exclusion process is usually described in terms of configurations
expanded using the transformation (z1,...,2nx) — (21,22 + 1,...,2zxy + N — 1), but, similarly
to §2.3, there is an equivalence exactly as between the contracted and expanded elastic models
(cf. Figures 1 and 3).

Example 2.1 (Small systems, continued). To emphasize that there is no simple monotonicity
relation between the exclusion and elastic interactions, we give examples (with m; = m € (0, 00)
constant) using the same rate parameters where (i) the model with exclusion interaction is stable
but with elastic interaction is not, and (ii) vice versa.

For case (i), consider N = 3 particles with intrinsic rates a; = aa = a3 = by = 1, by = 2,
and bs = 1/3. Example 2.10 of [36] shows that under exclusion dynamics, this system is stable,
i.e., {1,2,3} is a single cloud. On the other hand Theorem 1.10 above shows that, under elastic
dynamics, the stable clouds are {1} and {2, 3} with corresponding speeds —v; = 0 and —vy = 1/6;
in the elastic case, particle 2 can push particle 3 faster to the right.

For case (ii), consider N = 3 particles with intrinsic rates a; = by = b3 =1, ag = 1/2, by = 3/2,
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and az = 3. Now Example 2.10 of [36] shows that under exclusion dynamics, the stable clouds are
{1} and {2, 3}, while Example 1.6 (or Theorem 1.3) shows that, under elastic dynamics, the whole
system is stable. A

There is a bijection between the N-particle exclusion process and an open Jackson network
of N — 1 queues (see §3 of [36] and references therein). In the work of Malyshev and the present
authors [36], this bijection was used to apply results of Goodman and Massey [22] on partial
stability for Jackson queueing networks to obtain the cloud decomposition of the exclusion system.
The partial stability results (Theorems 2.1 and 2.3 of [36]) are analogous to the present Theorems 1.3
and 1.10, but the algebra of cloud speeds in the exclusion/Jackson case is rather more complicated,
since the elastic property is absent. On the other hand, the exclusion/Jackson setting turns out
to be simpler from the point of view of exhibiting reversibility that allows invariant distributions
to be computed explicitly as product-geometric distributions. We discuss invariant distributions
and the generic absence of reversibility in the elastic model in §5 below. Rather than describe in
detail the queueing model that corresponds to the exclusion systems (see [36, §3] for that), in §2.5
we instead describe a similar correspondence for the elastic model. We refer to [38], and references
therein, for exclusion interaction among semi-infinite systems of particles.

2.5 Queueing networks with resource redeployment, random walks in orthants

Once more, take the elastic process described in §1 in the case when all masses are equal, i.e.,
m; = m € (0,00) for all i € [N]. The Markov process 1 = (1(t))tcr, of inter-particle distances
defined by (1.10) has an interpretation as the process of queue-lengths in a network of N —1 queues
in series, with a specific form of pooling of server resource.

In this interpretation, n;(t) € Z4 counts the number of customers in queue i € [N — 1] at time
t € Ry. Customers enter and leave the network only at the two extremal queues, 1 and N — 1.
Arrivals are according to a Poisson arrival stream with rate a; at queue 1, and an arrival stream of
rate by at queue N — 1. If queue ¢ € [N — 1] is non-empty, then the ith server serves the customer
at the head of queue ¢ at rate b; + a;11. When a customer is served, it is routed to queue i — 1 with

probability Ll or to queue ¢ + 1 with probability biff;;l; being routed to queue 0 or N means

bi+a;+
that the customer leaves the system.

The above part of the dynamics is identical to the Jackson network that corresponds to the
exclusion process: the difference for the elastic model will be that when a server’s queue is empty,
the server will redeploy resource to serve the nearest occupied queues in each direction. Precisely,
if queue i € [N — 1] is empty, then server i lends service rate b; to the nearest occupied queue to
the right, if there is one, or to augment the arrival stream at queue N — 1 if there are no occupied
queues to the right, and lends service rate a;y1 to the nearest occupied queue to the left, or to
the arrival stream at queue 1 if there are no occupied queues to the left. The interpretation of the
constant activity rate in (2.1) in this setting is that the total service effort in the queueing network
is independent of the current configuration, unlike in the Jackson network. (Here ‘service’ includes
the server recruiting extra arrivals to the extremal queues.)

The process 1 can also be viewed as a continuous-time, reflected random walk on the or-
thant Zf ~1 with nearest-neighbour jumps. For N € {2,3}, there are exhaustive criteria for
classifying stability of such walks (see e.g. [17, 18]!) in terms of first and second moments of incre-
ments. For N € {4,5} the generic classification requires precise knowledge of quantities which are
hard to compute, namely stationary distributions for lower-dimensional projections [17, 29]. For

!These works are written for discrete-time random walks, but they immediately apply to this case also, since the
rates normalize to probabilities with the same normalizing constant from (2.1).
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N > 6, the generic case is intractable [19]. The family of random walks here, with the explicit
stability criterion in Corollary 1.5, gives an example where there is a complete stability description
for any N; the model of [36] provides another class of examples.

2.6 Atlas model of rank-dependent interacting diffusions

Continuum (diffusion) models, in which N particles perform mutually-reflecting Brownian motions
with drifts and diffusion coefficients determined by their ranks, have been extensively studied in
recent years, and include the Atlas model and its relatives: see e.g. [8, 9, 28, 32, 39, 42, 43| and
references therein.

In one of the most general settings for finite systems, the system of N diffusing particles is
described by a system of stochastic differential equations (SDEs) with reflections. If 21 (t) < za(t) <
-+« < xpn(t) denote the ordered positions on R of the N particles at time ¢ € R, and parameters
qj_,q;.r € (0,1) satisfy q]trl +¢; = 1forall j € [N — 1], consider the dynamics satisfying

dai(t) = pdt + o dWi(t) + g;FdL (t) — ¢; AL (t), for every i € [N, (2.2)

where W1, ..., Wy are independent standard Brownian motions, and L’(t) is the local time at 0
of 2; — x;_1 up to time ¢, with the convention L' = L¥*! = 0. The local-time terms in (2.2)
maintain the order of the x;, while each particle z; has its own intrinsic drift (u;) and diffusion (o;)
coefficients. The coefficients 4 q;-r multiplying the local time terms control the relative impact of
collisions on each of the two particles involved, and play a comparable role to the masses in the
model of §1, as we now explain; see also the discussion in §3 of [32].

We can identify ‘masses’ in the system (2.2) by defining, for k € [N],

Mk 2= H (1 —+q;r> :

ic[k] 4

Then some algebra shows that, for k € [V].

+ _ —
g1 = s
where we set mg = my41 = 0. In other words, we can re-write (2.2) as
mi—1

dLi(t) — — L qLiHY(), for every i € [N].  (2.3)

m; +m;—1 m; + miq

d$z(t) = uidt + UidWi(t) +
The continuum system (2.2) is elastic in the sense that the total flow of mass is constant. Formally,

define M := 3, -1y my and the centre of mass g(t) := M-t > ie[y] Mizi(t). By summing (2.3) and
using the conditions on the qj q;“, we deduce that g has dynamics

dg(t) = pdt + 7dW (t),

where W is standard Brownian motion, and the drift and diffusion coefficients satisfy

(Compare Theorem 3.1 below for the elastic particle system.)
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The elastic continuum model just described serves as a scaling limit of a class of particle system
models, under certain near-critical parameter scaling, that includes both the elastic model of §1
and the ‘inelastic’ simple exclusion process of §2.4: see [32, §3] and [36, §6.3] for more detail. The
equivalent scaling limit when the discrete-space model is viewed as a queueing network (as in §2.5)
is a heavy traffic limit in which every queue is asymptotically critically loaded, and the scaling limit
is a reflected diffusion on an orthant; see e.g. [20, 41].

As far as the authors are aware, long-time stability of the continuum system defined by (2.2)
above has been studied only as far as classifying whether or not the whole system is stable (e.g. [28,
32, 39, 42]), rather than identifying a full cloud decomposition as we do in Theorem 1.10; in the
continuum setting there are additional complexities as one must consider the analogue of the ‘corner
trapping’ phenomenon for reflected diffusion in an orthant [47].

2.7 Further literature on elastic collisions

Physical systems of particles exhibit (approximately) elastic collisions, in which kinetic energy and
momentum are both (approximately) conserved, if there are no external forces and internal energy
states of particles can be (approximately) ignored. A number of probabilistic models for such
physical systems have been studied in the literature, including Kac’s uniformly mixing model for
kinetic theory of gases [31] (which neglects space), and the work of Jepsen, Harris and Spitzer [25,
30, 45] on elastic models of colliding particles on the line with deterministic or Brownian free-space
trajectories. To give a flavour of the sorts of phenomena observed for the spatial models, suppose
that at time 0 a system of particles with equal masses is given according to a stationary Poisson
process on R, with one much more massive tagged particle at the origin; independently of the
positions, the atoms are given i.i.d. velocities, and undergo elastic collisions when they meet. If one
observes the tagged particle in an infinite system started from a given density profile, possibly in
the presence of a hard barrier, there are results that establish convergence to a Brownian, Ornstein—
Uhlenbeck, or other Gaussian process, and also results when the tagged particle is much less massive
than the rest: see e.g. [10, 11, 14, 16, 21, 34]. An informative overview of this and other literature
is given in the introduction to [39].

3 Proofs: Stability

3.1 Global speed and local stability

In this section we state two key ingredients to our proofs. Theorem 3.1 states that the drift of the
centre of mass of the system is independent of the current configuration, which is a distinguishing
feature of the elastic collision mechanism. Proposition 3.2 gives a criterion for identifying (not
necessarily maximal) stable subsystems of particles. These two results will combine to give The-
orem 1.3 (the short deduction appears after their statement), and are also crucial in the proof of
Theorem 1.10. The proofs of both Theorem 3.1 and Proposition 3.2 are given in §3.2 below.

Recall the definition of the centre of mass process G from (1.11). The next result shows that G
travels with speed —Un/My.

Theorem 3.1 (Centre of mass). For the process G as defined at (1.11), it holds that
E[G(t+ h) — G(t) | X(t) = z] = —hUn/Mp, for allt,h € Ry and all x € Xy. (3.1)

Moreover, lim; ot 1G(t) = ~Unx /My, a.s.
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The next important ingredient is a local stability result, presented in Proposition 3.2 below.
This result will yield the ‘stability’ part of Theorem 1.3 directly. Moreover, the result says that
if a contiguous subset of particles in the system would, considered as an isolated system, satisfy
the stability criterion from Theorem 1.3, then that subset is stable also as a subsystem of the
full system. The intuition is that the presence of additional particles to the left or right can only
stabilize the subsystem further, by preventing the extreme particles from diverging, and/or by
contributing stabilizing inwards momentum.

For ¢,r € [N] with £ <r, we write [(;7] := {x € [N] : £ < x <1}, a discrete interval. Note that
[1;7] = [r] in our previous notation. Recall the definition of A¢ from (1.6).

Proposition 3.2 (Local stability). Suppose that £,r € [N], £ <r, and it holds that

U i < U
My, — My,

for all k € [¢;r —1]. (3.2)

Then there exist constants C € Ry and § > 0 (depending on the a;,b;, and m;) such that

sup P [Apq,(t) > 5] <C [1 + eCA[“l%T](O)] e, forall s € Ry, (3.3)
teR4

and, moreover,
. Apy1(t)
limsup ——————

t—00 108; t

< 00, a.s. (3.4)

Remark 3.3. Note that condition (3.2) involving the functions Uy, M}, over values k € [¢; r| translates
to stability of particles with labels [¢ + 1;k] at (3.3). This is similar to the stability criterion in
Theorem 1.10, reflecting that there is no particle with label 0.

Proof of Theorem 1.3. The statement of Proposition 3.2 with £ = 0 and r = N shows that the
condition (1.7) is sufficient for stability, in the sense expressed in part (b) of the theorem. Moreover,
since max;e(n) | Xi(t) — G(t)] < Apy(t) for all t € Ry, it follows also that limsup, .t~ X;(t) —
G(t)| =0, a.s., for every i € [N]. Together with Theorem 3.1, this yields part (a) of the theorem.
The final statement of the theorem, that (1.7) is necessary for part (b), is most easily deduced
from Theorem 1.10(c) (the proof of that result comes only in §4, but nowhere uses this final part
of Theorem 1.3). Indeed, if (1.7) fails then there is at least one j € [v — 1] for which v; > vj4;. If
vj > Vj41, then Theorem 1.10(c) shows that liminf; t_lA[N] (t) > vj —vj41 > 0, contradicting
part (b). If v; = v;;1, then Theorem 1.10(c) shows that, for some ¢ > 0, lim sup;_,, t “An(t) > 1,
a.s., say, which also contradicts part (b). O

Before moving on to the proofs of Theorem 3.1 and Proposition 3.2, we introduce some notation
that will allow us to work with increments of functionals of particle system configurations. Define

ro=inf{t € Ry : X(t) £ X(0)}, (3.5)

the first jump time of the Markov chain. Write P, E, for probabilities and expectations in the case
where the initial configuration is X (0) = x € Xy. The key step in the proof of Proposition 3.2
is the following Lyapunov function estimate. Recall the definitions of the inter-particle distance
function D : Xy — ZY ! from (1.9) and 5(t) = D(X(t)) defined at (1.10). Observe that 7 defined
by (3.5) is also the first jump time of the Markov chain 7.
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Lemma 3.4. Suppose that {,r € [N], £ < r, and that (3.2) holds. Then there exist a function
F: Ziv_l — R4 and constants B, R € Ry and € > 0 such that

E.F(n(t)) < oo, forallz € Xy and all t € Ry; (3.6)
P.[|F(n(r)) = F(n(0))| < Bl =1, for all v € Xy; (3.7)
Ex[F(n(r)) — F(n(0))] < —e, for all x € Xy with |D(x)| > R. (3.8)

The function F' will be a (weighted) norm describing the displacement of the particles with labels
in [(+1; r] relative to their centre of mass. In §3.2 we give the formal definition of F', which requires
introducing notation for a suitable weighted norm and inner product, and then prove Lemma 3.4
and deduce Proposition 3.2. The Markov-chain computations required to establish Lemma 3.4 also
allow us to prove Theorem 3.1, so that proof is also in §3.2.

3.2 Lyapunov function computations

For z,y € RN and /,r € [N] with ¢ < r, consider the weighted positive semi-definite form

(@,y)er = Z X Yi

1€[4;r]

and the associated seminorm ||z, := \/(z,2)s,. In the special case where £ =1 and r = N, we
write (z,y)n = (z,y)1,n and [z|n = [z, n-

Let 1 be the vector in RY with all components equal to 1. Observe that (1, Vp1, =M, —M, =
My, in the notation at (1.5). In particular, (1,1)x = (1,1)1,v = My, and the centre of mass of a
configuration x € Xy is

g(z) == My'{z, 1)y = Ve m;T;. (3.9)

For a configuration « € Xy, let R, be the total jump rate at z, i.e.,

R, := lim W' Pe(X(h) #2) = > (Ailx) + Bi(x)), (3.10)
1€[N]

where A;, B; are defined at (1.2). It is not hard to check (see formula (3.22) below) that

inf R, >0 ided i+ b;) > 0. 3.11
Jnf provide iez[]:v](a + b;) (3.11)

We will tacitly assume that ;(yj(a;+b;) > 0 for the rest of this section; the case y ;c(yj(ai+b;) = 0
being trivial (but formally covered by the results of §1). When a jump occurs from x, the Markov
chain transitions to some x + e, where e, € X is the unit vector with 1 in coordinate k. The
associated transition probabilities are, for every k € [N],

A B
Po[X(7) =z — e] = ;’;x), and Pu[X(7) =2 + ex] = 2($), (3.12)
where Ay, By, are defined at (1.2) and R, is given by (3.10). In what follows we write
e:=X(1)— X(0) (3.13)
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for the first increment, so that P, (e = e) describe the transition probabilities for the (discrete-time)
jump chain as given by (3.12). In particular, for H : Xy — Ry,

E;[H(X(7))] =E; H(x +e), for all z € Xy. (3.14)
Given z € Xy and k € [N], we define k_, k. € [N] by
k- :=k_(z) :==min{i € [N]: x; = a1}, ks := ky(x) := max{i € [N] : x; = x}, (3.15)

the minimal and maximal labels of particles sharing the same site as k in configuration z. We also
define an ‘off-lattice’ extension of Xy defined at (1.1) by

Xy = {(zi)iey] €RY 121 <ap- - <an}. (3.16)

Write a := (a;);e(nv) and b := (b;)ien] for the jump rates, and recall from (1.3) that u = b — a.
The following lemma enables us to work with expected functional increments; for example, the
hypotheses on x,y in the statement are satisfied whenever y;, = f(z) for all £ € [N] and some
non-decreasing f : Z — R.

Lemma 3.5. Let x € Xy and assume that y € X!y is such that yi = yg41 for all k € [N] such that
xp = xp4+1. Then for e as defined at (3.13), it holds that

E.(y.e)n = Ry ' {y,u)n- (3.17)
More generally, for ¢,r € [N], with £ <r and {1,r+ as defined in (3.15),
RoEe(y, €)er = (Y wer + Vose 1 (Y, 0)e_ o1+ Toso 3 (W @)ooy — Lipar 3y (Y5 @rta iy
= Lirar 3 (Y 0Dy (3.18)
In particular, if mingenyyr > 0, we have the inequalities
Ez<y7 e>1,7" S R;1<y7u>177"7 (319)
E.(y,e)en > Ry (y,u)e N (3.20)

To prepare for the proof, we introduce some convenient terminology for describing configura-
tions. Take s € [N] and hy,. .., hs € N'such that }_ . hj = N. For k € [s], write H, := Z?Zl hj,
so that Hy = 0 and H;, = N. We say that z = (z1,...,2x) € Xy is a configuration with s stacks
of heights h := (hy,...,hs), and write x € Xf\’,h, if

v <Tg41 < <TH,_,41, and, for all j € [s] and i € [hj], vy, i =T, 11 (3.21)

Figure 1 shows a configuration = € Xg’h of 6 particles in s = 3 stacks of heights h = (1,2, 3).

Proof of Lemma 3.5. Suppose that = € Xf\’,h for s € [N] and h = (hi,...,hs), as at (3.21). First
observe, by (3.10) and (1.2), we may write

s hj

MH; _+i MH;_1+i
R, = E E <aHj71+im]7+ij71+imJ7>7 (3.22)
j=1i=1 Hj_1+1 H;
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and that, by (3.12), the increment e is equal to —ep,_, 41 with probability R * Zfil QH;_\+i 7’:?71:‘
-1

MH. _ 1+i
i—17%  Therefore,
mHj

and to ey, with probability R;* ZZZ VbH;

RxEx<ya e>€,'r’ = (y, u>€++1,7:—1 + <y, b— a]]-{ézé,}ﬂf,hr + <Z/, b]l{r:r+} - a>r_,r+-

This yields (3.18). Taking ¢ = 1 (which certainly has ¢ = ¢_) in (3.18) we get

R:pEx<yye>€,r = <y7u>€,r - ]l{r<r+}<y, b>r_,r+ - ]l{r<r+}<y7a>r+1,r+ < <y,u)g,7r+,

provided all y; > 0, as claimed in (3.19). Similarly, taking » = r; = N in (3.18) yields (3.20).
Taking both ¢/ =1 and r = N in (3.18), we verify (3.17). O

Define 79 := 0 and 71 := 7 as at (3.5), and then, iteratively, define
Tnt1 1= Inf{t > 7, : X(t) # X(7,)}, for every n € Z, (3.23)

so that 0 =79 < 7 < 72 < --- are the (a.s. finite) jump times of X. Let F; := (X (s) : 0 < s <1),
the o-algebra generated by X up to time ¢t € R;. By (3.10), we have that, given F,, , the holding
time 7,41 — 7, is exponentially distributed with parameter Ry, ), which by (3.10)—(3.11) satisfies
§ < R, < 67! for every x € Xy and some constant § € (0,1) depending only on the a;, b;, and
m;. Observe that since n = D(X) jumps if and only if X jumps, the 7, given by (3.23) are also
the jump times of 7, a fact that we will use in the proof of Proposition 3.2 below. First we can
complete the proof of Theorem 3.1.

Proof of Theorem 3.1. Comparison of notation (1.11) for G and (3.9) for g reveals that G(t) =
g(X(t)). Then by (3.14) and an application of Lemma 3.5 with y = 1 shows, using the formula (3.9),

lim A E[G(t + h) — G(t) | X(t) = ] = Ry E.[g(X (7)) — g(2)]

h—0
= R, (E, g(z +e) — g())

- Rm Ex <e, 1>N
__ Uy for all x € X (3.24)
- MN7 N - .

Since the final expression in (3.24) is independent of x, we verify (3.1). Moreover, considering the
associated jump chain, for every k € Z,

Un

Elg(X (Th+1)) — 9(X(7k)) | Fri] = “MnRyoy’

a.s. (3.25)

As argued below (3.23), the holding times 7,11 — 7% are exponentially distributed with uniformly
bounded rates. A straightforward Azuma—Hoeffding bound and application of the Borel-Cantelli
lemma then shows that

1
lim — [r; — Ax] =0, as.,, (3.26)

k—oo k

where Ay := 0, and A, := Zi':ol 1/Rx(, for k € N. Since, a.s., § < E~'A, < 6! for all k € N,
it follows from (3.26) that 7, /Ar — 1, a.s., as k — oo. Furthermore, there exists B € R, such
that |g(X(7k+1)) — 9(X(7%))| < B for all k € Z, a.s. The standard Doob construction, with
compensator given via (3.25), then shows that My, := g(X (7)) + (Un/Mn) Ay defines a martingale
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with uniformly bounded increments, so another application of the Azuma—Hoeffding inequality
yields

o1
klggo z [9(X (1)) + (Un/Mn)Ag] = 0, a.s. (3.27)
Combining (3.26) and (3.27), we conclude that limy_,~ g(X (7%))/7x = —Un/Mn, a.s. A standard
interpolation argument now shows that limy ot 'G(t) = —Un /My, a.s. d

Next we turn to the proof of Lemma 3.4.

Proof of Lemma 3.4. For x € Xy, write zjp,) = (xfglzn], . ,:L“EEAQ]) € Xy, where

(k) _
x[&r] - xkﬂ{kewﬂ}’

i.e., projection onto the subspace spanned by coordinates [¢; k]. Define 1, : Xn — Xy by
Yo r(x) = Zle+1] — MZ: (x, 1>g+17r1[5+1;r], for x € Xy, (3.28)

i.e., projection of x onto coordinates [¢ + 1;7], translated by its centre of mass. Note that 1, is
invariant under translation of x, since if y; = x; + « for all ¢ € [N] and some a € R, (y,1),, =
(x, 1>g7r + aMy,.

Since 1y (z) depends only on the [¢ + 1;7] coordinates of x, we could view 1)y, as acting from
X,—¢ to X _,, but we prefer to keep the full vectors (including all zeros) since coordinate labels
correspond to specific masses. The Lyapunov function F' that appears in (3.8) will be derived from

U(z) := |[¢er(x)|le41,r, for all z € Xy, (3.29)

where v, is given by (3.28) (we suppress dependence on ¢, r in the notation ¥). Since V¥ is invariant
under translation of z, ¥(z) can be written as a function of D(z) as given at (1.9); indeed, define
D1 Zf_l — Xy by Dfl(zl, R ,ZN_l) = (0, 21,21 +22,...,21 F -+ ZN—l), and then

F(z):=¥(D7'(2)) for all z € ZY ! (3.30)

will be the F' that appears in (3.8). We also note from (3.29) and (3.28) that

2
m; m;
U(@)® = [Wer(@)lfpr,e = Mer D o [mi— D AT (3.31)
i€[l+15r] br JE[+1;r] br
which exhibits W2 as the variance of the mass distribution if particles ¢ + 1,...,r are placed at
locations g1, ..., x,. It follows from (3.31) that
2
U(z)? < My, | max x; — min xz;| = Mg, (x, — zo1)2 (3.32)
i€[l+1;r] 1€[l+1;r]
In the other direction, since a? + b* > (a + b)?/2, we get from (3.31) that
U(x)? > me (T — x041)* + myp (2, — )% > w(xr —2041)%, (3.33)

- 2

where we wrote 7 := M[rl 2 jele+1:] MyT5- One can interpret bounds (3.32)-(3.33) as quantifying
the fact that x, — x¢1 = max; jepq1,) [ — ;] is equivalent to the norm |4 ()41,
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We need to study the increments of ¥ applied to Markov process X. Since (1,1)p41, = My,
¢ given by (3.28) satisfies the orthogonality relation

(Ver(2), Ligg19)) o1, = 0, for all z € Xy (3.34)

Let e = *e; be (plus or minus) one of the coordinate unit vectors. We have ¢, (z + e) = ()
whenever j ¢ [{ + 1;r]. So fix j € [ + 1;7]. Then we compute

— 2
ler(@+ ), = llo+e = My a + e Desrolieraslya,
— 2
= Hwé,r(*x) te— Me,rl (e, 1>f+177“1[é+1§7“] H(—&—l,r
= ||¢Z,r($)||%+17r + 2<1/}47T(I), 6>€-i—1,7‘ +mj — METrlm]z’

using the orthogonality (3.34) of ¢y ,(x) and 1y ;). With e being the random increment vector
at z € Xy, it follows from the above that

\I’(x + 9)2 - \I}(x)2 = 2<w€,r(x)7e>€+1,r + Tg,r(l’,e),

where |1} (x, )| is uniformly bounded for all € X and all unit vectors e. Moreover, |¥(z +e) —
U(x)| is also uniformly bounded for all x € Xy and all unit vectors e. It follows that there is a
constant B < oo such that, a.s.,

U(z+e)?—U(z)? (Yo, (2),e) 1, B
U(r+e)+P(x) — U(x) U(z)’

U(r+e)—¥(z)=
for all x € Xy. In particular, for all z € Xy,

Ewa+@—wmn<m@)

[Eo (e, (), €11, + BJ. (3.35)

The remaining part of the proof is to obtain a (sufficiently negative) upper bound for the right-hand
expectation in (3.35). To this end, define

UE,T
MZ r

)

Vk = UgJ{; — M&k , for k € [57 T‘]. (3.36)
Then V; = V, = 0, and the condition (3.2) implies that V3 < 0 for all &k € [¢ + 1;7 — 1] (and
Ui, > 0). Hence, under the hypothesis (3.2),

g:=— max Vi (3.37)
ke[e+1;r—1]

satisfies € > 0. Moreover, since Uy — Up_1 = myuy, a straightforward calculation implies that

U,

Vie1 — Vi, = my, [uk + ]\j] , forall k € [¢ + 1;r]. (3.38)
lr

We will next apply Lemma 3.5 with y = ¢, (z). Note first that for k € [(_, ¢, ], we have zj, =

Ty = mingg(py1,] T, from which it follows that y, < 0 for all k& € [(_;£y]. Similarly, yx > 0

for all k € [r_,ry]. Hence we deduce from (3.18) that R E, (¢ ,(x),€)r+1, < (y,u)r41,. Since

Zke[€+1;r] yemyi = 0, by (3.34), it follows that

= > Vi — Vi,

R.Ey(Yor(x),€) 041, < Z Yrm [Uk +
ke[l+1;r]

UK,T :|
ke[l+1;r]

M@,T
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by (3.38). Then, by partial summation and the fact that V, =V, =0,

RoEo(thor(@),€)ep1r < Y. Vilweri—we) < —¢ D Ukt — Un)s
kell+1;r—1] ke[t+1;r—1]

using (3.37) and the fact that yxr1 — yp = k41 — xf > 0 for k € [( + 1;r — 1]. Hence
RyEy (Yo (), €) 011, < —(Yr — Yor1) = —€(Tr — Tpy1)-
Using the inequality (3.32) we conclude that there exists € > 0 such that
Ex (Ve (7), €) 1041, < —€¥(z), for all z € Xy. (3.39)
Combining (3.35) and (3.39), we see that, for some R € R,
E,(U(X (7)) —¥(X(0))) < —e¢, for all z € X with ||D(z)] > R.
Since VU is translation invariant, from here and (3.30) we deduce (3.8). O

To prove Proposition 3.2, we will show that the Lyapunov function F' from Lemma 3.4 satisfies
a version of a geometric drift condition (see e.g. Definition 14.1.5 of [15]). The theory of geomet-
ric ergodicity for Markov chains (c.f. Theorem 15.1.5 of [15]) does not apply directly for us, as
through F' we are working with a projection of a Markov process, considering the relative stability
of some (typically, not all) coordinates. Nevertheless, we need less than the full power of geometric
ergodicity; the Lyapunov function technique relies on martingale rather than Markov structure,
and we can obtain what we need from robust results for adapted processes from Hajek [24]. Since
those results are formulated in discrete time, it is convenient to work with the jump chain.

Proof of Proposition 3.2. Consider the discrete-time jump chain associated with the Markov chain 7
on fol, i.e., the process 7(7y) where 7 is defined at (3.23). As explained below (3.23), the holding
times Ti41 — T are exponentially distributed with uniformly bounded rates, and so discrete-time
results will be easily transferred to the continuous-time process.
Define V : Zf‘l — (0,00) by V(2) := exp(dF(z)), where F is defined by (3.30). Then

V(n(r)) = V(n(0)) - exp(6(F(n(r)) — F(n(0)))).

Given B € Ry and € > 0, we can find ¢ € (0,00) small enough such that
V<146 <y+ %) , for all y € [-B, B].

Hence from (3.7) and (3.8), we have, for all x € Xy,

£
E.V (1(r) < V(D)) [1+6 (E[F(n(r)) = F(D@))] +3)]
<V(D(x)) (1 - 626> , for all | D(z)|| > B.
Now Theorem 2.3 of [24] shows that there exist constants C' € Ry and ¢ > 0 such that

P [F(n(ty)) >r] < |C+ e‘s(F(D(x))*k)} e forallr € Ry and all k € Z. (3.40)
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Consequently, for r € Ry,

sup Po[F(n(t) =] < sup P | | {t € [m, mes1)} N {F (n(m)) > 7}
teR teR keZs

< 3 BF(n(m) > 7

kEZy

<C [1 + eéF(D(x))} e %, for all r € R,

by (3.40). A consequence of the inequalities (3.32)—(3.33), and the fact that Ay q,(t) = Xo-(t) —
Xp11(t) from (1.6), and F(n(t)) = (X (¢t)) by (3.30), is that there exists a > 0 such that, a.s.,
aF(n(t)) < Apy1,(t) < atF(n(t)) for all £ € Ry, and hence we obtain (3.3).

Finally, we deduce (3.4). Let Ny denote the number of times that Markov chain 1 jumps during
time interval [t, ¢ 4 1]. Since the jump rate is uniformly bounded, P[N; > z] < =% for some ¢ > 0.
Combined with (3.3) and the fact that |A(7) — A(0)| < B, a.s., for some B € Ry, this shows that,
for a given A(0), we can find A € Ry large enough so that

P| sup A(s) >2Alogt| <P[N; > (A/B)logt] + P[A(t) > Alogt] = O(t2),
sE[t,t+1]

say. The Borel-Cantelli lemma then shows that a.s., sup;<,<;y1 A(s) < 2Alogt for all but finitely
many t € Z4, which implies (3.4). O

4 Proofs: Instability and cloud decomposition

4.1 Overview

The proof of the cloud decomposition, Theorem 1.10, is divided into several parts. In the putative
cloud decomposition €y, ..., €, each cloud €; is locally stable (by Proposition 3.2) and would, were
it to be an isolated system with none of the other clouds present, possess the intrinsic speed —vj,
with the order v; > v > -+ > v, as at (1.15). The proof of Theorem 1.10 requires us to establish
(i) that these intrinsic cloud speeds are indeed replicated in the full system, and (ii) that clouds
are typically well-separated. The structure of the argument to do this is as follows.

e We first establish the result for the system in which v; = vo = --- = v,. This is the
most substantial part of the proof, and requires several steps in itself. In §4.2 we show
that the centres of mass of the leftmost and rightmost clouds separate at least diffusively
(Proposition 4.1), using a submartingale defocusing result from §A.

e Then in §4.3 we use a sort of induction to show all adjacent clouds typically separate, in a
quantified sense. Roughly speaking, if there are v > 3 clouds, then since the two extreme
clouds spend most of their time far apart, and clouds are tight, there must be another pair of
clouds that also spends much time far apart, and so all but a vanishing fraction of the time
the system evolves as two independent subsystems, both strictly smaller than the original.
Iterating a formal version of this argument gives the result that all clouds typically separate
in a quantified sense (Proposition 4.6).

e Having established separation of adjacent clouds, it is not hard to show that no cloud’s speed
can be significantly perturbed from its intrinsic speed, and hence (Lemma 4.7) all clouds do
indeed travel at the same speed.
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e Having settled the case of systems where all clouds have the same speed, the general case
follows relatively easily by decomposing the system into subsystems consisting of same-speed
clouds. Subsystems then have strictly ordered intrinsic speeds which they would maintain
as isolated systems (by Lemma 4.7) and a coupling argument finishes the proof of the cloud
decomposition, particle speeds, and diffusive separation.

e The recurrence of adjacent same-speed clouds in (1.19) is established by a separate super-
martingale argument via Lemma 4.4.

4.2 Same-speed clouds: Centre-of-mass dynamics

We start the scheme outlined in §4.1. For v > 2 and n € Z., define

L(n) := min X;(7,) — max Xy (7,) = Xmine, (Tn) — Xmaxe; (Tn)s (4.1)
1€C, el
the distance between the leftmost particle in the rightmost cloud and the rightmost particle in
the leftmost cloud at time 7, defined at (3.23). The first result of this section states that, in the
case where v; = --- = v,, L(n) grows at least diffusively, meaning that the two extreme clouds
are well-separated for all but a vanishing proportion of time (the case of two particles of the same
intrinsic speeds shows that this result can be essentially sharp).

Proposition 4.1. Suppose that (1.16) holds, that v > 2, and that vi = --- = v,. Then for every
v € (0,1/2), there exists €9 := €o(y) > 0 such that, for all € € (0,£0) and all n sufficiently large,

n
P Z H{LGE) <n} > natrtee | < gt
i=0
The basic element in the proof of Proposition 4.1 is to show that the distance between the
extreme clouds (precisely, their centres of mass) is a submartingale. This result, Lemma 4.2 below,
does not need to assume v; = v,. The intuition for this result is that the two extreme clouds
have their own intrinsic speeds, v; (for the leftmost) and v, (for the rightmost), and, as isolated
systems, these intrinsic speeds would be exactly the speeds of the centres of mass of the clouds
(cf. Theorem 3.1). In the full system, the presence of other particles in between these two clouds
should make it harder for them to move towards each other.
To state the result, let € = [¢;7] for 1 < ¢ < r < N. Then for z € Xy, define

ge(x) := (L, 2)e,/(1,1)¢r, and, for t € Ry, G(t) := ge, (X(t)). (4.2)

Also set
L(n) == Gu(1a) — G1(Tn) = Gy 1410, 1 (X (T0)) = gp1:00) (X (T0))- (4.3)

Lemma 4.2. Suppose that v > 2, and recall from (1.15) that vi > v,. Then, for everyn € Z,
EN(n+1) — T(n) | Fr,] = (01 — 0,)/Bx(r)y 5. (4.4)
Suppose, additionally, that (1.16) holds. Then there exists § > 0 such that

E[(T(n+1) —T'(n))? | Fr,] > 6, a.s. (4.5)
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Remark 4.3 (Non-monotonicity). It does not appear straightforward to use the intuition for
Lemma 4.2 expressed above directly, via a stochastic monotonicity argument, for example. The
exception is in the case where all m; = m € (0,00) are equal, in which case the natural coupling
shows that the presence of an additional particle to the right (say) of a system cannot increase the
speed of the centre of mass of the system. For systems with different masses, the non-constant
total activity rate (i.e. violation of (2.1)) means the natural coupling does not work.

Proof of Lemma 4.2. Recall from Definition 1.8 and (1.12) that that €; = {ko+1,...,k1} and €, =
{kv_1+1,...,k,}, with kp = 0 and k, = N, are the leftmost and rightmost clouds, respectively.
By the definition of G, from (4.2) and Lemma 3.5, with e as defined at (3.13),

U,
E[Gy (tni1) = Go(Ta) | Fra = Mit |y Exry(Lik, 1y > — Vs,

My, NRx(z,)’

Similarly,
B[G1 (1) — Ga(7) | Frul = M, Exegry (L b € —— 02— g
. Mo iy Rx (r,,)
It follows from (4.3) that (recall that kg = 0 and k, = N)
1 Ugo Uky_1 k v — Uy
El(n+1)—IT(n) | Fr,] > < i N NE , a.s.,
3 )= L) | 7 Rx(r) \ Mo iy Mp,_y 1, Rx(r,)

by (1.15), verifying (4.4). Since k1 < k,—1 + 1, at most one of G, (741) — G, (7,) and G1(Tp41) —
G1(7,) can be non-zero. Hence

E[(TC(n +1) = T(n))* | Fr,] = E[(G1(Tns1) — G1(70))? | ]
+ E[(Gu(Tn+1) — GV(X(Tn)))2 | Fr]-

The quantity G1(7p+1) — G1(7) is non-zero if and only if one of the particles with labels in € =
[1; k1] jumps, and then, by (3.12),

E[(G1(Tn+1) = G1(m))? | Fr] = Moy, Ex(r[(1,€)1 4]

—1 —1
> Ry Moy, Z(ai + bi),
€€y

which, under hypothesis (1.16), is uniformly positive. This implies (4.5). O
Recall from (4.2) that G(t) is the centre of mass of cloud €; at time t € Ry. Define
I'j(n) == Gj41(mn) — Gj(mn), for j € v —1] and n € Z, (4.6)
the distance between the centres of mass of clouds j and j + 1 at time 7,.

Lemma 4.4. Suppose that v > 2, and that j € [v — 1] is such that v; = vj11, with the notation
from (1.15). Then, for every n € Z,

El'j(n+1) —Tj(n) | Fr] <0, on {I'j(n) > 0}. (4.7)
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Proof. Suppose that j € [v — 1] is such that v; = vj41. Then G}, Gj41 are the centres of mass
processes for clouds €; = {kj_1 +1,...,k;} and €41 = {k; + 1,k; 41}, respectively. From (4.2),

E[G(X (Tn41)) = Gj(X(ma)) | Fal = M.t Exr) (L e)n; 41

On the event {I'j(n) > 0}, recalling the definitions of k+ = k+(X(7,)) from (3.15), we have
(kj+1)— = k;j+1 and (kj)+ = k;. Hence, from (3.18) in Lemma 3.5, we have that, on {I';(n) > 0},

Bx(r,) EX(Tn)<1,e>kj+1,k]-+1 < Ukjkjans and Rx(r,) EX(Tn)<1ae>kj_1+l,k]- > Uk;_y k5

by (1.5). It follows from (4.6) that, on {I';(n) > 0},

E[F](n + 1) — F](n) ’ ./T'-Tn] = R)_(l(Tn) (le_j}k,j+1 (1, e>k-+1 kj+1 - Mk_jil,k‘j <1, e)kj_l—l-l,kj)

Uk; k; Uk,
< p-1 g+l j—1k
< Bxrn) <Mk, k M, 0

7sNj+1

j17

by (1.15) and the assumption that v; = v;1;. This proves (4.7). O

Recall the definition of Ag(¢) from (1.6). The following straightforward consequence of Propos-
ition 3.2 will be useful in showing that to control dynamics of clouds it suffices, on large scales, to
control dynamics of their centres of mass.

Lemma 4.5. Suppose that v € N and cloud decomposition €1, ..., &, has speeds vy = --- = v, € R.
Then, for every € > 0, for all n sufficiently large,
—nt

P |max max Ag,(7;) > n*| <e
j€v] 0<i<n

Proof. The proof of Proposition 3.2 up to (3.40) shows that, for every € > 0,

—nf

max sup P[Ag, (1;) > n*] <e™™,
je[y} 1€Z+

for all n sufficiently large. The claimed result follows from a union bound. O

Proof of Proposition 4.1. We apply Lemma A.1 with X,, = I'(n) as defined at (4.3). Then the
bounded-increments hypothesis (A.2) is satisfied, and Lemma 4.2 shows that the submartingale
hypothesis (A.3) and uniform lower bound on second moments (A.4) both hold (here we use hypo-
thesis (1.16)). Then Lemma A.1 shows that, for any v € (0,1/2) and € € (0, 3= 27),

!Z HIGE) <n'} > n2+'v+4€] <e ™. (4.8)
=0

Since L(n) defined at (4.1) satisfies |L(n) —T'(n)| < Ag¢,(Tn) + A¢, (1), we combine Lemma 4.5
with (4.8) to get

1=0

P Z L) <n—2n*} > n%+7+4E] <P
i=0

SOHIGE) <0} > n%ﬂ%]
+P | e (B, (1) + B, () 2 20| < 267
which yields the result, provided £ < /2. d
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4.3 Same-speed clouds: Quantified separation

As outlined in §4.1, the key result in the proof of Theorem 1.10 is the following quantitative
separation result on systems of multiple clouds all of the same intrinsic speed, which shows that
not only do the two extreme clouds stay well separated most of the time, but all adjacent pairs of
clouds do. Recall from (1.17) that for j € [v — 1], L;(t) € Z4 denotes the separation of clouds €;
and €11 at time ?.

Proposition 4.6. Suppose that (1.16) holds, that v > 2, and that vi = --- = v,. Then there exists
€ > 0 such that, for all n sufficiently large,

n
i () < mE I—e| <« —nE‘
P [Z ]l{l<1311<1£1_1 Li(m;) <n } >n ] <e

i=0
Proof. Suppose v > 2. For v € (0,1/2), take ¢ € (0, %) and, for k € N, define

1
Vi 1= 'yk, op =1 — 21_k'yk(k_1)/2 (2 —y— 65) , and g 1= 2l-kg, (4.9)

For k € {1,2,...,v — 1}, say time i € Zy is k-good if #{j € [v — 1] : L;(i) > 27*n*} > k (the
definition of k-good also depends on n, but we assume n is fixed and sufficiently large, as determined
in the subsequent argument, and keep the n-dependence tacit). Let G (i) denote the event that 4
is k-good, and note that Gr11(2) C Gi(i) € F; for 1 < k < v — 2. Define, for k € [v — 1],

By(A) =) g,
icA

the number of i € A C [n] that are not k-good. If v = 2, note that Li(7,) = L(n) as defined
at (4.1), and we have from Proposition 4.1 that, for € > 0 as given, for all n large enough,

£

B[B1([n]) > n2 "] <o,
which completes the proof if v = 2. The general case is a finite induction, for which we suppose
v > 2 and consider the inductive hypothesis

P[Bi([n]) > n*] < e ™", where k € [v — 1], (4.10)

which we have verified for k = 1 with a1 = % + 71 + 6e1 and £; = € from above, as in (4.9).

The heart of the induction is to show that, with very high probability, most k-good times can
be upgraded to (k + 1)-good times, as follows. If a time ¢ € [n] is k-good, then the next nj times
will have k£ gaps that remain large (where ny is chosen appropriately of order n*), since particles
only move to their nearest neighbours, meaning gaps cannot shrink too fast. Over that relatively
long time, the k 4 1 subsystems (separated by the gaps that made the original time k-good) evolve
independently. As long as k < v — 1, at least one of those subsystems contains at least two clouds,
and so we can apply Proposition 4.1 to conclude that the extreme clouds of that subsystem separate
for most times in the interval [t,t + ng]. Since clouds are tight by the cloud concentration result
in Lemma 4.5, this means that there is at least one (additional) large gap between clouds at most
of those times. This additional separation allows us to upgrade most k-good times to (k + 1)-
good times, with high probability. Iterating this shows that, with high probability, most times are
(v —1)-good, which means all clouds are well separated. We give the details, starting by explaining
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how a particular k-good time leads to many (k+1)-good times, and then using a blocking argument
prove (4.10) for each 1 <k <v —1.
First we show that, for every k € [v — 2], for all ¢t € [n] and all n large enough,

P |:Bk-+]_ ([t, t+ nk]) > n

.7-}] <e ™" on Gi(t), (4.11)

where ny, := |27%"In7|. Fix any k-good time ¢ € [n]. By definition of the k-good property, that
means there exists J; C [v] with size #J; = k for which L;(t) > 27%n% for every j € J;. (For
definiteness, in case of a choice, choose the J; that has the smallest possible maximal element.)
Since |Lj(n+ 1) — L;j(n)| < 1 for all n € Z, it follows that

Lj(i) > 270 for all i € [t,t + ng] and all j € J;. (4.12)

Suppose that t is k-good. List J; in order as J; = {ji1,j2,...,Jjr} and define a corresponding
ordered partition of [v], denoted By, ..., Byi1, by

J1 J2 v
By = U ¢, By = U ¢, ... By = U ¢;.
Jj=1 J=j1+1 J=Jr+1

Each B; is a union of one or more clouds €;. Since k + 1 < v — 1, there is at least one B, =
sz: J,_,+1%; (with convention jo = 0 and jk41 = v) that is the union of at least two clouds; choose
and fix such 1 < /¢ < k+1 (the B; and ¢ depend on ¢ but we omit that from the notation). Recall
the property (4.12), which states that the collections of clouds B, ..., By 1 stay well-separated
over time interval [t,t 4+ ng]. The same is true if we ran a system with the same configuration at
time ¢ and independent evolution of subsystems B1,...,B;11. Hence there is a natural coupling
over time [t,t + ny] of the original system to a collection of independent subsystems B1,...,Briq
(which do not interact). In particular, over time [t, ¢+ ng], the part of the full system corresponding
to By, when it jumps, has the same law as an isolated system containing only the particles in B,.

Consider an isolated system containing only the particles corresponding to By, started (at time
0) from the configuration inherited from the full system at time ¢. Denote by Tg, Tf, ... the jump
times of this isolated system, analogously to (3.23). We retain the original labels for the particles
and clusters, and set

Lf(n) := i Xi(ry) - e Xir(73),

the separation of the two extreme clouds of the isolated system, according to its internal jump
clock. Proposition 4.1 applied to this isolated system yields, for € > 0 small enough,

n
P [Z 11{1:‘5(@') <n? } > n%+7+5E] <e ™.
i=0

In addition, write

Je—1
Aln) = > Agl(ry),
J=Jje—1+2

for the total span of all clouds other than the two extreme clouds. An application of Lemma 4.5
shows that Plmaxg<;< Ag(i) > n25] < e ™. In n steps of the full system, the subsystem corres-
ponding to B, takes at most n steps. On the other hand, a binomial concentration bound shows
that, with probability at least 1 —e~"", the subsystem corresponding to B, takes at least dn steps,
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where § > 0 is a positive constant depending only on the a;,b;, whose existence is guaranteed
by (1.16). Hence, since v € (0,1/2) was arbitrary, by the coupling described above, we deduce for
the full system that, for any v € (0,1/2), there exists ¢ > 0 so that, for all n large enough,

P

t+n
1 max Li(i)<n¥3>n | F| <e™™, on Gi(t),
2 {je—rHSijz—l i@ < } t] = k()

i=t

where a; = § + v + 6¢ as at (4.9). Combined with (4.12), this verifies (4.11).

Now we can complete the induction. Suppose that (4.10) is true for some k with 1 <k < v —2,
v € (0,1/2) and oy € (1/2,1) given by (4.9), and some ¢, > 0. Define s; := jny, so that
0 =350 <81 <+ < Sy, <n, where wy := |n/n;] has wy ~ 2k+t1n1=% as n — oo. Consider
time intervals i, := [sp—1,sp — 1] for p € [wy] and iy, 41 := [sw,,n]. On the event By([n]) < nk,
there can be no more than n®(=7%) intervals i, (p € [wy, + 1]) for which By(i,) > n®7%. Write
P :={p € [wy + 1] : By(ip) < n*7k}. Then, since each i, has size nj < n*,

Bya([n]) < n® 00k % 7 By (i), on {B([n]) < n*}. (4.13)
peEP

Consider any p € P. Then there is some k-good time ¢, (for definiteness, choose the earliest) with
sp—1 < tp < spandt, < s, 1 +n%. Hence, by (4.11) and the fact that #P = w;, +1 < Wnl=,

P[Z By ([ip]) > 217 n! 7o) | < 2"n 1% sup P[Byya ([ip]) > 207]
e 1<p<wy+1

<2t sup  P[Bpi([ip]) > nM 4 pt1k] < e
1<p<wg+1

using also that ax > ay by (4.9). It follows from the induction hypothesis (4.10) and the fact that
Yk < 1/2 and g < e that

B[Byya([n]) > 22t w(—ow)]
< P[Bya([n]) > 2! w000 4 ot w(=0n)| B (n) < n®] + P[By([n]) > n]

= P[Z By ([ip]) > 2nt7(mer) | 4 emn™ < 9emnk
peEP

using (4.13). Using the fact that agi1 > 1 — (1 — ag) by (4.9) we verify P[B11([n]) > n“+1] <
ef"%“7 for e11 = €;/2 and all n sufficiently large, which completes the inductive step. O

Lemma 4.7. Suppose that (1.16) holds, that v > 2, and that vy = --- = v, = v € R. Then, for
every i € [N], limy oo t71X;(t) = —v, a.s.

Proof. If v = 1 then the result is contained in Theorem 1.3, so it suffices to suppose v > 2. We couple
the original particle system to a system in which each cloud behaves completely independently
of the others. The two systems can be coupled to have the identical initial configurations, and
that whenever (n € Z) event E, := {mini<j<,—1 Lj(7,) > 0} occurs, ie., no particles from
different clouds are together in the original system, they take precisely the same holding times
and increments. Write X = ()Z' (t))ier, for the system with independent clouds, maintaining the
labelling of the original system, so that ()Z'i(t))iegj behave as independent elastic systems for each
Jj, and weak order is maintained within each €;, but particles from different ‘clouds’ can swap places
due to the independence.
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Consider G(t) the centre of mass of cloud €; in the original system and éj (t) the centre of
mass of cloud €; in the independent system. For fixed j, the subsystem (X;(t))ice; (With suitable
mapping of notations) satisfies the hypotheses of Theorem 3.1, and so, in particular,

lim t_léj(t) = —vj, a.s. (4.14)

t—o0

Fix j € [v] and define 79 := 0 and, for n € Z,
Tjn+1 = f{t > 750 0 G5(1) # Gj(Tjn)3,

the jump times of G (a subsequence of 7y, 71, ... defined at (3.23)). Define 7,71, ... analogously
for éj. Also define N;; :=sup{n € Zy : 7j, <t} and vat =sup{n € Z; : 7, < t}, the numbers
of jumps, up to time ¢, of G; and C:’j, respectively. The process C:’j can jump several times between
the jumps of G, but the coupling guarantees that if F; occurs in the coupled system at time 7;;,

then G;(7j:) — G(7j,i+1) = G(7ji+1) — G;(7j,). It follows that, for a constant C' < oo,

Nj—1 Nj—1
Gi(t) = Gi()] < > (Gj(rjar1) = G(m)) Lee + > (Gy(mji01) — Gi(75)) L
1=0 =0

max(Nj,,Nj,1)—1

<C ) g,

=0

since G;(0) = éj(()) and both G; and é’j have bounded increments. Since jump rates are uniformly
bounded away from 0 and oo, there is a constant B < oo such that, a.s., for all ¢ large enough,
both N;; < Bt and t_1]\~fjjt < Bt. Hence limy_yoo t 71 Gj(t) — é](t)| = 0, a.s., by Proposition 4.6.
Also by Lemma 4.5, for every i € €, n™!X;(,) — G;(n)| — 0, a.s. O

Finally, we can complete the proof of the cloud decomposition, Theorem 1.10.

Proof of Theorem 1.10. The cloud stability result, part (b), is a consequence of Proposition 3.2.
For the remaining parts, we use another coupling. Split the system into subsystems of constant-
speed clouds, so for example, B = €; U--- U &;, is the leftmost subsystem, where i1 = max{j €
[v] : v; = v1}. This gives subsystems B1,..., Bk, say (K € [v]). Consider a system that starts
from the same initial configuration as the original system, but in which the subsystems ‘B; evolve
independently of each other. In the independent system, each %B; evolves as a system with same-
speed clouds, and so satisfies the strong law from Lemma 4.7 and the cloud separation result from
Proposition 4.6. We couple the independent system and the original system such that whenever
the original system is in a configuration in which no two subsystems have particles at the same
site, we use the same holding times and jumps as the independent system. By the strict ordering
of the speeds, in particular, the strong law shows that there is an a.s.-finite time 7 for which, for
all £ > 7, the two systems evolve with exactly the same increments. It follows that the maximum
displacement between the particles in the original system and their partners in the independent
system remains bounded by a finite random variable. This verifies the speeds for the original system
as stated in part (a) of the theorem, and also means that the separation result from Proposition 4.6
remains valid for the original system, completing the proof of part (c) of the theorem. O
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5 Comments on invariant distributions

5.1 Irreversibility of dynamics

A continuous-time Markov chain on a countable state space X, with transition rates g¢; ;, 7,j € X,
is reversible with respect to an invariant measure m = (m;);ex if the detailed balance relation
miqi,; = 7jq;,; holds for all 4, j € X. For any cycle of states i1,42,...,%, int1 With i1 = 7,41 and no
other pair of states equal, taking a product of the detailed balance relations 7;, g;,
over k € {1,...,n} implies that

i1 — Nigg1 Qiggrsi

n n
H qikvik-&-l = H Qik+1,ik7 (51)
k=1 k=1

i.e., the product of the transition rates along the forward cycle is the same as the product of the
transition rates along the backward cycle. In fact, a criterion of Kolmogorov says that the Markov
chain is reversible if and only if (5.1) holds for every cycle [33, p. 23].

It is well known that the simple exclusion process, as described in §2.4, is reversible, and this is
key to the explicit computation of invariant measures. For the elastic model studied in the present
paper, the generic situation, provided N > 3, is that reversibility fails: see Figure 5 for an example.
Thus it seems that, generically, it may be difficult to obtain an explicit expression for the invariant
measure in the stable case.

Remark 5.1 (Discrete vs. continuous time). Consider the elastic particle system with m; = m €
(0,00) for all i € [N]. As mentioned in §2.2, since the total activity rate (2.1) of the elastic model
with constant masses is independent of the current configuration, the discrete-time jump chain
associated with the continuous-time Markov chain is stable precisely when the continuous-time
chain is stable, and the stationary measures coincide. The Kolmogorov cycle criterion has a direct
discrete-time analogue, where in (5.1) one replaces the transition rates by transition probabilities.
Since the total activity rate is constant, the same example in Figure 5 also shows that reversibility
fails in the discrete-time setting, as it must. By contrast, the exclusion process does not have
constant total activity rate, but nevertheless it turns out that the jump-chain of the exclusion
process is also reversible (with a different invariant measure from the continuous-time version).

5.2 Exact computations

Suppose that the elastic particle system is stable, i.e., satisfies the criterion (1.7) from Theorem 1.3.
Then the Markov process of inter-particle separations n(t) := (n1(t),...,nny—1(t)) has an invariant
distribution 7N (z), = € Zf ~1 (cf. Corollary 1.5). Reversibility often enables one to explicitly
compute the corresponding invariant measure; for example, the exclusion process (§2.4) is reversible
and stationary measures are product-geometric (see e.g. [36]). For non-reversible systems exact
computation of stationary distributions is typically much harder. Generically, as in Figure 5, there
is no reversibility for the elastic particle system for N > 3, and exact computation of stationary
distributions remains an open problem (we comment on this in §5.3 below). However, the case
N = 2 is reversible (since it reduces to a birth-death random walk on Zy). In this section we
record this special case, and we finish with some open problems in §5.3, including to identify
exceptional parameter values for the general NV > 3 case where reversibility holds.

Case N = 2. For two particles (see Theorem 1.3 and Example 1.6) the system is stable if and
only if u; > ug, where u; is as defined at (1.3) (note that this implies by + a2 > 0). The inter-particle
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FIGURE 5: An example of an N = 3 particle system showing that the dynamics for the elastic process is
not reversible. Take jump rates (a;, b;) for particles in free space given by (1,2),(1,1),(2,1) (top picture).
Pictured are the transition rates for the cycle (1,1) <+ (0,2) <> (0,1) <+ (1, 1) in the elastic model (bottom
left) as opposed to the exclusion process (bottom right). In the exclusion process the rates for sequence
(1,1) = (0,2) — (0,1) — (1,1) and its reversal (1,1) < (0,2) < (0,1) < (1,1) have the same product:
1-2-1=2-1-1. In the elastic process, the rates for sequence (1,1) — (0,2) — (0,1) — (1,1) have product
1-2-2 =4 while its reversal (1,1) + (0,2) < (0,1) < (1,1) has product 2-1-3 = 6.

distance is a birth-death random walk on Z, and, in the positive-recurrent case, the stationary
distribution 7 : Z4 — [0, 1] can be computed explicitly by solving

(a1 + az + b1 + ba)mo = (b1 + ag)m,

(a1 + az + by + ba)m = (b1 + a2)m2 + (a1 + a2 + by + b2)mo

(a1 + ag + by + bQ)?Tk = (bl + a2)7rk+1 + ((I1 + b2)7Tk;—1, k> 2.
The solution obtained (cf. e.g. [5, pp. 197-8]) is a zero-modified geometric distribution

(u1 — uz)(ay + ag + by + bo)(ay + bg)F1
2(by + az)F 1

up — u2
T = ——,
0 2(1)1 +CL2)

and 7 = , k> 1.

An alternative argument uses speeds and ‘ergodic’ considerations. By stability, the long-run average
speed of any particle must be the same as that of the centre of mass of the system, which, by
Theorem 3.1, is always —Us/Ms = (u1 + uz)/2. The leftmost particle travels at its intrinsic speed
up unless 11(t) = 0, in which case it cannot jump to the right but its speed of jumping left is
increased. It is not hard to show then that

up + ug

1 t
= U] — (bl + ag) lim / ]l{??l (8) = O}dS = U] — (b1 + a2)7r0,

recovering the formula for mg; considering the rightmost particle gives the same conclusion.

Case N > 3. Without reversibility, it appears challenging to proceed in general. Even using the
‘ergodic’ property and speeds, as in the last example, to compute stationary probabilities of one
or more coordinates being zero does not seem straightforward: considering the speeds gives N + 1
equations and there are 2V ~! unknowns (each coordinate can be zero or non-zero), but, as in the
above example, the N + 1 equations are not linearly independent, so even for N = 3 the system is
undetermined.
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5.3 Open problems

It is known in the setting of Atlas models (see §2.6 and [39]) that the skew symmetry condition of
Harrison & Williams [26, 27, 48], transferred from the theory of reflected diffusions in the orthant,
yields a necessary and sufficient condition on parameters of the model in order for it to have
a product-exponential invariant distribution, and possess a relative of the reversibility property
known as strong duality. We suspect that there should be a related picture in our setting, given the
strong parallels with the Atlas model, but it is not clear what condition is needed to play the role
of skew symmetry: the Atlas model is a certain heavy-traffic scaling limit of the particle system
(see [32] and [36, §6.3]) but there are many potential conditions on the a;, b; that can lead to the
limiting parameters satisfying the skew symmetry condition, and no candidate that we tried was
adequate to guarantee reversibility.

Problem 5.2. For N > 3, formulate a necessary and sufficient condition on the a;,b; (and m;)
under which the elastic particle system is reversible and has a product-geometric invariant measure.

In the case N = 3 the problem is equivalent (see §2.5) to that of a nearest-neighbour random
walk on Zi with boundary reflections. It remains a challenging problem to obtain (necessary
and/or sufficient) conditions under which a random walk on Z2 has a stationary measure that can
be expressed explicitly, with particular interest on expressions as a product of geometric terms, or
a finite or countable sum of such products: see e.g. [3, 4, 12, 13] and references therein. The scope
of the compensation approach as described in [3] appears to cover the N = 3 case of the elastic
model, but successful application of that approach to this setting remains an open problem, as far
as we are aware. There are some classes of walks that have been solved, for example in [4, 12,
13], but the forms of boundary reflections assumed in [4, 12, 13] exclude application to any stable
regime for the present model.

Problem 5.3. More generally, compute explicitly the invariant measure of the elastic particle
system when N > 3.

A Submartingale occupation and defocusing

For X := (X, )nez, , a stochastic process taking values in R, we define

LX(x) = Z HX; <z}, forz e Ry, (A1)
i=0

the occupation time of interval [0, ] up to time n € Z..

Lemma A.1. Let X = (X,)nez, be an Ri-valued process, adapted to a filtration (Fy,)nez., -
Suppose that there exist B € Ry and v € (0,00) such that, for alln € Z,

P Xpt1 — X, < B]=1; (A.2)
EXp+1 — X0 | Fo] >0, a.s; (A.3)
E[(Xni1 — Xn)? | Fu] > v, a.s. (A4)

Then, for any v € (0,1/2) and any € € (0, %), for all n sufficiently large,

1 = 1
P|LX(nY) >n2 ™M <™ and ELX(nY) < n2trHee,
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Remarks A.2. (i) A consequence of Lemma A.1 (taking v ~ 0 and then v ~ 1/2) and the Borel-
Cantelli lemma is that, for every £ > 0 and every B € R,
lim n~'LX (n(l/z)_a) = lim n~ 22X (B) =0, as., (A.5)
n—oo n—oo
which says, roughly speaking, that X is (i) for all but a vanishing proportion of time growing
almost diffusively, and (ii) only of constant size for a roughly diffusively growing cumulative time.

This ‘diffusive’ behaviour is (to within log factors) sharp in the case of one-dimensional symmetric
simple random walk, and so no significantly stronger conclusion is valid in general.

(ii) If Mg, My,... is a martingale with uniformly bounded increments and E[(M, 1 — M,)? |
Fn] > v, a.s., then the hypotheses (A.2)—(A.4) are satisfied by the submartingale X,, = |M,|. Thus
Lemma A.1 can be viewed in relation to results on “martingale defocusing” [6, 23, 40]. In that
context it is known [23] that, for example, one can construct martingales of this type for which
P[|M,| < B] > n=? for B € (0,1/2) that can be arbitrarily small, for very specific times n (indeed,
the construction of the martingale in [23] depends on the specific choice of n). Our result, however,
shows that in an averaged sense the majority of times conform with the intuition that such a
martingale should be ‘diffusive’, since Lemma A.1 implies that > P[|M;| < B] = O(n(1/2)+¢),

Proof of Lemma A.1. Let x € (0,00). Define A§ := 0 and then, successively, for k € N,
pi = inf{m > X\/_; : X;n, > 2z}, and Ay :=inf{m > py : X, < x},

where inf () := oo, as usual. To lighten the notation, we drop the superscript x from now on, and
write simply Ag,pr. Then 0 = A\g < p1 < Ay < -+ are (possibly infinite) stopping times that
partition the path of the process into high-level excursions over time intervals [pg, A\x) and low-level
excursions over time intervals [Ag, pr+1). Any visits by the process to [0,x] must occur during
low-level excursions.

We show that low-level excursions are, cumulatively, much shorter in duration than high-level
excursions. First note that, by hypotheses (A.3)—(A.4),

E[X2,, — X2 | Fu] = E[(Xnt1 — X0)? | Fol + 2X0 E[Xpi1 — X | Ful > 0, ass.
Consequently, Theorem 2.4.12 of [37, p. 45] shows that, for every ¢ € Z,, on {\; < oo},

2z + B)?
P max X <2z ‘ .F)\k+gn] < w,
AHn<m<\p+(l+1)n vn

by hypothesis (A.2). Hence there is a constant r > 0 (depending only on B and v) for which
1
Plogt1 — e = (€+ 1) [r2?] | Faygopraz)] < g]l{PkH — X > L rz?]},
from which we deduce that, on {\; < oo},
Plpk+1 — Ak > Ora? | Fal < et (A.6)

From (A.6) there exists C' < co (depending only on v and B) such that, for any € > 0,

n—1 n—1
P Z(pkH — ) )\ < o0} > Cn't22| <P [U {(pk-+1 — M)\ < o0} > anawz}
k=0 k=0
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<ne " . (A.7)
It follows from (A.6) that {A\; < oo} C {pry1 < oo}, up to sets of probability zero. Considering
high-level excursions, Lemma 2.7.7 of [37, p. 76] shows that, for £ € N, on {\;_; < oo},

1
]P’[Ak — Pk = 41)y2 } fpk] > ip[pkinﬁ)é)\kX > 2 I‘ —|—y ‘ ’Fpk] (AS)

For y > B, let 1(y) := inf{m > pi : X, > 2(x + y)}; by the same argument as (A.6), one has
{ M1 < o0} C {mk(y) < oo}. Using hypothesis (A.3), the submartingale optional stopping theorem
(e.g. Theorem 2.3.7 of [37, p. 33]) implies that, on {\;_1 < oo},

2z < Xp, S E[X () | Forl
S aPAr <7(y) | Foul + Q@ +y) + B)PA > () | Foil,
since, by (A.2), X, () < 2(x +y) + B whenever 7(y) < co. It follows that, on {\;_1 < oo},

X

IP[ max X, > 2(z +y) ’fpk}—ﬂ"[m( )<Ak\fpk]_m-

Pr<Mm< g

(A.9)

Combining (A.8)-(A.9), we obtain

x
PN\ — pp > 40 | Fp ] > — Aoy < . A.10
Ak — o > vy | pk]_2x+4y+2370n{k1 oo} (A.10)
Then, denoting M,, := maxi<p<n(Ax — pk),

P [M, < 4vy?] <E[P[M, < dvy® | Fp,]1{ -1 < o0}]
= IE[IP’[)\n — pn < 4dvy? | Fo, ] l{ A1 < oo}]l{Mn,l < 4vy2}]

xr
<(1-— % VP[My < dvy?
—( 2x+4y+23> (M1 < dvy],

using (A.10) in the final step. This recursion leads to the bound

P e — o) > Ao | >PM, > 40?2 >1— (1—- — 2 ) . Al
[;(k Pr) > Uy]_ [ = Uy]_ ( 2x+4y+23) ( )

Fix v € (0,1/2), € € (0, %), and a = T Choose z = n?* and y = n®/(2,/v). Then (A.7)
and (A.11) combine to show that, for some ¢ > 0 and all n € N sufficiently large,

n—1 n

3ae l—a(1-2 2ae

P [Z(pk-H ) < Cn1+3ae+4a7’ Z()\k — i) > n2a] >1—npe W _egmen (1-27) >1—e ™™,
k=0 k=1

since 1 — (1 — 27) > 3ae. But the latter event implies that EL 20éJ( n2e7) < Cplt3astday  After a
change of variables, this means that, for all n large enough,

P {Ef(rﬂ) < anwﬁﬁ’f] —P [gf(nV) < OomdtHE] > 1

which yields the claimed result. O
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