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Stationary measures and hydrodynamics of zero
range processes with several species of particles

Stefan GroRkinsky and Herbert Spohn

Abstract. We study general zero range processes with different types of particles on
a d-dimensional lattice with periodic boundary conditions. A necessary and sufficient
condition on the jump rates for the existence of stationary product measures is estab-
lished. For translation invariant jump rates we prove the hydrodynamic limit on the
Euler scale using Yau’s relative entropy method. The limit equation is a system of con-
servation laws, which is hyperbolic and has a globally convex entropy. We analyze this
system in terms of entropy variables. In addition we obtain stationary density profiles
for open boundaries.
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1 Introduction

The zero range process is a stochastic particle system on the d-dimensional
lattice Z< where the jump rate g(k) of a given particle depends only on the
occupation number k atits current position. This model was originally introduced
as a simple example of an interacting Markov process [1]. Various properties
have been established, among them the existence of the dynamics under very
general conditions, classification of invariant measures, and hydrodynamic limits
[2, 3, 4].

In this paper we generalize the zero range process to n different types of
particles. The jump rate g; of the i-th component depends on the occupation
numbers of all n species at a given site. For the process to have stationary
product measures, these rates cannot be chosen arbitrarily. We find that such
measures exist if and only if the logarithm of the jump rates g; is given as the
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490 STEFAN GRORBKINSKY and HERBERT SPOHN

lattice derivative V; G of asuitable potential G. In general, the stationary product
measures do not factorize with respect to the different components.

Recently Evans and Hanney independently introduced a zero range process
with two different kinds of particles to study condensation phenomena in one
dimensional systems [5]. Our goal is the derivation of the hydrodynamical
equations on the Euler scale, which are expected to be given by a system of n
conservation laws. For this purpose we use the relative entropy method of Yau
[6], which, while directly applicable to the present case, has the disadvantage
to yield the desired result only up to the first shock. So far we did not attempt
to extend our result to all times following e.g. the lines in [7]. We show that
the system of conservation laws is hyperbolic and the thermodynamic entropy
of the stationary measure is a Lax entropy. This property follows from certain
reciprocity relations for the steady currents of the components. Such relations
have been established for special zero range processes in [8] and recently for one-
dimensional interacting particle systems restricted to nearest neighbor interaction
and finite occupation numbers [9]. Systems of hyperbolic conservation laws have
been studied in detail due to various applications in physics, ranging from gas
dynamics to traffic models (see e.g. [10] and references therein). Many such
systems are endowed with an entropy, which can be used to single out physically
relevant solutions [11] or to optimize the numerical analysis [12].

One source of motivation for this work comes from the analysis of one-
dimensional driven diffusive systems with open boundaries. For one-component
systems the analysis of the hydrodynamic limit equation led to the theory of
boundary-induced phase transitions which provides a general framework for a
guantitative description of the steady-state selection in systems which are in con-
tact with particle reservoirs at their boundary [13, 14]. In systems with more
than one conserved quantity interesting new phenomena have been found such
as phase separation and spontaneous symmetry breaking [15, 16], for a recent
review see [17]. Again it is natural to ask for principles governing steady-state
selection and the resulting phase diagram in systems with many species of par-
ticles. The macroscopic behavior of such systems has been examined to some
extent only recently [18] and there are very few rigorous results [9, 19]. In our
note we analyze the system of conservation laws for open boundaries in terms
of entropy variables [12]. For stationary solutions the system decouples, and
we are able to derive stationary density profiles, which we state explicitly for
one-dimensional geometry.
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STATIONARY MEASURES AND HYDRODYNAMICS OF ZERO RANGE PROCESSES 491

2 Stationary product measures
2.1 Then-component zero range process

Let us consider a zero range process with translation invariant jump rates on the
d-dimensional torus A; = (Z/LZ)?. There are n different species of particles
and let n;(X) € N be the number of particles of component i € {1,...,n} on
sitex € Az, where N = {0, 1, 2, ...}. The state space is given by ; = (N")Ar
and we denote a particle configuration by

1= (09),cs, = ((n00,... . nn(x)))xeAL.
Atagivensite x € Ay, the number n; (x) of i-type particles decreases by one after
an exponential waiting time with rate g; (n(x)) and the leaving particle jumps to
site X + y with probability p;(y). The jump probabilities p; : Z — [0, 1] are
normalized and assumed to be of finite range R € Z*, i.e.

Y opi)=1, p©=0 and p;(y)=0for|y|>R. (2.1)
y

To exclude hidden conservation laws the p;’s have to be irreducible, so that
every particle can reach any site of the lattice with positive probability. The rate
function g; : N — [0, oo) vanishes for all k = (kq, ... ,k,) € N* withk; =0
and is otherwise positive and uniformly bounded from below,

gi(k)=0 <% k=0 and g’ :=sup inf g;(k) >0 (2.2)
neN iz
foralli = 1,...,n. With these assumptions the generator of the zero range
process is given by
eHm =Y 3 &m00) ) (f@™* ) = ran), 2.3)

X,yeAr i=1

regarded as a linear operator on C(2;, R). The configuration »"***Y results
from n after one particle of component i is moved from x tox+y, i.e.n; " (z) =
1j(2) + 8ij (87 (x4yymoa 14 — 82x) forall ze Ay, j = 1,...,n. The number of
particles N;(n) = > ., n:(X) of component i is conserved, and these are
the only conserved quantities. They divide the configuration space into finite,
invariant subsets with fixed N; € Z*,i =1, ..., n. Restricted to such a subset,
L is a finite dimensional matrix and the process is well defined. However, for
L = oo this is true only for “reasonable” initial conditions and under additional
assumptions on the jump rates, which are given in Section 3.1 (cf. [2, 4]).
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2.2 Existence of stationary product measures

For the one-component process n = 1, as well known, there exists a family of
translation invariant stationary product measures (see e.g. [2, 3, 20])

RO

XeAp

n1(X) 00 1

1 1 1
1 11(X) ~ with Z(w) = ul . (2.4
2w <" g vinzeo =2 55 - @9

The parameter 1 € R is the chemical potential and controls the average particle
density, the normalizing constant Z () is the partition function. Often w is re-
placed by the fugacity ¢ = exp[u] € [0, co). We use this notation in Section 4.2,
but for Sections 2 and 3 the chemical potential turns out to be more convenient.
In the case n > 1, the stationary measures are of product form only under the
following condition on the jump rates:

Assumption. Foreveryi,j € {1,... ,n}and k = (ky,...,k,) € N" with
ki, kj > 0 let

8i(k)gj(ki,ki -1 =gj(k)gi(kj,kj -1, (2.5)

using the shorthand (k', k; — 1) = (ky, ... , ki1, ki — 1, kiza, ... , ky).

The same relation was found indepently in [5]. This assumption is equivalent
to the existence of a potential G : N — R for the logarithm of the jump rates
such that

loggi(k) = GKk) —GK' ki —1). (2.6)

Given G, the jump rates defined via (2.6) clearly satisfy (2.5) by construction. On
the other hand for given jump rates g; obeying (2.5) one can define G recursively
via (2.6) by fixing G(0, ... ,0) = 0. This construction does not depend on the
order of summation, since by (2.5) the sum over every closed path vanishes. For
example one can choose

k1 ka2
GK) = loggi(j1.0.....0) + Y logga(ks, j2.0,... . 0) +

=1 Jj2=1

) @.7)
oo+ Z IOg gn(k]_, ey kn—l’ ]n) .

jnzl
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Theorem 1. (Stationary product measures). The zero range process defined
in (2.3) with more than one component, » > 1, has stationary product measures
if and only if the condition (2.5), equivalently (2.6), is fulfilled. In this case the
family of stationary measures can be written as

1 n
=L — _ N
=117 exp| — G(n00) + i§_lj i) (2:8)

XeAp

with the chemical potentials w = (1, ... , us) € D, as parameters. D,, is the
domain of convergence of the partition function

Zw =Y ep| =G+ ik (2.9)
i=1

keN"

D, is a nonempty, convex subset of R” with infinite volume measure.

Proof. First we assume that (2.5) and (2.6) are satisfied and show that ﬁﬁ
defined in (2.8) is stationary. Since G exists by assumption, the measure ﬁ,f is
well defined on D, and {p € R"|u; < logg?, i =1,...,n} C D, because of
(2.2). For Z(nY), Z(n?) < ooitiseasytoseethat Z(gu* + (1—qg)pu?) < oo for
all ¢ € [0, 1], thus D,, is convex. The remainder of the first part of the proof is
a straightforward generalization of the standard argument for n = 1, given e.g.
in [3]. To prove stationarity of Dﬁ we have to show that for all f € C(2;, R)

N
Cfhp =D Y D &@00) (£ ™) = fop)kay =0. (2.10)

neR X,yeAy i=1

With (2.6) it is easy to show that the one-point marginal v,, satisfies

Vu(K' ki — 1)
gi(K)

foralli =1,... ,n,k=(kg,...,k,) € N*withk; > 0. Forevery X,y € A,
one has

v (K) = explii] (2.11)

> g (n00) fF @) b () =

neQy

il o mi + 1,y ) (X)) £ () DL (V) |
> e )£ oL

nNeQL
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where we introduced the shorthand (1, ..., 7,)(X) = (91(X), ..., 7.(X)). With
this and a change of variables in the summation over x we obtain

N
D DN LD DI DI EAC TGS N (CAR T TR (EN))

ney i=1 X,yeAr

8i (1w mi+ L, ) =) (s i+ ) (=) )
‘_)u(”(X—Y))

gi(n(X)) v (1) [T @) =0 2.12)
5 (02, s =1 1))

which vanishes by (2.11) for every f € C(2,, R). Thus (2.10) is shown and T)ﬁ
is stationary.

Assume now that v% is an arbitrary stationary product measure of the zero
range process with generator £. Then

ze Ap\{X—Y,X}

(LfY,e =0 forall feC(Q.,R) (2.13)

and, by inserting special functions f, one deduces conditions on the jump rates.
Consider a configuration # where there are k = (kq, ... , k,) € N" particles at a
fixed site x and the rest of the lattice is empty, i.e. §(y) = éyxK forally € A;.
From the stationarity condition (2.13) with the indicator function f = x; we
obtain for the one-point marginal of v

N

[gl(k) T g,,(k)] v = Y (ki k- 1), (2.14)
i=1
where we set v(k) = 0ifk; < Oforsomei € {1, ..., n}. To get (2.14) we used
ki 1
0,.,0,k,0,..,0 =v(0 , 2.15
v(0, .., 0, ) = 1( )gg'(o 0.0 (2.15)

as known from the stationary measure of the one component system (2.4). Now
let £ be the indicator function of #"***Y, with = (SZ,Xk)ZeAL as above and
k; > 0. Using (2.13) to (2.15) we obtain

PO 800 v —v(k' ks —1)] =

=3 pit=y (K ki =1k — 1) [gj(ei +e)v(e +e) — v(e,/)] . (216)
J#i
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with the shorthand k = (k/, k;, k;) and e; € R” the unit vector in direction i.
(2.2) holds for ally € A, and is obviously fulfilled if the two square brackets
vanish individually. Under the assumption that they do not vanish, one can easily
construct a contradiction to (2.14). Thus we obtain

v(k) = v(k', k — 1)/gi (k) (2.17)

foralli € {1,...,n}. Applying (2.17) twice in different order for arbitrary
i # j we get

KA ki — 1,k —1 Kii ki — 1,k —1

by = KLk —LE =D Lk-1 (2.18)
gi(k)gj(ki, ki — 1) gi (k) gi(ki, k; — 1)

and (2.5) easily follows. O

Remark. If the jump rates are site dependent and satisfy (2.6) with potential
Gy for every site X, the measure defined analogous to (2.8) is still stationary,
since the terms in (2.12) cancel for each site individually. However, we did not
see how to generalize the reverse argument to space-dependent rates.

2.3 Properties of the stationary measures

The particle density R; of componenti e {1, ..., n} is translation invariant and
given by

Ri() = (m(0); = {mi(0); =8, logZ(w) >0 (219)

Dy Dy

as a function of the chemical potentials u. For u € [O)u the measure v,, has some

finite exponential moments as (¢?7@);, = Z(n+8)/Z () < oo for sufficiently

small # € R". Therefore R = (Ry,..., Ry,) : 5M — D, is well defined with

D, = R(ﬁﬂ) C (0, 00)". Due to (2.19), log Z(x) is monotonic increasing on
lo)u and the compressibility is given by the matrix of second derivatives as

DR(w) = (9, Ri(w)) = D*log Z () =
ij
, (2.20)
= (9,100 2w) = (0 Omy005,)

where (n;(0)n; Q) = (n:(0)n; @), — (n:(O); (n;(Q), . Thus DR(n) is

Dy Uy

symmetric and positive definite, because
n 2 e
a’ . (D2log Z(n)) a = <( 3 a m(O)) > >0 (2.21)
i=1 G
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for all a € R" with |a] = 1. Hence the eigenvalues of D?log Z(u) are real and
positive, which ensures that log Z () is strictly convex and R is invertible on

lo)u. Since DR(p) is also continuous, D, is diffeomorphic to BH. We denote

the inverse of Rby M = (M4,... ,M,) : D, — BM and define the measure
vy i= b, Which is indexed by the particle densities p. There existsana > 0
such that p € D, for all ||p| < «, SO v’f is defined for small densities. In many
casesitis D, = (0, 00)", e.g. under the assumption (3.3) or (3.4) in Section 3.1.
However, there are also cases where there is no stationary product measure for
large densities. These systems show an interesting condensation phenomenon
for large p and have been studied for one-component systems in [20, 21] and in
[5] for a system with two kinds of particles. In this case the behavior of Z(u)
and R(u) at the boundary 0D, is of importance. We will not discuss this point
any further here.
The stationary current of component i is given by

Ji(p) = M(p;) (gi)y, = M(pi) exp [Mi(p)] (2.22)

as a function of the particle densities. Here m(p;) = ZyeAL ypi(y) € R?
denotes the first moment of the jump probability p;, which in general is non-
zero and determines the direction of the current. The strength is proportional to
exp [M,- (p)] and thus a monotonic increasing function of the chemical potential.

The thermodynamic entropy S(p) of the stationary measure is the convex
conjugate of log Z(u) given by the Legendre transform

S(p) = sup (Zpim — log Z(M)) =p-M(p) —logZ(M(p)) . (2.23)
reDu N ot
With (2.22) we have forall i € {1, ... ,n}
3p,S(p) = M;(p) = l0g(gi), - (2.24)
Therefore we have the following relation for the determinants, denoted by |..],
|D25(p)| = |[DM(p)| = |[DR(M (/0))|_1 = |D2 log Z(M (/0))|_1 > 0.(2.25)

Thus S is strictly convex on D,. Note that due to the structure of the stationary
measure the densities are given as derivatives of the partition function with respect
to the chemical potentials. This leads to (2.24) and thus

9p, 109(8:)v, = 9, 109(g;)v, - (2.26)

forall i, j € {1,...,n}, which can be considered as the macroscopic analogue
of condition (2.5) on the jump rates.
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3 Hydrodynamics
3.1 Thehydrodynamic limit

We will show that under Eulerian scaling ¢t — ¢/L, X — u = X/L in the limit
L — oo the time evolution of the local particle densities p(z, u) is given by the
following system of conservation laws:

d
dpi(t, U+ Y 8, I (p(t.w) =0, i=1...n, (3.1)
k=1

where Jl-k(p) is the k-th spatial component of the i-th current J;(p) defined in

(222)and u = (ug, ... ,uy) € A = (R/Z)d is the continuous space variable.
To prove the convergence, the dynamics of the zero range process has to be well
defined in the limit L — oo which is guaranteed by (see [2, 3])

sup  suplgik’, kj+1) — gi(K)| < o00. (3.2)
i,jefl,...,n} keN

We also need to impose an extra condition on the stationary measure, which is
needed for the one block estimate (see [3], Chapter 5), as one important part of
the convergence proof. There are two alternatives, the first one is to require that
the partition function Z(w) is finite for all & € R”, which is equivalent to the
existence of finite exponential moments, i.e.

(expl8 - n(O)])‘_}u =Z(n+0)/Z(n) <ooforall@ e R" & D, =R". (3.3)
Note that this implies D, = (0, c0)", avoiding possible problems in case p(z, u)
reaches the boundary of D,. Alternatively, we can impose sublinearity of the

jump rates, i.e. forall i € {1,... ,n}and all b € (0, c0)" there exist g¢;(b) € R
such that

gi(k)<a;(b)+b-k and lim Z(p) =coforallu* €dD,. (3.4)
p—p*

The second statement is needed to ensure D, = (0, 00)", since sublinearity
does not rule out D, < R". Given a solution p(z, u) of (3.1) we denote the

. moz . .
corresponding local equilibrium measure by V,f(z »» Which will be compared to

the time dependent distribution > of the zero range process:

"5(:,.) = 1_[ Vo(1,x/L) and nt=n5S, (3.5)

XEAL
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where S, is the semi-group S, associated to the generator £ speeded up by L.
The proof of the following theorem is an application of Yau’s relative entropy
method [6], which requires some regularity of the solution p(z, u). In general,
solutions of conservation laws develop shocks after a finite time even for smooth
initial data (see e.g. [10]). Thus the convergence proof is valid only up to the
time T of the appearance of the first discontinuity.

Theorem 2. (Hydrodynamic limit). Let p € C?([0, T] x A, [0, 00)") be a
solution of (3.1) for some T € (0, oo) with smooth and bounded initial profile
p(0, ), satisfying p;(0,u) > p* > 0,i = 1,...,n. Under the assumptions
(3.2) and (3.3) resp. (3.4) let = be a sequence of probability measures on €,
whose entropy H (7§ |vh, ,) relative to v’ s of order o(L¢). Then

H(r} vk, ) =oL%) forall £ €[0,7]. (3.6)

Applying the entropy inequality in the standard way (see [3], Chapter 6),
Theorem 2 implies the following

Corollary. Under the assumption of Theorem 2, for any smooth test function
f:A—>Rte[0,T]andi =1,...,n, the following limit

. 1
Jim 25 3 Fosm0 = [ 1w ot w 37)

XeAL

holds in probability, where »(z, X) denotes the time ¢ configuration of the zero
range process with distribution .

The proof of Theorem 2 is close to the ones given in [3, 9] and its most important
steps will be sketched in Section 3.3.

3.2 Propertiesof thelimit equation

Introducing the matrices DJ*(p) := (ap]. Jik),-,- one can rewrite (3.1) in the quasi-
linear form

d

dp(t,u) + > DI(p(t, 1)) dy p(t,u) =0 (3.8)
k=1

The current derivative is given by
DJ(p) = A*(p) DM (p) with  Af;(p) = &, mi(pi) exp[Mi(p)] , (3.9)
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where A is a diagonal matrix and m (p;) is the k-th space component of m(p;).
Since DM (p) = D?S(p) is symmetric and positive definite, we can write for all
k=1,...,d

DIk — (DZS)—l/Z((Dzs)l/zAk(DZS)l/Z) (D25)1/2 . (3.10)

Thus DJK is similar to the real symmetric matrix (DZS)MA"(DZS)M, which
implies that Zzzl wy DJF is diagonalizable for all (w1, ... , w;) € RY and that
(3.1) is hyperbolic [12]. The question of strict hyperbolicity, i.e. whether all
eigenvalues of Zzzl wr DJ* are nondegenerate, cannot be answered in general.
It depends on the dynamics of the zero range process and one has to check for each
system separately. With (3.9) we also see that DJ*(p) D? log Z(M (p)) = A¥(p)
is diagonal and in particular symmetric, constituting the Onsager reciprocity
relations [8, 9] for this system.
With (2.24) and (3.9) it is easy to see that S(p) satisfies

9..8(p) DI~ (p) = 3,. F. (M
; i S(p) DIf;(p) = 9, F(M(p)) 3.41)

forall j=1,...,n, k=1,....,d,

n

providedwesetF(p) = 3y m(p;)(r;—1) explu;]. (3.11)arethe dn defining
relations for entropy entropy-flux pairs of hyperbolic systems [10, 12]. For
general systems with dn > d + 1 these equations are overdetermined and the
existence of an entropy entropy-flux pair is not guaranteed. However, as we just
have shown, for a zero range process the Euler equation has always a strictly
convex entropy S, defined in (2.23), with corresponding entropy flux F.

Systems of conservation laws with entropy are studied in detail in [12]. In gen-
eral, by transformation to the so-called entropy variables the quasilinear equation
(3.8) simplifies to a symmetric system. In our case these variables are given by
the chemical potentials u (¢, u) := M (p(z, u)) and the derivative of the current
with respect to u is even diagonal,

d

DR(p(t, w)) p(t, u) + Y A (m(t, w) B, m(t,u) =0, (3.12)
k=1

where A} (p) := 8;; mi(p;) explp] as defined in (3.9).

To summarize we have shown that the limit equation (3.1) is a hyperbolic sys-
tem with globally convex entropy. General results on the existence and unique-
ness of solutions of such systems are rare, even for the simple form (3.12). So
further results for systems with open boundaries are based on solid arguments
rather than rigorous proofs and presented in Section 4.
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3.3 Proof of Theorem 2

The proof follows closely the one given in [3], Chapter 6, and [9] and we only
sketch the main steps. The only part where the structure of the stationary measure
for n-component systems enters will be (3.18), where we will use the symmetry
of DM (p). Since =} and vL .., are absolutely continuous with respect to each
other and with respect to areference invariant measure vZ, a € (0, 00)", one can
define the density

L

dv
v = ”—(’) =
T ZM@)  {exp [ni(X)Mi(p(tvx/L)]

(3.13)
XeAy Z(M(p(t,x/L))) 1 &Xp [7: () M; (o) ]
Let H, (1) == H( L|v ) be the entropy of 7" relative to vp( - To establish
the estimate (3. 6) we WI|| prove a Gronwall type inequality
t
H; (1) < H.(0) + c/ H;(s)ds + o(LY) (3.14)
0

with uniform error bound for all € [0, T']. The entropy production is bounded
above by

1 *
a0 = | oo (Levta — vt dxt (3.15)

where £* is the adjoint of £ in L2(vL). This inequality is proved in [3], Chapter
6, under very general conditions covering our case. Using the regularity of
M (p(z, .)), the right hand side of (3.15) can be rewritten as

n d
(WEm) Loyt == 3 8,5k (pt, x/L))

XeAp i=1 k=1

n d
=330 0 Mi(p(t. x/L))

xeAp i=1 k=1 (316)
x (mip0) 8i(n00) = JE (01, x/1)) ) + O(L)

(Em) Mot = Y Y0 Mt x/0) (1,60 - e, x/L)).

XeAy i=1
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The right hand side of the first line is a telescoping sum and vanishes up to an
error O(L4~Y). Because of the regularity of M () a summation by parts permits
to replace the local variables by their block averages. They are defined as

1
MO = G Do), & (nx) = (Zz T > gi(ny) (3.17)

Ix—yl=<¢ [x=yl=<¢

fori = {1,...,n}and £ € Z*. Using the hyperbolic system (3.1) and the
symmetry of DM we obtain

Mi(p(t,%/L)) = ZZ%J" p(t,X/L)) 3, M;(p(1,X/L)) . (3.18)

j=1 k=1

Inserting (3.17) and (3.18) in (3.16), we get

[, g it yant =

/ >33 (e gt (n00) = I (0 ) e (3.19)

S xeAp i=1 k=1
d

+ / S S auMi(p@ x/1) £ (20, ot /1)) df

QL yep; i=1 k=1

QU

S

where
fab)=Jf@ - Jfb) - VIiDb) - (a-b). (3.20)

A bound for the second term on the right hand side of (3.19) comes from the
entropy inequality (see [3], Chapter 6). Dropping the argument of £ we get

/Q > ZZBMkM p(t,x/L)) | f¥| dnt

LxeAp i=1 k=1 (3.21)

< CH(w}|v}

o)) FOLLET) .

The first term is estimated integrated in time by using the so-called one block
estimate (see [3], Chapter 5)

tim jim 2 [ [ Y30y

L xeAr i=1 k=1 (3.22)
(me(po) 8 (100) = I (1 00)) dl ds = 0.
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This is the only part of the proof where either one of the two regularity assump-
tions on the stationary measure (3.3) or (3.4) is used. Inserting (3.21) and (3.22)
in (3.19) we obtain (3.14) via (3.15) and Theorem 2 follows.

4 Stationary solutionsfor systemswith open boundaries
4.1 Uniquenesscriterion for the physical solution

In this section we turn to one of the motivations of our study and apply the
results of the previous sections to determine stationary density profiles of systems
with open boundary conditions. General results on existence and uniqueness of
solutions to systems of hyperbolic conservation laws like (3.1) and (3.12) are not
available and we have no other choice than to base our results on solid arguments
rather than rigorous proofs. We explicitly state our assumptions.

Although (3.12) is derived only up to the first discontinuity, we assume in the
following the validity of the Euler equation in the sense of weak solutions. They
are in general not unique and we have to find a criterion to single out the physical
solution, i.e. the one which describes density profiles of the underlying zero range
process. There has been a lot of work on this problem (see e.g. [10]) and one
possibility is to add a viscosity term with a small parameter ¢ on the right hand
side of (3.12). A natural choice of this term is the diffusive correction which
was neglected in the derivation of (3.1), where the small parameter is interpreted
as the lattice constant ¢ = ©@(L~1). In our context this term is given by the
Green-Kubo formula for the corresponding reversible zero range process with
symmetric jump probabilities (see [22], Chapter 11.2.2). Since the symmetric
zZero range process is a gradient system, the viscosity is already determined by
the stationary measure itself. We get the following dissipative equation

n d
D DRy (uE) oS + Y my(pi) B, explus] =
j=1 ) k=t (4.1)

=€ Z o (pi) 33ku, explu;],

k=1

fori = 1,...,n, with oy(p;) = erAL xix; pi(X). The solution u€(z, u)
of Equation (4.1) is unique and globally well defined [10], since the second
derivative on the right hand side can be written as

o (pi) 35ku1 = ((x20u + ...+ xnau”)2>pi

and is thus positive definite. If u(z, u) converges in a proper sense for e N\ 0,
the limit u%(z, u) is a weak solution of (3.12). This convergence is in general
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difficult to show and in the following we will just assume that it holds, for details
see [12] Chapter 3.8 and references therein.

Since D?S(p) (5,-jak,(p,-)8pj exp [M; (p)]) __issimilar to a symmetric, positive

definite matrix (analogous to (3.10)), we hajve for some § > 0 and arbitrary
aeRk=1,...,d,

d

d
> &l DS(o) (80u(pi) 0y, x0 [Mi()]) @2 8) lalf = 0. (42)
k, =1 . k=1

This expresses the viscous dissipation for the entropy and ensures (see [12],
Chapter 3.8) that u°(z, u) satisfies the entropy inequality

d

A S(R(uO(t, u)) + Y 8y Fe(n’(r,w) <0, (4.3)
k=1

as to be expected for a physical solution. Thus we expect that the zero viscosity
limit of (4.1) describes the macroscopic chemical potential profiles of the zero
range process. Note that for stationary solutions the system (4.1) decouples and
stationary profiles can be obtained very easily. They are only determined by the
first and second moment of the jump probabilities and the boundary conditions,
whereas they are independent of the jump rates. The rates only enter the partition
function Z(u) and thus the transformation to density profiles via R(u) (2.19),
which is illustrated in the next section.

4.2 Stationary profilesfor one-dimensional systems

There has been considerable activity to understand the structure of the nonequi-
librium steady state of systems with open boundaries. Here we study this issue
in one dimension on the level of the hydrodynamic equations. It turns out that
the fugacity variables ¢; := exp[u;] are the most convenient choice. As a con-
sequence of (4.1), for d = 1 the stationary fugacity profiles ¢2(u), u € [0, 1] are
the limit solutions for € N\ 0 of the equation

m(p;) 3,pf (u) = € (p) d2pf(w), i=1,....n, (4.4)

where o (pi) = D cn, x?p;(x) > 0. The equations are decoupled and for a
system with open boundary conditions ¢; (1) = exp [Mi (p(u))] foru =0, 1,
the solution is given by

¢f (u) = ¢ (0) + (6 (1) — ¢:(0)) (q: ()" = 1) /(qi(e) = 1), (4.5)
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Figure 1:  Stationary solution of (4.4) with ¢ = 0.02 for a

one-dimensional two-component system with open boundary conditions
$1(0) = 1.5, ¢ (1) = 1.2, ¢2(0) = 2, ¢o(1) = 1.2 and jump rates (4.6)
with ¢; = 1.3, ¢, = 1. Fugacities: dashed lines ¢1 (- - -), ¢» (- — ) given
by (4.5), densities: dash-dotted lines p; (---+-), o2 (——— ). Left: m(p1) = 1,
m(p;) = 0.5. Right: m(p1) = 1, m(py) = —0.5.

where g;(e) = exp[m(p;)/(ec(p:))]. The profiles (4.5) have a very simple
structure. They are bounded above and below by ¢; (0) resp. ¢; (1) and for e \ 0
they converge pointwise to flat curves ¢?° () with a jump at one of the boundaries,
if ¢;(0) # ¢;(1). The location of the jump depends on the sign of m(p;), which
corresponds to the direction of the current. The coupled transformation to the
stationary density profile p?(x) involves the fugacities of all components and is
given by p? = R;(log ¢}, ..., log¢?) defined in (2.19).

We illustrate our result with a simple example with two components, for which
the jump rates are given by the potential

G(ky, ko) =k Iog c1+kp Iog co + Iog(k1 + ko)! (46)

and thus read g; (k1, k2) = xi,>0¢i (k1 +k2),i = 1, 2. The two types of particles
just move with different speeds, but in this case one can calculate the partition
function (2.9) analytically. In terms of the fugacities ¢, and ¢ it is given by

Loy gy — | LERGREaml for /e # dafer 0
explgr/cil(L+ p1/c1) . forgu/cr = ¢o/co

The transformation to densities is then obtained via R; (¢1, ¢2) = ¢; 04 Z (1, ¢2)
(cf. (2.19)). The jump probabilities are chosen such that o (p1) = o(py) =1
and m(p1) = 1. Therefore the bulk value ¢>{’(u), u € (0,1) is equal to the left
boundary ¢1(0). For m(p,) = 0.5 the same is true for ¢, and also the density
profiles are determined by their left boundary value. This can be seen in Figure 1
(left), where we plot the profiles for small € = 0.02, for better illustration. For
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m(p,) = —0.5 the particle species are driven in opposite directions, leading to
a combination of fugacities in the bulk, which at neither of the two boundaries
is present. So the bulk densities no longer agree with their boundary values, cf.
Figure 1 (right).

4.3 Concluding remarksto steady-state selection

The eigenvalues A; (p) of the current derivative DJ(p) defined in (3.9) determine
the characteristic velocities at which small perturbations of a flat fugacity profile
propagate. For zero range processes the sign of A; (p) is fixed by the sign of the
first moment of the jump probabilities m (p;) and is independent of the densities
p. Sono matter how the boundary conditions are chosen, the qualitative behavior
of the stationary profiles does not change. This is in contrast to one-dimensional
driven lattice gases with exclusion dynamics, where a change of sign of the char-
acteristic velocities is the key ingredient for boundary induced phase transitions
(see [13, 14]). So our analysis shows that these phenomena are not present in
zero range processes and the selection of stationary states in terms of fugacities
is particularly simple. The construction of stationary profiles as shown above
can be readily generalized to higher space dimensions. Despite the absence of
boundary phase transitions, the zero range process is a very important interacting
particle system, last but not least due to its close relation to exclusion models
[20]. Itis one of the few examples of multi-species systems, where the selection
of stationary states is well understood under very general conditions.

Acknowledgments. The authors would like to thank Balint Téth and Chris-
tian Klingenberg for valuable advice on PDEs. S.G. acknowledges the support
of the Graduiertenkolleg “Mathematik im Bereich ihrer Wechselwirkung mit
der Physik”, of the Institut Henri Poincaré, and of the DAAD/CAPES program
“PROBRAL".

References

[1] F. Spitzer. Interaction of markov processes. Adv. Math., 5: (1970), 246-290.

[2] E.D. Andjel. Invariant measures for the zero range process. Ann. Probability,
10(3): (1982), 525-547.

[3] C. Kipnisand C. Landim. Scaling Limits of Interacting Particle Systems, volume
320 of Grundlehren der mathematischen Wissenschaften. Springer Verlag, (1999).

[4] T.M. Liggettand F. Spitzer. Ergodic theorems for coupled random walks and other

systems with locally interacting components. Z. Wahrscheinlichkeitstheorie verw.
Gebiete, 56: (1981), 443-468.

Bull Braz Math Soc, Vol. 34, N. 3, 2003



506

[5]
(6]
[7]
(8]
[9]
[10]
[11]

[12]

[13]
[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

STEFAN GRORBKINSKY and HERBERT SPOHN

M.R. Evans and T. Hanney. Phase transition in two species zero-range process. J.
Phys. A: Math. Gen., 36: (2003), L441-L447.

H.T. Yau. Relative entropy and hydrodynamics of Ginzburg-Landau models. Lett.
Math. Phys, 22: (1991), 63-80.

F. Rezakhanlou. Hydrodynamic limit for attractive particle systems on Z¢. Com-
mun. Math. Phys., 140: (1991), 417-448.

D. Gabrielli, G. Jona-Lasinioand C. Landim. Onsager reciprocity relations without
microscopic reversibility. Phys. Rev. Lett., 77: (1996), 1202-1205.

B. Toth and B. Valkd. Onsager relations and eulerian hydrodynamic limit for
systems with several conservation laws. J. Stat. Phys., 112(3): (2003), 497-521.

C.M. Dafermos. Hyberbolic Conservation Laws in Continuum Physics, volume
325 of Grundlehren der mathematischen Wissenschaften. Springer, Berlin, (2000).

P.D. Lax. Shock waves and entropy. In: E. Zarantonello, editor, Contributions to
Nonlinear Functional Analysis, pages 603-634, New York, 1971. Academic Press.

S. Ulbrich.  Stabile Randbedingungen und implizite entropiedissipative nu-
merische Verfahren fur Anfangs-randwert-probleme mehrdimensionaler nichtlin-
earer Systeme von Erhaltungsgleichungen mit Entropie. PhD thesis, TU Miinchen,
(1996).

J. Krug. Boundary induced phase transitions in driven diffusive systems. Phys.
Rev. Lett., 67(14): (1991), 1882-1885.

V. Popkov and G.M. Schiitz. Steady-state selection in driven diffusive systems
with open boundaries. Europhys. Lett., 48(3): (1999), 257-264.

M.R. Evans, D.P. Foster, C. Godréche and D. Mukamel. Spontaneous symmetry-
breaking in a one-dimensional driven diffusive system. Phys. Rev. Lett., 74: (1995),
208.

M.R. Evans, Y. Kafri, H.M. Koduvely and D. Mukamel. Phase separation in one-
dimensional driven diffusive systems. Phys. Rev. Lett., 80(3): (1998), 425-429.

G.M. Schiitz. Critical phenomena and universal dynamics in one-dimensional
driven diffusive systems with two species of particles. J. Phys. A: Math. Gen.,
36(36): (2003), R339-R379.

V. Popkov and G.M. Schiitz. Shocks and excitation dynamics in a driven diffusive
two-channel system. J. Stat. Phys., 112(3): (2003), 523-540.

B. Toth and B. Valké. Between equilibrium fluctuations and eulerian scaling.
perturbation of equilibrium for a class of deposition models. J. Stat. Phys., 109:
(2002), 177-205.

M.R. Evans. Phase transitions in one-dimensional nonequilibrium systems. Braz.
J. Phys., 30(1): (2000), 42-57.

S. GroRkinsky, G.M. Schiitzand H. Spohn. Condensation in the zero range process:
stationary and dynamical properties. J. Stat. Phys., 113: (2003), 389-410.

Bull Braz Math Soc, Vol. 34, N. 3, 2003



STATIONARY MEASURES AND HYDRODYNAMICS OF ZERO RANGE PROCESSES 507

[22] H. Spohn. Large scale dynamics of interacting particles. Texts and Monographs
in Physics. Springer, Berlin, (1991).

Stefan GroRRkinsky and Herbert Spohn
Zentrum Mathematik

Technische Universitit Minchen

85747 Garching bei Minchen

GERMANY

E-mail: stefang@ma.tum.de, spohn@ma.tum.de

Bull Braz Math Soc, Vol. 34, N. 3, 2003



