SURVIVAL AND COEXISTENCE IN INTERACTING PARTICLE SYSTEMS

T. M. LIGGETT* Department of Mathematics University of California Los Angeles, CA 90024 U.S.A.

Abstract. A fifteen year old technique for proving survival of the basic one dimensional contact process is extended in order to obtain improved upper bounds for contact like processes. Comparison techniques are described which can be combined with these survival results to determine exactly which threshold voter models coexist. The paper ends with a bibliography of most of the papers written about interacting particle systems since the author’s book on this subject appeared in 1985.

Key words: Interacting particle system, contact process, survival, voter model.

1. Survival of Contact-Like Processes

A proof of survival for the basic one dimensional contact process was given by Holley and Liggett in 1978 (see Section 1 of Chapter VI of Liggett (1985)). To begin the discussion of extensions of this technique, consider the following question: Does the (nontrivial) invariant measure of the basic one dimensional contact process have the strong positive correlations property? We need to define the terms which appear in this question.

The basic one dimensional contact process is the Markov process η_t on {0, 1}^Z in which 1 → 0 at rate one and 0 → 1 at rate λ × (# neighbors which are 1). The distribution of the process at time t when the initial distribution is μ will be denoted by μS(t). An invariant measure (i.e., one for which μS(t) = μ ∀t ≥ 0) is nontrivial if it is not the pointmass on the zero configuration. As is well known, there is a critical value λ_c so that the process survives (i.e., has a nontrivial invariant measure) if λ > λ_c and dies out if λ ≤ λ_c. The fact that the critical process dies out is rather recent — see Bezuidenhout and Grimmett (1990). Until recently, the best bounds on λ_c were 1.539 < λ_c < 2. More on this will be said later.

A probability measure μ on {0, 1}^Z is said to have the positive correlations property if ∫

fgdμ ≥ ∫ fdμ ∫ gdμ for all bounded increasing functions f and g. This property plays an important role in both statistical mechanics and interacting particle systems. We will say that μ

*Preparation of this paper was supported in part by NSF Grant 91-00725.

has the strong positive correlations property if the conditional measure μ(· | η(x_1) = ϵ_1, . . . , η(x_n) = ϵ_n) has the positive correlations property for every n and every choice of ϵ_1, . . . , ϵ_n.

A theorem due to Harris (Theorem 2.14 in Liggett (1985)) guarantees that for a large class of processes (including the contact process),

μ has positive correlations =⇒ μS(t) has positive correlations ∀t ≥ 0. It follows (for λ > λ_c) that the nontrivial invariant measure of the contact process (which is the limit of δ_1S(t)) has positive correlations. This observation motivates the question raised above. One can strengthen the question by asking whether there is a version of Harris’ theorem for the strong positive correlations property. Perhaps surprisingly, we will now answer our question in the negative. To do so, let μ be any translation invariant probability measure, and write d dt μS(t){η(x) = 0 ∀ 1 ≤ x ≤ n} | | |_{t=0} = −λμ{η(0) = 1, η(x) = 0 ∀ 1 ≤ x ≤ n} − λμ{η(n + 1) = 1, η(x) = 0 ∀ 1 ≤ x ≤ n} + n∑ k=1 μ{η(k) = 1, η(x) = 0 ∀ other 1 ≤ x ≤ n}. (1.1) Let ν be the nontrivial invariant measure, and let

F (n) = ν{η(0) = 1, η(x) = 0 ∀ 1 ≤ x ≤ n − 1} ν{η(0) = 1}

, n ≥ 1,

be the tail probabilities of the conditional spacing distribution. If ν satisfied the strong positive correlations property, it would follow that

ν{η(k) = 1, η(x) = 0 ∀ other 1 ≤ x ≤ n} ≥ F (k)F (n − k + 1)ν{η(0) = 1} (1.2) for all 1 ≤ k ≤ n. Using this in (1.1), we obtain (since ν is symmetric with respect to reflection in Z, translation invariant and invariant) n∑ k=1 F (k)F (n − k + 1) ≤ 2λF (n + 1) (1.3)

for all n ≥ 1. The translation invariance of ν implies that M = ∞∑ n=1 F (n) < ∞.

Summing (1.3) for n ≥ 1, and using F (1) = 1, we obtain M^2 ≤ 2λ(M − 1).

Therefore, the discriminant of the corresponding quadratic is ≥ 0, so that λ ≥ 2. We conclude that the strong positive correlations property fails for λ < 2. It probably fails for all larger λ as well. In fact, one can enlarge the class of λ’s for which this conclusion holds by using a few other expressions of the type (1.1), but for sets of sites which are not intervals. However, since this is a negative result, there is not much point in pursuing this generalization.

Given what we have done so far, the Holley–Liggett proof of survival of the basic one dimensional contact process for λ ≥ 2 can be summarized in the following way: Step 1. Let μ be a stationary renewal measure (so that (1.2) holds with equality), chosen so that (1.3) holds with equality. It is easy to solve these equations explicitly for λ ≥ 2:

F (n + 1) = ( 2n n ) 1 (n + 1)(2λ)^n

, n ≥ 0.

Then the right side of (1.1) is zero, so that d dt μS(t){η(x) = 0 ∀ x ∈ A} ≤ 0 (1.4)

(in fact, = 0) for t = 0, A = {1, . . . , n} and all n ≥ 1. Step 2. Show that (1.4) holds at t = 0 for all finite sets A. Step 3. Use the duality relation

P^η{η_t = 0 on A} = P^A{η = 0 on A_t},

where A_t is the finite contact process, to show that (1.4) for t = 0 and all A implies (1.4) for all t ≥ 0 and all A.

Step 4. Conclude that μS(t){η(x) = 0} ↓ in t, and hence does not converge to one.

The hard part of the argument is step 2. In that part, one proves and uses the fact that the renewal sequence corresponding to the density f(n) = F (n) − F (n + 1) is decreasing in n, and this in turn follows from the logarithmic convexity of f. The details can be found in Section 1 of Chapter VI of Liggett (1985).

This argument is quite old, but little was done to see if it could be used more generally until the last few years. The recent applications of this technique can be found in the papers in the bibliography by Katori and Konno, and by Liggett. One type of extension, which we will not describe here, involves proofs of survival for contact processes which are not spatially homogeneous. (See my papers in the Harris and Spitzer volumes and in the 1992 Annals of Probability.) We will describe two other types of extension.

First, there is the possibility of obtaining better upper bounds for λ_c for the basic process. To get a better upper bound, one needs to find something more general than a renewal measure to use as the initial distribution in step 1 above. Various possibilities suggest themselves, but the following observation makes one particularly natural: Use a modification of the Gibbs formalism to write a probability measure μ as

μ(η) = K exp ( ∑ η=0 on A

J_A ) (1.5) for some potential J_A. It turns out that μ is a renewal measure iff J_A = 0 for all A’s other than intervals. So, to obtain an upper bound λ_n for λ_c, one can consider measures given formally by (1.5), where J_A = 0 for all A’s other than intervals or sets of diameter ≤ n. The nonzero J_A’s can be specified by requiring that (1.4) hold with equality at t = 0 for all A’s which are intervals or sets of diameter ≤ n. One finds that λ_1 = 2 (this is the Holley–Liggett bound), and λ_2 = 1.941227.... A computation suggests that λ_3 = 1.89349.... The full details of the proof are worked out for n = 2 in a forthcoming paper.

The second extension we will describe involves proving survival for modifications of the contact process — in this case, for one with a non nearest neighbor interaction. This extension will be important in the next section. The process is the same as the basic one dimensional contact process, except that the infection rate at x ∈ Z is given by λ if at least one of η(x − 2), η(x − 1), η(x + 1), η(x + 2) takes the value 1, and the rate is 0 otherwise. The survival of this process for λ = 1 is proved in a paper to appear by again using a renewal measure as initial distribution. The analogue of (1.3) with equality which must be solved in step 1 is now

F (2) = 1 λ + 1

, F (3) = 1 (λ + 1)^2

, F (4) + F (5) = 1 λ(λ + 1)^2

, and n∑ k=1 F (k)F (n − k + 1) = 4λF (n + 1) + 2λF (n + 2) for n ≥ 4.

(1.6)

This does not seem too different from (1.3) (with equality), but now it cannot be solved explicitly, and this leads to significant difficulties. In fact, the proof that there is a solution of (1.6) (for λ = 1) which is decreasing and for which the corresponding renewal sequence has the required monotonicity and convexity properties is computer assisted. We proved analytically that there is a solution which has the required properties for n ≥ 1000, and then computed the first 1000 values of F and the renewal sequence accurately enough to check the required properties for those n.

As will be seen in the next section, it is essential for our application of this result that we know survival for λ = 1; λ = 1.01 would not do. The technique (using an initial renewal measure) appears to work for λ > .985, and we were simply lucky that .985 < 1. This is one motivation for obtaining better upper bounds — next time we might not be so lucky.

2. Coexistence in Threshold Voter Models

Recently, Cox and Durrett (1991) introduced a new class of particle systems called threshold voter models. Their behavior turns out to be quite different from those of the (linear) voter models treated in Chapter V of my book, and several papers have been written about them by subsets of Andjel, Cox, Durrett, Mountford, Liggett and Steif.

The d-dimensional threshold voter model with parameter N is the spin system η_t on {0, 1}^{Zd} in which a flip at x ∈ Z^d occurs at rate 1 if η(y) ≠ η(x) for some y with ‖y − x‖ ≤ N, and at rate 0 otherwise (‖ · ‖ can be any reasonable norm, such as the l_p norm). We will say that the process coexists if it has a nontrivial invariant measure (i.e., one which puts no mass on the ≡ 0 or ≡ 1 configurations). Otherwise, we will say that the process clusters. Our objective is to determine for each (N, d) whether the process coexists or clusters. The well known answer to this problem for the linear voter model is that clustering occurs for all N if d = 1, 2 and coexistence occurs for all N if d ≥ 3.

Cox and Durrett (1991) proved clustering for N = d = 1. It is particularly easy to see in this case that there is no nontrivial invariant measure which is translation invariant. The argument is based on the following computation, which is valid for any translation invariant μ: d dt μS(t) | | | |_{t=0} = −μ(101) − μ(010) ≤ 0.

Cox and Durrett also proved that coexistence occurs for each d if N is sufficiently large, and conjectured that coexistence occurs in all cases except N = d = 1. This conjecture was recently proved by Liggett.

The argument is based on a comparison with the threshold contact process, in which 1 → 0 at rate one and 0 → 1 at rate λ if η(y) ≠ η(x) for some y with ‖y − x‖ ≤ N, and at rate 0 otherwise. Here is an outline:

Step 1. For every (N, d), if the threshold contact process survives for λ = 1, then the threshold voter model coexists.

Step 2. For any λ, if the threshold contact process survives for (N, d), then it survives for (N^′, d^′) with N^′ ≥ N and d^′ ≥ d.

Step 3. For any λ, if the threshold contact process survives for (N, d) = (2, 1), then it survives for (N, d) = (1, 2).

Step 4. The threshold contact process with λ = 1, N = 2, d = 1 survives.

The only difficult step is the last one, but that is the one discussed in the previous section.

Consider now a more general class of threshold voter models: A flip occurs at x at rate 1 if η(y) ≠ η(x) for at least T y’s with ‖y − x‖ ≤ N. The previously discussed model is the case T = 1. Many open problems remain if T > 1. Here are some results which have been proved: (n denotes the cardinality of the neighborhood {x : ‖x‖ ≤ N}.)

1. If d = 1 and T = N (=^1_2 (n − 1)), then the process clusters. Furthermore, if the initial distribution is translation invariant, then the limiting distribution as t → ∞ exists (and is a mixture of the pointmasses on 0 and 1). (Andjel, Liggett and Mountford (1992)) 2. If T = θn with θ <^1_4 and N is sufficiently large, then there is coexistence. (Durrett (1992)) 3. If T >^1_2 (n − 1), then the process fixates, in the sense that each site flips only finitely often. (Durrett and Steif (1993)).

In case T = θn with^1_4 < θ <^1_2 , Durrett and Steif conjecture that clustering occurs if N is sufficiently large. The behavior of the system when N is small is open if T ≤^1_2 (n − 1) (< if d = 1).

214 T. M. LIGGETT

Bibliography

When I wrote my 1985 book, I tried to include in the list of references essentially all of the papers on interacting particle systems which had been written up to that time (which covered about 15 years). There were approximately 350 of them. Since then, I have maintained a list of papers and books on this subject, and I am taking this opportunity to share this list with the world at large. There are over 300 entries, representing the accomplishments in this field over the past eight years.

Books

Chen, M. F. (1992). From Markov Chains to Non-Equilibrium Particle Systems. World Scientific. DeMasi, A. and Presutti, E. (1991). Mathematical Methods for Hydrodynamic Limits. Springer Lecture Notes in Mathematics 1501.

Durrett, R. (1988). Lecture Notes on Particle Systems and Percolation. Wadsworth. Liggett, T. M. (1985). Interacting Particle Systems. Springer.

Spohn, H. (1991). Large Scale Dynamics of Interacting Particles. Springer Texts and Monographs in Physics.

Articles

Aizenman, M. and Holley, R. (1987). Rapid convergence to equilibrium of stochastic Ising models in the Dobrushin–Shlosman regime. Percolation Theory and Ergodic Theory of Infinite Particle Systems, vol. 8, IMA Series in Mathematics and its Applications, pp. 1–11.

Andjel, E. D. (1986). Convergence to a nonextremal equilibrium measure in the exclusion process.

Probability Theory and Related Fields 73, 127–134.

Andjel, E. D. (1988). A correlation inequality for the symmetric exclusion process. Annals of Probability 16, 717–721.

Andjel, E. D. (1988). The contact process in high dimensions. Annals of Probability 16, 1174–1183. Andjel, E. D. (1990). Ergodic and mixing properties of equilibrium measures for Markov processes.

Transactions of the American Mathematical Society 318, 601–614.

Andjel, E. D. (1992). Survival of multidimensional contact process in random environments. Boletim da Sociedade Brasileira de Matemática 23, 109–119.

Andjel, E. D., Bramson, M. D., and Liggett, T. M. (1988). Shocks in the asymmetric exclusion process. Probability Theory and Related Fields 78, 231–247.

Andjel, E. D., Cocozza, C., and Roussignol, M. (1985). Quelques compléments sur le processus des misanthropes et le processus “zero range”. Annales de l’Institut Henri Poincaré (Probabilités et Statistique) 21, 363–382.

Andjel, E. D. and Kipnis, C. P. (1987). Pointwise ergodic theorems for the symmetric exclusion process. Probability Theory and Related Fields 75, 545–550.

Andjel, E. D., Liggett, T. M., and Mountford, T. (1992). Clustering in one dimensional threshold voter models. Stochastic Processes and their Applications 42, 73–90.

Andjel, E. D., Schinazi, R., and Schonmann, R. H. (1990). Edge processes of stochastic growth models. Annales de l’Institut Henri Poincaré (Probabilités et Statistique) 26, 489–506.

Andjel, E. D. and Vares, M. E. (1987). Hydrodynamic equations for attractive particle systems on Z. Journal of Statistical Physics 47, 265–288.

Andjel, E. D. and Vares, M. E. (1992). Ergodicity of an infinite dimensional renewal process.

Stochastic Processes and their Applications 42, 215–236.

Baillon, J. B., Clement, P., Greven, A., and Hollander, F. den (1993). A variational approach to branching random walk in random environment. Annals of Probability 21, 290-317.

Belitsky, V. Two particle annihilating exclusion.

Benassi, A. and Fouque, J. P. (1987). Hydrodynamical limit for the asymmetric exclusion process.

Annals of Probability 15, 546–560.

Benassi, A. and Fouque, J. P. (1988). Hydrodynamical limit for the asymmetric zero-range process.

Annales de l’Institut Henri Poincaré (Probabilités et Statistique) 24, 189–200. Benassi, A. and Fouque, J. P. (1991). Fluctuation field for the asymmetric simple exclusion process.

Proceedings of an Oberwolfach conference, Birkhäuser, pp. 33–43.

Benassi, A., Fouque, J. P., Saada, E., and Vares, M. E. (1991). Asymmetric attractive particle systems on Z: hydrodynamical limit for monotone initial profiles. Journal of Statistical Physics 63, 719–735.

Bezuidenhout, C. and Gray, L. (1993). Critical attractive spin systems. Annals of Probability. Bezuidenhout, C. and Grimmett, G. (1990). The critical contact process dies out. Annals of Probability 18, 1462–1482.

Bezuidenhout, C. and Grimmett, G. (1991). Exponential decay for subcritical contact and percolation processes. Annals of Probability 19, 984–1009.

Boldrighini, C., Cosini, G., Frigio, S., and Grasso Nunes, M. (1989). Computer simulation of shock waves in the completely asymmetric simple exclusion process. Journal of Statistical Physics 55, 611–623.

Boldrighini, C., DeMasi, A., Pellegrinotti, A., and Presutti, E. (1987). Collective phenomena in interacting particle systems. Stochastic Processes and their Applications 25, 137–152.

Boldrighini, C., DeMasi, A., and Pellegrinotti, A. (1992). Non equilibrium fluctuations in particle systems modelling diffusion–reaction equations. Stochastic Processes and their Applications 42, 1–30.

Bramson, M. (1988). Front propagation in certain one dimensional exclusion models. Journal of Statistical Physics 51, 863–870.

Bramson, M. (1989). Survival of nearest particle systems with low birth rate. Annals of Probability 17, 433–443.

Bramson, M., Calderoni, P., DeMasi, A., Ferrari, P., Lebowitz, J., and Schonmann, R. H. (1986).

Microscopic selection principle for a diffusion–reaction equation. Journal of Statistical Physics 45, 905–920.

Bramson, M., Cox, J. T., and Griffeath, D. (1986). Consolidation rates for two interacting systems in the plane. Probability Theory and Related Fields 73, 613–625.

Bramson, M., Cox, J. T., and Griffeath, D. (1988). Occupation time large deviations of the voter model. Probability Theory and Related Fields 77, 401–413.

Bramson, M., Ding, W. D., and Durrett, R. (1991). Annihilating branching processes. Stochastic Processes and their Applications 37, 1–17.

Bramson, M. and Durrett, R. (1988). A simple proof of the stability criterion of Gray and Griffeath.

Probability Theory and Related Fields 80, 293–298.

Bramson, M., Durrett, R., and Swindle, G. (1989). Statistical mechanics of crabgrass. Annals of Probability 17, 444–481.

Bramson, M., Durrett, R., and Schonmann, R. H. (1991). The contact process in a random environment. Annals of Probability 19, 960–983.

Bramson, M. and Gray, L. (1991). A useful renormalization argument. Random Walks, Brownian Motion and Interacting Particle Systems, A Festschrift in honor of Frank Spitzer, Birkhäuser, pp. 113–152.

Bramson, M. and Griffeath, D. (1987). Survival of cyclical particle systems. Percolation Theory and Ergodic Theory of Infinite Particle Systems, vol. 8, IMA Series in Mathematics and its Applications, pp. 21–29.

Bramson, M. and Griffeath, D. (1989). Flux and fixation in cyclic particle systems. Annals of Probability 17, 26–45.

Bramson, M. and Lebowitz, J. L. (1990). Asymptotic behavior of densities in diffusion dominated two-particle reactions. Physica A 168, 88–94.

Bramson, M. and Lebowitz, J. L. (1991). Asymptotic behavior of densities for two–particle annihilating random walks. Journal of Statistical Physics 62, 297–372.

Bramson, M. and Lebowitz, J. L. (1991). Spatial structure in diffusion limited two particle reactions.

Journal of Statistical Physics 65, 941–951.

Bramson, M. and Neuhauser, C. (1992). A catalytic surface reaction model. Jour. Comp. Appl.

Math. 40, 157–161.

Buttel, L., Cox, J. T., and Durrett, R (1993). Estimating the critical values of stochastic growth models. Journal of Applied Probability 30, 455–461.

Cai, H. and Luo, X. (1992). Coexistence in a competition model. Statistics and Probabability Letters 15, 241–243.

216 T. M. LIGGETT

Calderoni, P., Pellegrinotti, A., Presutti, E., and Vares, M. E. (1989). Transient bimodality in interacting particle systems. Journal of Statistical Physics 55, 523–577.

Cammarota, C. and Ferrari, P. A. (1991). Invariance principle for the edge of the branching exclusion process. Stochastic Processes and their Applications 38, 1–11.

Carlson, J. M., Grannan, E. R., and Swindle, G. H. (1993). A limit theorem for tagged particles in a class of self-organizing particle systems. Stochastic Processes and their Applications 47, 1–16.

Carlson, J. M., Grannan, E. R., Swindle, G. H., and Tour, J. (1993). Singular diffusion limits of reversible particle systems. Annals of Probability 21, 1372–1393.

Cassandro, M., Galves, A., Olivieri, E., and Vares, M. E. (1984). Metastable behavior of stochastic dynamics: a pathwise approach. Journal of Statistical Physics 35, 603–628.

Chen, D. (1988). On the survival probability of generalized nearest particle systems. Stochastic Processes and their Applications 30, 209–223.

Chen, D. Finite nearest particle systems on a tree. Acta Mathematica Sinica. Chen, D., Feng, J., and Qian, M. The metastable behavior of the two dimensional Ising model. Chen, D., Feng, J., and Qian, M. The metastable behavior of the three dimensional Ising model. Chen, D. and Liggett, T. M. (1992). Finite reversible nearest–particle systems in inhomogeneous and random environments. Annals of Probability 20, 152–173.

Chen, H. N. (1992). On the stability of a population growth model with sexual reproduction on Z^2. Annals of Probability 20, 232–285.

Chen, J. W., Durrett, R., and Liu, X. F. (1990). Exponential convergence for one dimensional contact processes. Acta Mathematica Sinica 6, 349–353.

Chen, M. F. (1985). Infinite dimensional reaction diffusion processes. Acta Mathematica Sinica 1, 261–273.

Chen, M. F. (1987). Existence theorems for interacting particle systems with noncompact state spaces. Sci. Sinica Ser. A 30, 148–156.

Chen, M. F. (1989). Stationary distributions of infinite particle systems with noncompact state space. Acta Math. Sci. 9, 9–19.

Chen, M. F. (1990). Ergodic theorems for reaction diffusion processes. Journal of Statistical Physics 58, 939–966.

Chen, M. F. (1991). Uniqueness of reaction diffusion processes. Chinese Scientific Bulletin 36, 969–973.

Comets, F. and Eisele, T. (1988). Asymptotic dynamics, non-critical and critical fluctuations for a geometric long-range interacting model. Communications in Mathematical Physics 118, 531– 567.

Cox, J. T. (1988). Some limit theorems for voter model occupation times. Annals of Probability 16, 1559–1569.

Cox, J. T. (1989). Coalescing random walks and voter model consensus times on the torus in Z^d.

Annals of Probability 17, 1333–1366.

Cox, J. T. On the ergodic theory of critical branching Markov chains. Stochastic Processes and their Applications.

Cox, J. T. and Durrett, R. (1988). Limit theorems for the spread of epidemics and forest fires.

Stochastic Processes and their Applications 30, 171–191.

Cox, J. T. and Durrett, R. (1990). Large deviations for independent random walks. Probability Theory and Related Fields 84, 67–82.

Cox, J. T. and Durrett, R. (1991). Nonlinear voter models. Random Walks, Brownian Motion and Interacting Particle Systems, A Festschrift in honor of Frank Spitzer, Birkhäuser, pp. 189–201.

Cox, J. T., Durrett, R., and Schinazi, R. (1991). The critical contact process seen from the right edge. Probability Theory and Related Fields 87, 325–332.

Cox, J. T. and Greven, A. (1990). On the long term behavior of some finite particle systems.

Probability Theory and Related Fields 85, 195–237.

Cox, J. T. and Greven, A. (1991). On the long time behavior of finite particle systems: A critical dimensional example. Random Walks, Brownian Motion and Interacting Particle Systems, A Festschrift in honor of Frank Spitzer, Birkhäuser, pp. 203–213.

Cox, J. T. and Greven, A. Ergodic theorems for infinite systems of locally interacting diffusions.

Cox, J. T. and Griffeath, D. (1985). Large deviations for some infinite particle system occupation times. Particle Systems, Random Media, and Large Deviations, vol. 41, AMS Contemporary Mathematics, pp. 43–54.

Cox, J. T. and Griffeath, D. (1986). Critical clustering in the two dimensional voter model. Stochastic Spatial Processes, vol. 1212, Springer Lecture Notes in Mathematics, pp. 59–68.

Cox, J. T. and Griffeath, D. (1986). Diffusive clustering in the two dimensional voter model. Annals of Probability 14, 347–370.

Cox, J. T. and Griffeath, D. (1990). Mean field asymptotics for the planar stepping stone model.

Proceedings of the London Mathematical Society 61, 189–208.

Dai, Y. L. and Liu, X. J. (1986). Quasi–nearest particle systems. Acta Mathematica Sinica 2, 92–104.

Darling, R. W. R. and Mukherjea, A. (1991). Discrete time voter models. A class of stochastic automata. Probability Measures on Groups X, Plenum, pp. 83–94.

Dawson, D. and Greven, A. (1993). Multiple time scale analysis of interacting diffusions. Probability Theory and Related Fields 95, 467–508.

DeMasi, A. and Ferrari, P. A. (1985). Self-diffusion in one-dimensional lattice gases in the presence of an external field. Journal of Statistical Physics 38, 603–613.

DeMasi, A., Ferrari, P. A., Goldstein, S., and Wick, W. D. (1989). An invariance principle for reversible Markov processes. Applications to random motions in random environments. Journal of Statistical Physics 55, 787–855.

DeMasi, A., Ferrari, P. A., and Lebowitz, J. L. (1986). Reaction–diffusion equations for interacting particle systems. Journal of Statistical Physics 44, 589–644.

DeMasi, A., Ferrari, P. A., and Vares, M. E. (1989). A microscopic model of interface related to the Burger equation. Journal of Statistical Physics 55, 601–609.

DeMasi, A., Kipnis, C., Presutti, E., and Saada, E. (1989). Microscopic structure at the shock in the asymmetric simple exclusion. Stochastics and Stochastics Reports 27, 151–165.

DeMasi, A., Pellegrinotti, A., Presutti, E., and Vares, M. E. Spatial patterns when phases separate in an interacting particle system.

DeMasi, A., Presutti, E., and Scacciatelli, E. (1989). The weakly asymmetric simple exclusion process. Annales de l’Institut Henri Poincaré (Probabilités et Statistique) 25, 1–38.

DeMasi, A., Presutti, E., Spohn, H., and Wick, D. (1986). Asymptotic equivalence of fluctuation fields for reversible exclusion processes with speed change. Annals of Probability 14, 409–423.

DeMasi, A., Presutti, E., and Vares, M. E. (1986). Escape from the unstable equilibrium in a random process with infinitely many interacting particles. Journal of Statistical Physics 44, 645–696.

De Oliveira, M. J. (1992). Isotropic majority vote model on a square lattice. Journal of Statistical Physics 66, 273–281.

Derrida, B., Domany, E., and Mukamel, D. (1992). An exact solution of a one-dimensional asymmetric exclusion model with open boundaries. Journal of Statistical Physics 69, 667–687.

Derrida, B., Evans, M. R., Hakim, V., and Pasquier, V. (1993). A matrix method of solving an asymmetric exclusion model with open boundaries. Cellular Automata and Cooperative Systems, Kluwer, Dordrecht, pp. 121–134.

Derrida, B., Evans, M. R., Hakim, V., and Pasquier, V. (1993). Exact solution of a 1D asymmetric exclusion model using a matrix formulation. Journal of Physics A: Mathematical and General 26, 1493–1517.

Derrida, B., Evans, M. R., and Mukamel, D. Exact diffusion constant for one-dimensional asymmetric exclusion models.

Derrida, B., Janowsky, S. A., Lebowitz, J. L., and Speer, E. R. (1992). Exact solution of the totally asymmetric simple exclusion process: shock profiles. Journal of Statistical Physics 69, 667–687.

Deuschel, J. D. Algebraic L^2 decay of attractive critical processes on the lattice. Annals of Probability.

Deuschel, J. D. and Stroock, D. W. (1990). Hypercontractivity and spectral gap of symmetric diffusions with applications to the stochastic Ising models. Journal of Functional Analysis 92, 30–48.

218 T. M. LIGGETT

Dickman, R. (1989). Universality and diffusion in nonequilibrium critical phenomena. The Physical Review B 40, 7005–7010.

Dickman, R. (1989). Nonequilibrium lattice models: series analysis of steady states. Journal of Statistical Physics 55, 997–1026.

Dickman, R. (1990). Nonequilibrium critical behavior of the triplet annihilation model. The Physical Review A 42, 6985–6990.

Dickman, R. and Burschka, M. A. (1988). Nonequilibrium critical poisoning in a single species model. Physics Letters A 127, 132–137.

Dickman, R. and Jensen, I. (1991). Time dependent perturbation theory for nonequilibrium lattice models. Physical Review Letters 67, 2391–2394.

Dickman, R. and Jensen, I. (1993). Time dependent perturbation theory for nonequilibrium lattice models. Journal of Statistical Physics 71, 89–127.

Dickman, R. and Jensen, I. (1993). Time dependent perturbation theory for diffusive nonequilibrium lattice models. Journal of Physics A: Mathematical and General 26, L151–L157.

Dickman, R. and Tomé, T. (1991). First order phase transition in a one-dimensional nonequilibrium model. The Physical Review A 44, 4833–4838.

Ding, W., Durrett, R., and Liggett, T. M. (1990). Ergodicity of reversible reaction diffusion processes. Probability Theory and Related Fields 85, 13–26.

Ding, W. and Zheng, X. (1987). Existence theorems for linear growth processes with diffusion. Acta Mathematica Sinica 7, 25–42.

Ding, W. and Zheng, X. (1989). Ergodic theorems for linear growth processes with diffusion. Chinese Annals of Mathematics Series B 10, 386–402.

Dittrich, P. (1990). Travelling waves and long-time behavior of the weakly asymmetric process.

Probability Theory and Related Fields 86, 443–455.

Dittrich, P. and Gärtner, J. (1991). A central limit theorem for the weakly asymmetric simple exclusion process. Mathematische Nachrichten 151, 75–93.

Dong, H. Existence of infinite dimensional reaction diffusion process with multispecies. Durrett, R. (1985). Stochastic growth models: Ten problems for the 80’s (and 90’s). Particle Systems, Random Media, and Large Deviations, vol. 41, AMS Contemporary Mathematics, pp. 87–99.

Durrett, R. (1986). Some peculiar properties of a particle system with sexual reproduction. Stochastic Spatial Processes, vol. 1212, Springer Lecture Notes in Mathematics, pp. 106–111.

Durrett, R. (1988). Crabgrass, measles and gypsy moths: an introduction to modern probability.

Bulletin of the American Mathematical Society 18, 117–143.

Durrett, R. (1988). Crabgrass, measles and gypsy moths: an introduction to interacting particle systems. Mathematical Intelligencer 10, 37–47.

Durrett, R. (1991). A new method for proving the existence of phase transitions. Spatial Stochastic Processes. A Festschrift in honor of the Seventieth Birthday of Ted Harris, Birkhäuser, pp. 141–169.

Durrett, R. (1991). The contact process, 1974–1989. Proceedings of the 1989 AMS Seminar on Random Media, vol. 27, AMS Lectures in Applied Mathematics, pp. 1–18.

Durrett, R. Stochastic models of growth and competition. Patch Dynamics, Springer. Durrett, R. (1992). Multicolor particle systems with large threshold and range. Journal of Theoretical Probability 5, 127–152.

Durrett, R. (1992). Stochastic growth models — bounds on critical values. Journal of Applied Probability 29, 11–20.

Durrett, R. (1992). Some new games for your computer. Nonlinear Science Today 1, 1–6. Durrett, R. Ten Lectures on Particle Systems. Proceedings of the 1993 St. Flour Summer School. Durrett, R. Spatial epidemic models.

Durrett, R. and Gray, L. Some peculiar properties of a particle model with sexual reproduction. Durrett, R. and Liu, X. (1988). The contact process on a finite set. Annals of Probability 16, 1158–1173.

Durrett, R. and Møller, A. M. (1991). Complete convergence theorem for a competition model.

Probability Theory and Related Fields 88, 121–136.

Durrett, R. and Neuhauser, C. (1991). Epidemics with recovery in D = 2. Annals of Applied Probability 1, 189–206.

Durrett, R. and Neuhauser, C. Particle systems and reaction–diffusion equations. Annals of Probability.

Durrett, R. and Schonmann, R. (1987). Stochastic growth models. Percolation Theory and Ergodic Theory of Infinite Particle Systems, vol. 8, IMA Series in Mathematics and its Applications, pp. 85–119.

Durrett, R. and Schonmann, R. (1988). The contact process on a finite set II. Annals of Probability 16, 1570–1583.

Durrett, R. and Schonmann, R. (1988). Large deviations for the contact process and two dimensional percolation. Probability Theory and Related Fields 77, 583–603.

Durrett, R., Schonmann, R. and Tanaka, N. (1989). The contact process on a finite set III. The critical case. Annals of Probability 17, 1303–1321.

Durrett, R. and Steif, J. E. (1993). Fixation results for threshold voter systems. Annals of Probability 21, 232–247.

Durrett, R. and Swindle, G. (1991). Are there bushes in a forest?. Stochastic Processes and their Applications 37, 19–31.

Durrett, R. and Swindle, G. Coexistence results for catalysts. Probability Theory and Related Fields. Ferrari, P. A. (1986). The simple exclusion process as seen from a tagged particle. Annals of Probability 14, 1277–1290.

Ferrari, P. A. (1988). Invariance principle for a solid–on–solid interface model. Journal of Statistical Physics 51, 1077–1090.

Ferrari, P. A. (1990). Ergodicity for spin systems with stirrings. Annals of Probability 18, 1523– 1538.

Ferrari, P. A. (1992). Shock fluctuations in asymmetric simple exclusion. Probability Theory and Related Fields 91, 81–101.

Ferrari, P. A. and Fontes, L. R. G. Shock fluctuations in asymmetric simple exclusion process. Ferrari, P. A. and Fontes, L. R. G. (1993). Current fluctuations in asymmetric simple exclusion process. Annals of Probability.

Ferrari, P. A. and Galves, A. Density fluctuations for a finite system of independent random walks. Ferrari, P. A., Galves, A., and Landim, C. Exponential waiting time for a big gap in a one dimensional zero range process.

Ferrari, P. A. and Goldstein, S. (1988). Microscopic stationary states for stochastic systems with particle flux. Probability Theory and Related Fields 78, 455–471.

Ferrari, P. A., Kipnis, C., and Saada, E. (1991). Microscopic structure of travelling waves in the asymmetric simple exclusion process. Annals of Probability 19, 226–244.

Ferrari, P. A., Lebowitz, J. L., and Maes, C. (1988). On the positivity of correlations in nonequilibrium spin systems. Journal of Statistical Physics 53, 295–305.

Ferrari, P. A., Presutti, E., Scacciatelli, E., and Vares, M. E. (1991). The symmetric simple exclusion process I: Probability estimates. Stochastic Processes and their Applications 39, 89–105.

Ferrari, P. A., Presutti, E., Scacciatelli, E., and Vares, M. E. (1991). The symmetric simple exclusion process II: Applications. Stochastic Processes and their Applications 39, 107–115.

Ferrari, P. A., Presutti, E., and Vares, M. E. (1987). Local equilibrium for a one dimensional zero range process. Stochastic Processes and their Applications 26, 31–45.

Ferrari, P. A., Presutti, E., and Vares, M. E. (1988). Nonequilibrium fluctuations for a zero range process. Annales de l’Institut Henri Poincaré (Probabilités et Statistique) 24, 237–268.

Ferrari, P. A. and Ravishankar, K. (1992). Shocks in asymmetric exclusion automata. Annals of Applied Probability 2, 928–941.

Ferreira, I. (1990). The probability of survival for the biased voter model in a random environment.

Stochastic Processes and their Applications 34, 25–38.

Fleischman, K. and Greven, A. (1992). Localization and selection in a mean field branching random walk in a random environment. Annals of Probability 20, 2141–2163.

220 T. M. LIGGETT

Fouque, J. P. (1991). Hydrodynamical behavior of asymmetric attractive particle systems. One example: One-dimensional nearest-neighbors asymmetric simple exclusion process. Proceedings of the 1989 AMS Seminar on Random Media, vol. 27, AMS Lectures in Applied Mathematics, pp. 97–107.

Fouque, J. P. A probabilistic approach to some nonlinear hyperbolic partial differential equations. Fouque, J. P. and Saada, E. Totally asymmetric attractive particle systems on Z: hydrodynamical limit for general initial profiles.

Funaki, T., Handa, K., and Uchiyama, K. (1991). Hydrodynamic limit of one dimensional exclusion processes with speed change. Annals of Probability 19, 245–265.

Gacs, P. (1986). Reliable computation with cellular automata. J. Comp. Sys. Sci. 32, 15–78. Galves, A., Martinelli, F., and Olivieri, E. (1989). Large density fluctuations for the one dimensional supercritical contact process. Journal of Statistical Physics 55, 639–648.

Galves, A. and Presutti, E. (1987). Edge fluctuations for the one dimensional supercritical contact process. Annals of Probability 15, 1131–1145.

Galves, A. and Presutti, E. (1987). Travelling wave structure of the one dimensional contact process.

Stochastic Processes and their Applications 25, 153–163.

Galves, A. and Schinazi, R. (1989). Approximations finis de la mesure invariante du processus de contact sur-critique vu par la première particule. Probability Theory and Related Fields 83, 435–445.

Gärtner, J. (1988). Convergence towards Burger’s equation and propagation of chaos for weakly asymmetric exclusion processes. Stochastic Processes and their Applications 27, 233–260.

Gärtner, J. and Presutti, E. (1990). Shock fluctuations in a particle system. Annales de l’Institut Henri Poincaré (Probabilités et Statistique) B 53, 1–14.

Grannan, E. and Swindle, G. (1990). A particle system with massive destruction. Journal of Physics A: Mathematical and General 23, L73–L78.

Grannan, E. and Swindle, G. (1990). Rigorous results on mathematical models of catalytic surfaces.

Journal of Statistical Physics 61, 1085–1103.

Gray, L. (1985). The critical behavior of a class of simple interacting systems – a few answers and a lot of questions. Particle Systems, Random Media, and Large Deviations, vol. 41, AMS Contemporary Mathematics, pp. 149–160.

Gray, L. (1987). The behavior of processes with statistical mechanical properties. Percolation Theory and Ergodic Theory of Infinite Particle Systems, vol. 8, IMA Series in Mathematics and its Applications, pp. 131–167.

Gray, L. (1991). Is the contact process dead?. Proceedings of the 1989 AMS Seminar on Random Media, vol. 27, AMS Lectures in Applied Mathematics, pp. 19–29.

Greven, A. (1985). The coupled branching process in random environment. Annals of Probability 13, 1133–1147.

Greven, A. (1985). Phase transition for a class of Markov processes on (N)^S . Particle Systems, Random Media, and Large Deviations, vol. 41, AMS Contemporary Mathematics, pp. 161–174.

Greven, A. (1986). On a class of infinite particle systems evolving in a random environment. Stochastic Spatial Processes, vol. 1212, Springer Lecture Notes in Mathematics, pp. 145–164.

Greven, A. (1990). Symmetric exclusion on random sets and a related problem for random walks in random environment. Probability Theory and Related Fields 85, 307–364.

Greven, A. (1991). A phase transition for the coupled branching process. Part I: The ergodic theory in the range of finite second moments. Probability Theory and Related Fields 87, 416–458.

Greven, A. and Hollander, F. den (1992). Branching random walk in random environment: phase transition for local and global growth rates. Probability Theory and Related Fields 91, 195–249.

Griffeath, D. (1993). Frank Spitzer’s pioneering work on interacting particle systems. Annals of Probability 21, 608–621.

Grillenberger, C. and Ziezold, H. (1988). On the critical infection rate of the one dimensional basic contact process: numerical results. Journal of Applied Probability 25, 1–8.

Holley, R. (1985). Possible rates of convergence in finite range, attractive spin systems. Particle Systems, Random Media, and Large Deviations, vol. 41, AMS Contemporary Mathematics, pp. 215–234.

Holley, R. (1987). One dimensional stochastic Ising models. Percolation Theory and Ergodic Theory of Infinite Particle Systems, vol. 8, IMA Series in Mathematics and its Applications, pp. 187– 202.

Holley, R. (1991). On the asymptotics of the spin–spin autocorrelation function in stochastic Ising models near the critical temperature. Spatial Stochastic Processes. A Festschrift in honor of the Seventieth Birthday of Ted Harris, Birkhäuser, pp. 89–104.

Holley, R. and Stroock, D. W. (1987). Logarithmic Sobolev inequalities and stochastic Ising models.

Journal of Statistical Physics 46, 1159–1194.

Holley, R. and Stroock, D. W. (1989). Uniform and L^2 convergence in one dimensional stochastic Ising models. Communications in Mathematical Physics 123, 85–93.

Huang, L. P. (1987). Existence theorem for stationary distributions of a class of infinite particle systems. Chinese J. Appl. Probab. and Stat. 3, 152–158.

Ignatyuk, I. A. and Malyshev, V. A. (1989). Processes with local interactions and communication networks. Problems of Information Transmission 25, 65–77.

Ignatyuk, I. A., Malyshev, V. A., and Molchanov, S. A. (1989). Moment closed processes with local interaction. Selecta Mathematica Sovietica 8, 351–384.

Janowski, S. A. and Lebowitz, J. L. Finite size effects and shock fluctuations in the asymmetric simple exclusion process.

Jitomirskaya, S. and Klein, A. Ising model in a quasi-periodic transverse field, percolation and contact processes in quasi-periodic environments. Journal of Statistical Physics.

Katori, M. and Konno, N. Coherent anomalies of the systematic series of approximations in the contact process.

Katori, M. and Konno, N. (1990). Applications of the CAM based on a new decoupling procedure of correlation functions in the one dimensional contact process. Journal of the Physical Society of Japan 59, 1581–1592.

Katori, M. and Konno, N. (1990). Correlation inequalities and lower bounds for the critical value λ_c of contact processes. Journal of the Physical Society of Japan 59, 877–887.

Katori, M. and Konno, N. (1991). Applications of the Harris–FKG inequality to upper bounds for order parameters in the contact process. Journal of the Physical Society of Japan 60, 430–434.

Katori, M. and Konno, N. (1991). Three point Markov extension and an improved upper bound for survival probability of the one dimensional contact process. Journal of the Physical Society of Japan 60, 418–429.

Katori, M. and Konno, N. (1991). An upper bound for survival probability of infected region in the contact process. Journal of the Physical Society of Japan 60, 95–99.

Katori, M. and Konno, N. (1991). Upper bounds for the survival probability of the contact process.

Journal of Statistical Physics 63, 115–130.

Katori, M. and Konno, N. (1991). Analysis of the order parameter for uniform nearest particle system. Journal of Statistical Physics 65, 247–254.

Katori, M. and Konno, N. (1992). Upper bounds for order parameters of a class of attractive nearest particle systems with finite range. Journal of the Physical Society of Japan 61, 806–811.

Katori, M. and Konno, N. Bounds on the critical values of the θ-contact processes with 1 ≤ θ ≤ 2. Katz, S., Lebowitz, S. L., and Spohn, H. (1984). Nonequilibrium steady states of stochastic lattice gas models of fast ionic conductors. Journal of Statistical Physics 34, 497–537.

Kel’bert, M. Ya., Kontsevich, M. L., and Rybko, A. N. (1988). On Jackson networks on denumerable graphs. Theory of Probability and its Applications 33, 358–361.

Kipnis, C. (1985). Recent results on the movement of a tagged particle in simple exclusion. Particle Systems, Random Media, and Large Deviations, vol. 41, AMS Contemporary Mathematics, pp. 259–265.

Kipnis, C. (1987). Fluctuations des temps d’occupation d’un site dans l’exclusion simple symetrique.

Annales de l’Institut Henri Poincaré (Probabilités et Statistique) 23, 21–35. Kipnis, C., Olla, S., and Varadhan, S. R. S. (1989). Hydrodynamics and large deviations for simple exclusion processes. Communications in Pure and Applied Mathematics 42, 115–137.

Klein, A. Extinction of contact and percolation processes in a random environment. Annals of Probability.

222 T. M. LIGGETT

Kotecky, R. and Olivieri, E. (1993). Droplet dynamics for asymmetric Ising model. Journal of Statistical Physics 70, 1121–1148.

Kuczek, T. (1989). The central limit theorem for the right edge of supercritical oriented percolation.

Annals of Probability 17, 1322–1332.

Landim, C. (1991). Hydrodynamical equations for attractive particle systems on Z^d. Annals of Probability 19, 1537–1558.

Landim, C. (1991). Hydrodynamical limit for asymmetric attractive particle systems on Z^d. Annales de l’Institut Henri Poincaré (Probabilités et Statistique) 27, 559–581.

Landim, C. (1992). Occupation time large deviations for the symmetric simple exclusion process.

Annals of Probability 20, 206–231.

Landim, C. Conservation of local equilibrium for attractive particle systems on Z^d. Annals of Probability.

Lebowitz, J. L., Maes, C., and Speer, E. R. (1990). Statistical mechanics of probabilistic cellular automata. Journal of Statistical Physics 59, 117–170.

Lebowitz, J. L., Orlandi, E., and Presutti, E. (1991). A particle model for spinodal decomposition.

Journal of Statistical Physics 63, 933–974.

Lebowitz, J. L., Presutti, E., and Spohn, H. (1988). Microscopic models of hydrodynamic behavior.

Journal of Statistical Physics 51, 841–862.

Lebowitz, J. L. and Schonmann, R. H. (1988). On the asymptotics of occurrence times of rare events for stochastic spin systems. Journal of Statistical Physics 48, 727–751.

Lebowitz, J. L. and Schonmann, R. H. (1988). Pseudo-free energies and large deviations for non Gibbsian FKG measures. Probability Theory and Related Fields 77, 49–64.

Lee, T. Y. (1988). Large deviations for noninteracting infinite particle systems. Probability Theory and Related Fields 77, 49–64.

Lee, T. Y. (1989). Large deviations for systems of noninteracting recurrent particles. Annals of Probability 17, 46–57.

Liggett, T. M. (1986). Nearest particle systems: Results and open problems. Stochastic Spatial Processes, vol. 1212, Springer Lecture Notes in Mathematics, pp. 200–215.

Liggett, T. M. (1987). Reversible growth models on Z^d: Some examples. Percolation Theory and Ergodic Theory of Infinite Particle Systems, vol. 8, IMA Series in Mathematics and its Applications, pp. 213–227.

Liggett, T. M. (1987). Applications of the Dirichlet principle to finite reversible nearest particle systems. Probability Theory and Related Fields 74, 505–528.

Liggett, T. M. (1987). Reversible growth models on symmetric sets. Proceedings of the 1985 Taniguchi Symposium, pp. 275–301.

Liggett, T. M. (1987). Spatial stochastic growth models. Survival and critical behavior. Proceedings of the 1986 ICM, pp. 1032–1041.

Liggett, T. M. (1989). Exponential L^2 convergence of attractive reversible nearest particle systems.

Annals of Probability 17, 403–432.

Liggett, T. M. (1991). Spatially inhomogeneous contact processes. Spatial Stochastic Processes. A Festschrift in honor of the Seventieth Birthday of Ted Harris, Birkhäuser, pp. 105–140.

Liggett, T. M. (1991). L^2 rates of convergence of attractive reversible nearest particle systems: the critical case. Annals of Probability 19, 935–959.

Liggett, T. M. (1991). The periodic threshold contact process. Random Walks, Brownian Motion and Interacting Particle Systems, A Festschrift in honor of Frank Spitzer, Birkhäuser, pp. 339– 358.

Liggett, T. M. (1991). Limiting behavior of a one-dimensional system with long range interactions.

Proceedings of the 1989 AMS Seminar on Random Media, vol. 27, AMS Lectures in Applied Mathematics, pp. 31–40.

Liggett, T. M. (1992). Remarks on the sufficient condition for survival of spatially inhomogeneous contact processes. Probability and Statistics, Proceedings of the Special Program at Nankai Institute of Mathematics, World Scientific, pp. 163–173.

Liggett, T. M. (1992). The survival of one dimensional contact processes in random environments.

Annals of Probability 20, 696–723.

Liggett, T. M. (1993). The coupling technique in interacting particle systems. Proceedings of the Doeblin conference, AMS Contemporary Mathematics, pp. 73–83.

Liggett, T. M. Coexistence in threshold voter models. Annals of Probability. Liggett, T. M. (1993). Clustering and coexistence in threshold voter models. Cellular Automata and Cooperative Systems, Kluwer, Dordrecht, pp. 403–410.

Liggett, T. M. Improved upper bounds for the contact process critical value. Liggett, T. M. and Port, S. C. (1988). Systems of independent Markov chains. Stochastic Processes and their Applications 28, 1–22.

Liu, X. (1986). A class of birth and death systems on Z. Acta Mathematica Sinica 6, 379–385. Liu, X. (1991). Infinite reversible nearest particle systems in inhomogeneous and random environments. Stochastic Processes and their Applications 38, 295–322.

Liu, X. Inhomogeneous approximation of the critical nearest particle system. Liu, X. Symmetric two-particle exclusion-eating process.

Lu, S. and Yau, H. T. (1993). Spectral gap and logarithmic Sobolev inequality for Kawasaki and Glauber dynamics. Communications in Mathematical Physics 156, 399–433.

Madras, N., Schinazi, R., and Schonmann, R. On the critical behavior of the contact process in deterministic inhomogeneous environment. Annals of Probability.

Maes, C. (1990). Kinetic limit of a conservative lattice gas dynamics showing long range correlations.

Journal of Statistical Physics 61, 667–681.

Maes, C. (1991). Long range spatial correlations for anisotropic zero range processes. Journal of Physics A: Mathematical and General 24, 4359–4373.

Maes, C. A note on using the basic coupling in interacting particle systems. Maes, C. and Redig, F. (1991). Anisotropic perturbations of the simple symmetric exclusion process:

long range correlations. Journal of Physics I 1, 669–684.

Maes, C. and Shlosman, S. (1991). Ergodicity of probabilistic cellular automata: a constructive criterion. Communications in Mathematical Physics 135, 233–251.

Maes, C. and Shlosman, S. (1993). When is an interacting particle system ergodic?. Communications in Mathematical Physics 151, 447–466.

Maes, C. and Shlosman, S. (1993). Constructive criteria for the ergodicity of interacting particle systems. Cellular Automata and Cooperative Systems, Kluwer, Dordrecht, pp. 451–461.

Maes, C. and Velde, K. V. The interaction potential of the stationary measure of a high noise spin flip process.

Malyshev, V. A., Petrova, E. N., and Scacciatelli, E. (1992). Marginally closed processes with local interaction. Stochastic Processes and their Applications 43, 47–63.

Marchand, J. P. and Martin, P. A. (1986). Exclusion process and droplet shape. Journal of Statistical Physics 44, 491–504.

Marchand, J. P. and Martin, P. A. (1988). Errata: Exclusion process and droplet shape. Journal of Statistical Physics 50, 469–471.

Martinelli, F. and Olivieri, E. Approach to equilibrium of Glauber dynamics in the one phase region I: The attractive case. Communications in Mathematical Physics.

Martinelli, F. and Olivieri, E. Approach to equilibrium of Glauber dynamics in the one phase region II: The general case.

Martinelli, F., Olivieri, E., and Scoppola, E. (1990). Metastability and exponential approach to equilibrium for low temperature stochastic Isng models. Journal of Statistical Physics 61, 1105–1119.

Martinelli, F., Olivieri, E., and Scoppola, E. (1991). On the Swendsen and Wang dynamics I:

Exponential convergence to equilibrium. Journal of Statistical Physics 62, 117–133. Martinelli, F., Olivieri, E., and Scoppola, E. (1991). On the Swendsen and Wang dynamics II:

Critical droplets and homogeneous nucleation at low temperatures for the two dimensional Ising model. Journal of Statistical Physics 62, 135–159.

Mountford, T. S. (1992). The critical value for the uniform nearest particle process. Annals of Probability 20, 2031–2042.

Mountford, T. S. (1992). The critical value for some long range nearest particle systems. Probability Theory and Related Fields 93, 67–76.

224 T. M. LIGGETT

Mountford, T. S. (1992). The ergodicity of a class of reaction diffusion processes. Probability Theory and Related Fields 92, 259–274.

Mountford, T. S. (1992). Generalized voter models. Journal of Statistical Physics 67, 303–311. Mountford, T. S. A complete convergence theorem for attractive reversible nearest particle systems. Mountford, T. S. (1993). A coupling of finite particle systems. Journal of Applied Probability 30, 258–262.

Mountford, T. S. Exponential convergence for attractive reversible subcritical nearest particle systems.

Mountford, T. S. and Sudbury, A. (1992). An extension of a result of Grannan and Swindle on the poisoning of catalytic surfaces. Journal of Statistical Physics 67, 1219–1222.

Neuhauser, C. (1990). An ergodic theorem for Schlögl models with small migration. Probability Theory and Related Fields 85, 27–32.

Neuhauser, C. (1990). One dimensional stochastic Ising models with small migration. Annals of Probability 18, 1539–1546.

Neuhauser, C. (1992). Ergodic theorems for the multitype contact process. Probability Theory and Related Fields 91, 467–506.

Neuhauser, C. The long range sexual reproduction process. Stochastic Processes and their Applications.

Neuhauser, C. and Sudbury, A. (1993). The biased annihilating branching process. Advances in Applied Probability 25, 24–38.

Neves, E. J. and Schonmann, R. H. (1991). Critical droplets and metastability for a Glauber dynamics at very low temperature. Communications in Mathematical Physics 137, 209–230.

Neves, E. J. and Schonmann, R. H. (1992). Behavior of droplets for a class of Glauber dynamics at very low temperature. Probability Theory and Related Fields 91, 331–354.

Noble, C. (1992). Equilibrium behavior of the sexual reproduction process with rapid diffusion.

Annals of Probability 20, 724–745.

Pellegrinotti, A. Phase separation in an interacting particle system. Pemantle, R. (1992). The contact process on trees. Annals of Probability 20, 2089–2116. Platen, E. (1989). A law of large numbers for wide range exclusion processes in random media.

Stochastic Processes and their Applications 31, 33–50.

Quastel, J. (1992). Diffusion of color in the simple exclusion process. Communications in Pure and Applied Mathematics 45, 623–679.

Ravishankar, K. (1992). Fluctuations from the hydrodynamical limit for the symmetric simple exclusion in Z^d. Stochastic Processes and their Applications 42, 31–37.

Ravishankar, K. (1992). Interface fluctuations in the two dimensional weakly asymmetric simple exclusion process. Stochastic Processes and their Applications 43, 223–247.

Rezakhanlou, F. (1990). Hydrodynamic limit for a system with finite range interaction. Communications in Mathematical Physics 129, 445–480.

Rezakhanlou, F. (1991). Hydrodynamic limit for attractive particle systems on Z^d. Communications in Mathematical Physics 140, 417–448.

Rezakhanlou, F. Evolution of tagged particles in nonreversible particle systems. Rezakhanlou, F. Propagation of chaos for symmetric simple exclusion. Communications in Pure and Applied Mathematics.

Roussignol, M. (1986). Processus de saut avec interaction selon les plus proches particules. Annales de l’Institut Henri Poincaré (Probabilités et Statistique) 22, 175–198.

Saada, E. (1987). A limit theorem for the position of a tagged particle in a simple exclusion process.

Annals of Probability 15, 375–381.

Saada, E. (1988). Invariant measures for the linear infinite particle systems with values in [0, ∞)^S .

Annales de l’Institut Henri Poincaré (Probabilités et Statistique) 24, 427–437. Saada, E. (1990). Processus de zero-range avec particule marquée. Annales de l’Institut Henri Poincaré (Probabilités et Statistique) 26, 5–18.

Scheucher, M. and Spohn, H. (1988). A soluble kinetic model for spinoidal decomposition. Journal of Statistical Physics 53, 279–294.

Schinazi, R. (1992). Brownian fluctuations of the edge for critical reversible nearest particle systems.

Annals of Probability 20, 194–205.

Schonmann, R. H. (1985). Metastability for the contact process. Journal of Statistical Physics 41, 445–464.

Schonmann, R. H. (1986). Central limit theorem for the contact process. Annals of Probability 14, 1291–1295.

Schonmann, R. H. (1986). The asymmetric contact process. Journal of Statistical Physics 44, 505–534.

Schonmann, R. H. (1987). A new look at contact processes in several dimensons. Percolation Theory and Ergodic Theory of Infinite Particle Systems, vol. 8, IMA Series in Mathematics and its Applications, pp. 245–250.

Schonmann, R. H. (1987). A new proof of the complete convergence theorem for contact processes in several dimensions with large infection parameter. Annals of Probability 15, 382–387.

Schonmann, R. H. (1991). An approach to characterize metastability and critical droplets in stochastic Ising models. Annales de l’Institut Henri Poincaré (Probabilités et Statistique) B 55, 591–600.

Schonmann, R. H. (1992). The pattern of escape from metastability of a stochastic Ising model.

Communications in Mathematical Physics 147, 231–240.

Schonmann, R. H. (1993). Relaxation times for stochastic Ising models in the limit of vanishing external field at fixed low temperatures. Cellular Automata and Cooperative Systems, Kluwer, Dordrecht, pp. 543–546.

Schonmann, R. H. Slow droplet-driven relaxation of stochastic Ising models in the vicinity of the phase coexistence region. Communications in Mathematical Physics.

Schonmann, R. H. and Vares, M. E. (1986). The survival of the large dimensional basic contact process. Probability Theory and Related Fields 72, 387–393.

Shiga, T. (1988). Tagged particle motion in a clustered random walk system. Stochastic Processes and their Applications 30, 225–252.

Shiga, T. (1992). Ergodic theorems and exponential decay of sample paths for certain interacting diffusion systems. Osaka Journal of Mathematics 29, 789–807.

Shiga, T. and Tanaka, H. (1985). Central limit theorems for a system of Markovian particles with mean field interactions. Zeitschrift für Wahrscheinlichkeitstheorie verw. Geb. 69, 439–459.

Spitzer, F. (1986). A multidimensional renewal theorem. Adv. Math. Supp. Studies 9, 147–155. Spohn, H. (1985). Equilibrium fluctuations for some stochastic particle systems. Statistical Physics and Dynamical Systems, Birkhäuser, pp. 67–81.

Spohn, H. (1989). Stretched exponential decay in a kinetic Ising model with dynamic constraint.

Communications in Mathematical Physics 125, 3–12.

Spohn, H. (1990). Tracer diffusion in lattice gases. Journal of Statistical Physics 59, 1227–1239. Steif, J. (1991). Space–time Bernoullicity of the lower and upper stationary processes for attractive spin systems. Annals of Probability 19, 609–635.

Stroock, D. W. and Zegarlinski, B. (1992). The equivalence of the logarithmic Sobolev inequality and the Dobrushin–Shlosman mixing condition. Communications in Mathematical Physics 144, 303–323.

Stroock, D. W. and Zegarlinski, B. (1992). The logarithmic Sobolev inequality for continuous spin systems on a lattice. Journal of Functional Analysis 104, 299–326.

Stroock, D. W. and Zegarlinski, B. (1992). The logarithmic Sobolev inequality for discrete spin systems on a lattice. Communications in Mathematical Physics 149, 175–193.

Sudbury, A. (1990). The branching annihilating process: an interacting particle system. Annals of Probability 18, 581–601.

Suzuki, Y. (1991). Invariant measures for the multitype voter model. Tokyo Journal of Mathematics 14, 61–72.

Swindle, G. (1990). A mean field limit of the contact process with large range. Probability Theory and Related Fields 85, 261–282.

Tanemura, H. (1989). Ergodicity for an infinite particle system in R^d of jump type with hard core interaction. Journal of the Mathematical Society of Japan 41, 681–697.

Thomas, L. E. (1989). Bound on the mass gap for finite volume stochastic Ising models at low temperature. Communications in Mathematical Physics 126, 1–11.

226 T. M. LIGGETT

Thomas, L. E. and Yin, Z. (1986). Approach to equilibrium for random walks on graphs and for stochastic infinite particle systems. Journal of Mathematical Physics 27, 2475–2477.

Toom, A. L., Vasilyev, N. B., Stavskaya, O. N., Mityushin, L. G., Kurdyumov, G. L., and Pirogov, S. A. (1990). Discrete local Markov systems. Stochastic Cellular Systems: Ergodicity, Memory, Morphogenesis (R. L. Dobrushin, V. I. Kryukov, and A. L. Toom, ed.), Manchester University Press, pp. 1–182.

Wang, H. X. (1987). Invariant measures for generalized infinite particle systems with zero range interactions. Acta Math. Sci. 7, 55–69.

Wang, J. S. and Lebowitz, J. L. (1988). Phase transitions and universality in nonequilibrium steady states of stochastic Ising models. Journal of Statistical Physics 51, 893–906.

Wang, S. Z. (1986). The set of invariant measures of bounded spin flip processes with potential.

Acta Mathematica Sinica 6, 213–222.

Wick, W. D. (1985). A dynamical phase transition in an infinite particle system. Journal of Statistical Physics 38, 1015–1025.

Wick, W. D. (1989). Hydrodynamic limit of nongradient interacting particle processes. Journal of Statistical Physics 54, 873–892.

Yaguchi, H. (1990). Entropy analysis of a nearest neighbor attractive/repulsive exclusion on one dimensional lattices. Annals of Probability 18, 556–580.

Yaguchi, H. (1991). A discrete time interactive exclusive random walk of infinitely many particles on one–dimensional lattices. Hiroshima Mathematics Journal 21, 267–283.

Ycart, B. et al. (1989). An interacting model of adsorption. Applicationes Mathematicae 20. Ycart, B. (1993). The philosopher’s process: an ergodic reversible nearest particle system. Annals of Applied Probability 3.

Zheng, X. G. and Zeng, W. D. (1986). Generalized simple exclusion processes with symmetrizable transition probability. Chinese J. Appl. Probab. and Stat. 2, 334–340.

Zheng, X. G. and Zeng, W. D. (1987). An ergodic theorem for generalized simple exclusion processes with reversible positive transitions. Acta Math. Sci. 7, 169–175.

Zheng, X. G. (1988). Ergodic theorem for generalized long range exclusion processes with postive recurrent transition probabilities. Chinese J. Appl. Probab. and Stat. 4, 193–209.