27 June 1998 Version 1.0

MODELLING DYNAMICAL GEOMETRY

WITH LATTICE GAS AUTOMATA

Brosl Hasslacher^� and David A. Meyer^y

Institute for Physical Sciences �Theoretical Division, MS B213, Los Alamos National Laboratory Los Alamos, NM 87545 bhass@raptor.lanl.gov yProject in Geometry and Physics, Department of Mathematics University of California/San Diego, La Jolla, CA 92093-0112 dmeyer@chonji.ucsd.edu

ABSTRACT

Conventional lattice gas automata consist of particles moving discretely on a fixed lattice. While such models have been quite successful for a variety of fluid flow problems, there are other systems, e.g., flow in a flexible membrane or chemical self-assembly, in which the geometry is dynamical and coupled to the particle flow. Systems of this type seem to call for lattice gas models with dynamical geometry. We construct such a model on one dimensional (periodic) lattices and describe some simulations illustrating its nonequilibrium dynamics.

PACS numbers: 05.70.Ln, 02.70.Ns, 82.20.Mj, 82.65.Dp.

KEY WORDS: dynamical geometry, lattice gas, self-assembly, nonequilibrium dynamics, reversible evolution, emergence.

Expanded version of a talk presented at the Seventh International Conference on the Discrete Simulation of Fluids held at the University of Oxford, 14–18 July 1998.

1. Introduction

Lattice gas automata (LGA) [1,2] have successfully modelled a variety of fluid mechanics systems: low Reynolds number flow in complicated geometry [3], multiphase flow [4], micellular assembly [5] and even, transformed into discrete quantum systems, the Dirac [6] and Schrödinger [7] equations. All of these systems, however, consist of flow in a fixed background geometry which is represented in the LGA models by a fixed lattice (and boundary conditions). In contrast, there are many natural systems with dynamical geometry. These range from the biological (flow in cell membranes [8] and gels [9]) to the chemical (self-assembling lipid bilayers [10] and CO oxidation on Pt monocrystal surfaces [11]) to the physical (spatial hypersurfaces in general relativity [12]).

The question we address in this talk is how to model such systems using LGA. We are interested in modelling geometry intrinsically, e.g., a membrane as a two dimensional manifold with dynamical geometry, not as a fluctuating surface embedded in a fixed three dimensional manifold. Since it is the lattices in LGA which define the geometry, this means that we want to construct models in which the lattice is dynamical.

There has been only limited investigation of such models. Two notable exceptions are the work of Ilachinski [13] and Hillman [14], but their models have undergone little further development. The two research programs face complementary difficulties: Ilachinski’s family of structurally dynamic cellular automata (CA) is so loosely constrained that the rule space is too large to explore usefully [13]. Hillman constrains his models to be reversible [14] but then faces the familiar difficulty of finding reversible CA rules without partitioning [15] or going to second order in time [16].

Lattice gas models may be expected to resolve both of these difficulties. Not only do they constitute a physically natural class of models, but particle number and momentum conservation impose tight constraints on the rule space. To construct fundamental models we should also require reversibility.^� But the separation of each LGA timestep into advection and scattering phases makes reversibility straightforward to implement: as we will discuss further in Section 3, making the scattering matrix invertible suffices. Nevertheless, the simultaneous requirements of particle number and momentum conservation, an exclusion principle, and reversibility, tightly constrain the set of local deterministic LGA with dynamical geometry. After discussing the general problem of dynamical lattices in one dimension in the next section, however, we demonstrate by construction in Section 3 that this set is not empty. In Section 4 we describe the results of simulations and conclude in Section 5 with a discussion and some directions for further investigation.

2. Lattice dynamics in one dimension

The simplest situation is one dimensional. This is not terribly realistic—although it does provide the intrinsic description of interfaces in multiphase flow restricted to two dimen-

� By which we will always mean local reversibility.

Figure 1. There are two local changes for a one dimensional lattice: The leftmost diagram shows the deletion of an edge while the middle diagram shows the creation of an edge. The rightmost diagram illustrates the absence of any change, locally. In each diagram the spatial lattice is horizontal and time runs upward.

sions [5]. Furthermore, the classical (i.e., local, deterministic, single species) LGA in one dimension is completely trivial as it can be interpreted as consisting of particles which simply move to the left or right without change even upon scattering. Nevertheless, the one dimensional LGA with dynamical geometry we will consider in Sections 3 and 4 is significantly more interesting, illustrating some of the difficulties encountered in constructing such models, how to resolve them, and also some of their novel properties.

So let us develop a toy model on the periodic integer lattices ZN . These one dimensional lattices can change locally in two ways: two adjacent vertices can be identified, deleting the edge connecting them, or a vertex can split into two vertices, creating a new edge connecting them. And, of course, a lattice may locally undergo no change at all. Figure 1 illustrates these three possibilities. Implicit in the diagrams of Figure 1 is a feature our models for dynamical geometry have in common with standard lattice gas models: time advances globally, in discrete steps. While this seems likely to be the wrong way to begin constructing a discrete model for general relativity [12], it is perfectly natural for classical (nonrelativistic) problems involving biological membranes [8] or chemical self-assembly [17,10], for example.

The one dimensional lattices ZN , however, are homogeneous: there is no local (spatial) geometry, only the global volume (length) N. Without additional structure any local evolution rule must be the same everywhere on the lattice. The edge deleting rule is not reversible since every ZN for N > 1 collapses to Z_1 in one timestep as illustrated in Figure 2. Similarly, the edge creating rule shown in Figure 3 does not have a locally defined inverse; once the lattice evolves backwards to an odd size some global information is required for any further evolution. So the only evolution rule which is local, deterministic and reversible

on ZN alone is just the identity map—which does not lead to a very dynamical lattice!

Figure 2. Applying the edge deleting rule homogeneously collapses any one dimensional lattice to a single point.

Figure 3. The edge creating rule also fails to be locally reversible; for odd size lattices, additional (global) information is required.

The difficulty is that there are not enough local degrees of freedom in ZN —none—to record sufficient information about the state at the previous timestep to allow nontrivial evolution to be reversed locally. There are two ways to generalize to interesting models: allow the evolution rule to be second (or higher) order in time or introduce additional (matter) degrees of freedom on the lattice. Because this is a lattice gas meeting, and because we are interested in chemical self-assembly [17,10], for example, we will investigate the latter alternative, while remarking that the former might be appropriate were we constructing a discrete model for pure general relativity [12].

3. Constructing the model

Particles in standard LGA have both position and momentum, where the momentum is constrained to be in some subset of lattice (difference) vectors. The evolution rule has two phases: first each particle advects to the lattice point obtained by adding its momentum to its current position; second, the particles at each lattice point scatter according to some deterministic [1], probabilistic [2], or quantum mechanical [6,7] rule. The advection phase is trivially reversible and the scattering phase will be also, provided it is described by a permutation, a doubly stochastic, or a unitary matrix, respectively.

We remark, however, that physical time reversibility is not achieved exactly by (parity) inverting all particle momenta and then running the forward evolution rule. Consider the (two dimensional, triangular lattice) FHP evolution rule [2], for example: The scattering of three particles with zero total momentum is illustrated in Figure 4. The evolution is successfully reversed from t = 2 to t = 0 by inverting the momenta of the particles, evolving for two timesteps, and inverting the momenta again. But the same procedure applied for a single timestep fails to reverse the evolution from t = 1 to t = 0: Inverting the momenta in the final t = 1 configuration and then advecting the particles doesn’t even take them to the same lattice points as at t = 0. The difficulty is, of course, that even though both advection and scattering are reversible, they do not commute. So exact time reversibility is achieved by backward evolution with advection preceded by scattering, or more precisely, the inverse scattering rule conjugated with parity (momentum inversion), which may or may not be the same as the forward scattering rule. This is all quite straightforward, but is worth clarifying in the standard LGA setting to avoid confusion about the meaning of reversibility in the dynamical geometry LGA which we are about to construct.

Figure 4. The zero momentum three particle scattering rule in the FHP model. Advection takes the t = 0 configuration to the the first t = 1 configuration shown; then the scattering rule changes that to the second t = 1 configuration; advecting again (followed by scattering, which has no effect) produces the t = 2 configuration.

Figure 5. A possible scattering rule which creates an edge behind the lattice point to which a single particle has just advected. The spatial lattice is horizontal and time runs upward.

Figure 6. The pair of possible scattering rules which create an edge behind and delete the edge in front of a lattice point to which a single particle has just advected.

In our one dimensional dynamical geometry model we want to maintain the same advect/scatter formalism for particle evolution, but to modify the rules to allow for the local changes of the lattice shown in Figure 1. That is, after advection some local particle configurations should catalyze local edge deletions or creations. Since an edge is created when a vertex splits into two vertices, the most local rule would depend only on the particle configuration at a single vertex. The exclusion principle restricts these configurations to consist of no particles, one particle, or two particles with opposite momenta:

(0) We found already in Section 2 that reversibility fails if the evolution rule splits vertices at which there are no particles.

(1) Suppose a vertex occupied by a single particle splits, with the new edge created behind the particle as shown in Figure 5. If this is the only edge creation/deletion rule for vertices occupied after advection by a single particle, the forward evolution will continually expand the lattice—and the backward evolution will collapse it to a stage at which the evolution is no longer defined, not unlike the situation illustrated in Figure 3. This is unsatisfactory, so suppose we also include an edge deletion rule, for the edge in front of the particle (in as much as deleting the edge behind the particle could be defined—the problem is that the domains of application of the two rules would overlap—it would simply cancel the effect of the edge creation rule). The effect of this pair of rules is illustrated in Figure 6. The two rules work together to double^� the velocity of each particle, when it does not scatter off another particle. Notice that if these are the only edge creation/deletion rules then the total number of vertices is constant. Since our interest is in dynamical spatial geometry^y let us keep our model simple by not splitting the vertex when it is occupied by a single particle.

(2) This leaves only the possibility of splitting a vertex which is occupied by two particles, as shown in Figure 7. Reversibility implies the dual edge deletion rule also shown in Figure 7. These rules are well defined as they cannot have overlapping

� The opposite choice, namely that the new edge is created in front of the particle and an edge is deleted behind it, makes the velocity of isolated particles zero, destroying the reversibility of the advection phase—and almost all the dynamics in the model.

y This rule does affect the spacetime geometry and so might be reconsidered in the context of relativistic models [12].

domains of application. They do not leave the total number of vertices invariant and thus they define the simplest lattice gas model with dynamical geometry.

The reversible scattering rule shown in Figure 7 ensures nontrivial dynamical geometry for our LGA. In doing so it breaks the Z_2 symmetry of the standard one dimensional LGA with its associated ‘spurious’ conservation of the number of particles on even (odd) lattice points [18]. To examine further properties of this dynamical geometry LGA we turn next to simulations.

Figure 7. The scattering rules for our dynamical geometry LGA: An edge is created when two particles advect to the same lattice point and an edge is deleted if after advection each endpoint is occupied by a single particle with outward momentum.

4. Simulations

Simulation of one dimensional LGA is straightforward, even with dynamical geometry. The lattice points, with their local particle configurations, form a list of pairs of bits (the left/right bit being 0 (1) indicates the absence (presence) of a particle moving left/right). At each timestep advection shifts the left/right bit of each pair to the left/right bit of the adjacent pair to the left/right. After advection, the scattering phase replaces each 11 pair of bits with two pairs 10, 01 and vice versa. Since the numbers of left/right moving particles are separately conserved, the exclusion principle constrains the lattice size to be no less than the larger of these numbers. There is, however, no a priori upper bound to the possible size of the lattice. Thus, in contrast to standard reversible LGA in which every orbit must be periodic, it is in principle possible for some initial configuration of our dynamical geometry LGA to cause the lattice to grow without bound, and thus to lie on an infinite orbit.

In order for the geometry to be dynamical there must be both left and right moving particles on the lattice. Figure 8 shows the results of 10^4 timestep simulations starting on a lattice of size 10 with randomly distributed particles. The graphs plot the size of the lattice at each timestep; as always, time runs upward. The graph with smaller lattice sizes is for 4 left moving and 6 right moving particles, while the one with larger sizes is for 7 left moving and 10 right moving particles.

We can make a few heuristic remarks immediately: In each case the initial configuration appears to lie on an infinite orbit: the trend in the lattice size is to increase. The increase is not constant, however; there are irregular fluctuations in the lattice size. Furthermore, these fluctuations develop intermittent structure: Figure 9 shows the 17 particle

Figure 8. Lattice sizes for simulations of 10000 timesteps from initial configurations of 10 and 17 particles on a lattice of size 10. Time runs upward and the graph of (mostly) smaller sizes is the 10 particle simulation.

Figure 9. The 17 particle simulation extended to 100000 timesteps. The insert shows the norm squared of the first 100 Fourier coefficients (the ticks are at multiples of 20) calculated for the last 10000 sizes in the time series.

simulation continued for 10^5 timesteps, while the inset graphs the norm squared of the first 100 Fourier coefficients calculated for the last series of 10^4 lattice sizes. Notice the spikes at about 18 and 69. The emergence of structure at multiple scales is one of the most interesting features of this simple reversible model.

5. Discussion

We have taken advantage of the natural physical interpretation of, and ease with which reversibility can be implemented in, the lattice gas formalism to construct the unique one dimensional reversible model with dynamical geometry satisfying our simplifying assumptions. One may imagine many variations which might tailor this basic model to particular applications: multiple particle species, additional labels on the lattice points, etc. We expect, however, that some features of the simulations described in Section 4 are universal and appropriate for modelling the biological and chemical systems of interest. Specifically, these are reversible systems far from equilibrium which ‘explore’ more and more of their phase space as they evolve. The simulations indicate that almost any initial condition on a finite lattice is out of equilibrium, in the sense that the lattice size will tend to increase.

This model poses a multitude of questions, however: Can we analyze exactly which initial configurations lie on open orbits? Are there useful conserved quantities—beyond the numbers of left and right moving particles—which would help identify orbits? (Any initial configuration itself is, of course, an invariant of its orbit, but not a particularly useful one.) Is there a macroscopic/continuum limit of this model and if so, what is it? Finally, how do we generalize to higher dimensional models with dynamical geometry? There is local geometry in higher dimensions so one may investigate local changes to the lattice which preserve the total lattice size, or change it as in our one dimensional model. The Pachner moves provide a complete set of local changes to simplicial lattices in any dimension [19]; we are currently using them to develop dynamical geometry LGA in two dimensions.

Acknowledgements

We thank Bruce Driver, Melanie Quong and Tom Mallouk for useful conversations. This work has been partially supported by subcontract USA-TPSU-UC-0180-1211 of U. S. Army Research Office grant DAAH04-96-1-0180 to The Pennsylvania State University.

References

[1] J. Hardy, Y. Pomeau and O. de Pazzis, “Time evolution of a two-dimensional model system. I. Invariant states and time correlation functions”, J. Math. Phys. 14 (1973) 1746–1759;

J. Hardy, O. de Pazzis and Y. Pomeau, “Molecular dynamics of a classical lattice gas: transport properties and time correlation functions”, Phys. Rev. A 13 (1976) 1949– 1961.

[2] U. Frisch, B. Hasslacher and Y. Pomeau, “Lattice-gas automata for the Navier-Stokes equation”, Phys. Rev. Lett. 56 (1986) 1505–1508;

U. Frisch, D. d’Humières, B. Hasslacher, P. Lallemand, Y. Pomeau and J.-P. Rivet, “Lattice gas hydrodynamics in two and three dimensions”, Complex Systems 1 (1987) 649–707.

[3] D. H. Rothman, “Cellular-automaton fluids: a model for flow in porous media”, Geophysics 53 (1988) 509–518;

S. Chen, K. Diemer, G. D. Doolen, K. G. Eggert, C. Fu, S. Gutman and B. J. Travis, “Lattice gas automata for flow through porous media”, Physica D 47 (1991) 72–84.

[4] D. H. Rothman and J. M. Keller, “Immiscible cellular-automaton fluids”, J. Statist.

Phys. 52 (1988) 1119–1127;

J. A. Somers and P. C. Rem, “Analysis of surface tension in two-phase lattice gases”, Physica D 47 (1991) 39–46;

S. Chen, G. D. Doolen, K. Eggert, D. Grunau and E. Y. Loh, “Local lattice gas models for immiscible fluids”, Phys. Rev. A 43 (1991) 7053–7056.

[5] B. M. Boghosian, P. V. Coveney and A. N. Emerton, “A lattice-gas model of microemulsions”, Proc. Roy. Soc. Lond. A 452 (1996) 1221–1250;

A. N. Emerton, P. V. Coveney and B. M. Boghosian, “Lattice-gas simulations of domain growth, saturation and self-assembly in immiscible fluids and microemulsions”, Phys. Rev. E 55 (1997) 708–720.

[6] D. A. Meyer, “From quantum cellular automata to quantum lattice gases”, J. Statist.

Phys. 85 (1996) 551–574.

[7] B. M. Boghosian and W. Taylor IV, “Quantum lattice-gas model for the many-particle Schrödinger equation in d dimensions”, Phys. Rev. E 57 (1998) 54–66.

[8] K. Jacobson, E. D. Sheets, R. Simson, “Revisiting the fluid mosaic model of membranes”, Science 268 (1995) 1441–1442.

[9] K. Agladze, E. Dulos and P. de Kepper, “Turing patterns in confined gel and gel-free media”, J. Phys. Chem. 96 (1992) 2400–2403;

R. D. Vigil, Q. Ouyang and H. L. Swinney, “Turing patterns in a simple gel reactor”, Physica A 188 (1992) 17–25.

[10] A. Monnier, F. Schüth, Q. Huo, D. Kumar, D. Margolese, R. S. Maxwell, G. D. Stucky, M. Krishnamurty, P. Petroff, A. Firouzi, M. Janicke and B. F. Chmelka, “Cooperative formation of inorganic-organic interfaces in the synthesis of silicate mesostructures”, Science 261 (1993) 1299–1303.

[11] P. R. Norton, J. A. Davies, D. K. Creber, C. W. Sitter and T. E. Jackman, “The Pt(100)(5 � 20) ⇀↽ (1 � 1) phase transition: a study by Rutherford backscattering, nuclear microanalysis, LEED and thermal desorption spectroscopy”, Surface Science 108 (1981) 205–224;

G. Ertl, P. R. Norton and J. Rüstig, “Kinetic oscillations in the platinum-catalyzed oxidation of CO”, Phys. Rev. Lett. 49 (1982) 177–180.

[12] P. A. M. Dirac, “The theory of gravitation in Hamiltonian form”, Proc. Roy. Soc.

Lond. A 246 (1958) 333–343;

R. Arnowitt, S. Deser and C. W. Misner, “The dynamics of general relativity”, in L. Witten, ed., Gravitation: An Introduction to Current Research (New York: Wiley 1962) 227–265.

[13] A. Ilachinski and P. Halpern, “Structurally dynamic cellular automata”, Complex Systems 1 (1987) 503–527.

[14] D. Hillman, Combinatorial Spacetimes, Ph. D. thesis (mathematics), (University of Pittsburgh: 1995), hep-th/9805066.

[15] N. Margolus, “Physics-like models of computation”, Physica D 10 (1984) 81–95. [16] T. Toffoli and N. H. Margolus, “Invertible cellular automata: a review”, Physica D 45 (1990) 229–253.

[17] A. Stein, S. W. Keller and T. E. Mallouk, “Turning down the heat: design and mechanism in solid-state sythesis”, Science 259 (1993) 1558–1564.

[18] G. Zanetti, “Hydrodynamics of lattice gas automata”, Phys. Rev. A 40 (1989) 1539– 1548;

Z. Cheng, J. L. Lebowitz and E. R. Speer, “Microscopic shock structure in model particle systems: The Boghosian-Levermore cellular automaton revisited”, Commun. Pure Appl. Math. XLIV (1991) 971–979;

B. Hasslacher and D. A. Meyer, “Lattice gases and exactly solvable models”, J. Statist. Phys. 68 (1992) 575–590.

[19] U. Pachner, “P.L. homeomorphic manifolds are equivalent by elementary shellings”, European J. Combin. 12 (1991) 129–145.