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Abstract Kinetic Monte Carlo methods provide a powerful computational tool for the
simulation of microscopic processes such as the diffusion of interacting particles on a sur-
face, at a detailed atomistic level. However such algorithms are typically computationally
expensive and are restricted to fairly small spatiotemporal scales. One approach towards
overcoming this problem was the development of coarse-grained Monte Carlo algorithms.
In recent literature, these methods were shown to be capable of efficiently describing much
larger length scales while still incorporating information on microscopic interactions and
fluctuations. In this paper, a coarse-grained Langevin system of stochastic differential equa-
tions as approximations of diffusion of interacting particles is derived, based on these earlier
coarse-grained models. The authors demonstrate the asymptotic equivalence of transient
and long time behavior of the Langevin approximation and the underlying microscopic
process, using asymptotics methods such as large deviations for interacting particles sys-
tems, and furthermore, present corresponding numerical simulations, comparing statistical
quantities like mean paths, auto correlations and power spectra of the microscopic and the
approximating Langevin processes. Finally, it is shown that the Langevin approximations
presented here are much more computationally efficient than conventional Kinetic Monte
Carlo methods, since in addition to the reduction in the number of spatial degrees of free-
dom in coarse-grained Monte Carlo methods, the Langevin system of stochastic differential
equations allows for multiple particle moves in a single timestep.
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1 Introduction

Stochastic interacting particle systems, such as the Ising model, have been adapted and
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used to study a variety of problems in fields ranging from materials, chemical and biological
sciences to image processing (see [2, 26]). Microscopic simulation methods such as molecular
dynamics and Kinetic Monte Carlo (KMC) algorithms provide computational tools to simulate
these stochastic models, but are restricted in terms of computational costs when attempting to
simulate spatiotemporal scales observed in experiments. One method towards overcoming this
problem was the development of coarse-grained Monte Carlo algorithms by A. J. Majda, D. G.
Vlachos and one of the authors in [18, 23]. In recent literature, these methods were shown to be
capable of efficiently describing much larger length scales than conventional Kinetic Monte Carlo
simulations, while still incorporating information on microscopic interactions and fluctuations.

In particular, in [18, 23] a coarse-grained stochastic jump process with a reduced number
of degrees of freedom was derived through local spatial averaging, approximating spin-flip and
spin-exchange stochastic lattice dynamics of both Metropolis and Arrhenius types; furthermore
the authors demonstrated the computational efficiency of the associated Coarse-Grained Monte
Carlo (CGMC) simulations, and their ability to capture large scale morphologies. In [19,
22], rigorous analysis of CGMC algorithms as approximations of KMC algorithms in non-
equilibrium is performed by estimating the error between the microscopic and the coarse-grained
processes for spin flip lattice dynamics. Although coarse-graining methods provide a powerful
computational tool in molecular simulations, it has been also observed that in some regimes
important macroscopic properties may not be captured properly (see [1, 29]). For example,
in CGMC simulations for lattice systems, hysteresis and critical behavior are not captured
accurately for short and intermediate range potentials, while CGMC performs well in the case
of long-range interactions (see [18, 20]). In [20] a coarse-graining strategy based on cluster
expansions is developed, enabling higher order coarse-graining schemes for which the error is
substantially reduced for short and intermediate range potentials. The higher order coarse-
graining schemes are essentially derived by including multi-body interaction terms, while their
key role in computing accurately dynamic properties in phase transition regimes, like mean
times for domain switching, is discussed in detail in [3].

Based on these earlier coarse-grained models, in this paper we derive a coarse-grained
Langevin system of stochastic differential equations (SDE) as an approximation of KMC dif-
fusion of interacting particles. The primary motivation for deriving a coarse-grained SDE
approximation, is that it will be much more computationally efficient than conventional Ki-
netic Monte Carlo methods, as well as CGMC: on one hand, we will have a reduction in the
number of spatial degrees of freedom similarly to CGMC methods, while on the other, the
Langevin system of stochastic differential equations will allow for multiple particle moves in a
single timestep, giving rise to a significant spatiotemporal acceleration of the underlying KMC
dynamics. We note here that in CGMC simulations only one particle moves per timestep, hence
the Coarse-Grained Langevin (CGL) approximation developed here can be orders of magnitude
faster than CGMC.

This perspective of Langevin approximations for jump processes has been studied extensively
in several different contexts (see [5, 11, 12, 14, 21]). For instance, in [14] the authors studied

the stochastic lattice systems with long range interactions modeling the adsorption/desorption
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and surface diffusion mechanisms on a catalytic surface. In [14], the authors included random
fluctuations in the mesoscopic mean field partial differential equations by a formal derivation
of stochastic partial differential equations (SPDE) with space/time white noise; their approach
relied on direct derivation from the microscopic Ising systems by means of a small noise, or equiv-
alently large system-size, expansion in the corresponding high dimensional master equation. In
[11] a Langevin SDE was derived based on the Kramers-Moyal expansion (see for instance [9])
of the chemical master equation for describing the chemical reactions in a well-stirred mixture
of molecular species. Similarly, in [5], SPDE were derived, by using the expansion of the master
equations, to study epitaxial growth in lattice models with random deposition of particles and
surface diffusion.

In [21], the authors derived a system of coarse-grained system of SDE, approximating KMC
algorithms for spin-flip dynamics. One of the new elements in [21] is the error estimates in
weak topology, up to any bounded time, that identify the kind of expected values that can be
accurately computed by employing the Langevin SDE approximation, within a given tolerance.
Although such analysis shows rigorously that the derived SDE approximation is a controlled
approximation of the KMC in finite time intervals, the long time behavior is not in agreement
with the microscopic theory since the invariant measure of the SDE approximation is in principle
different from the invariant measure for the master equation in regimes that exhibit bistability
and phase transitions. In fact this was first observed in [12] where the authors studied the
Langevin SDE approximation of a well-mixed birth-death process exhibiting bistability; the
birth-death process considered in this paper is similar to the coarse-grained spin flip process
with uniform interactions in [21]. Furthermore, in [12], it is shown by direct calculation in a 1D
example, that the Langevin SDE approximation and the original jump birth-death process have
different mean transition times between the two stable states. Such transitions are typically
rare events, occurring at long times which scale with the size of the system, hence they are
not captured by the error analysis in [21]. By contrast, in the present work we show that the
derived Langevin SDE approximations for spin-exchange, diffusion dynamics indeed capture
rare events and long time dynamics.

In this paper we derive a Coarse-Grained Langevin (CGL) system of stochastic differential
equations as an approximation of the diffusion mechanism in many-body interacting particle
systems. The approximating system of SDE has a reduced number of degrees of freedom,
building on ideas from our earlier work [21], and our derivations are based on the CGMC jump
process approximations of KMC diffusion already developed and tested in [23]. In contrast to
the spin flip case discussed above, here we demonstrate the asymptotic equivalence of transient
and long time behavior of the Langevin approximation and the underlying microscopic process,
using asymptotics methods such as large deviations for interacting particles systems. More
precisely, we obtain a time dependent action functional for the Langevin approximation and
show that, asymptotically it is equivalent to the action functional of the mesoscopic limit of
the microscopic diffusion process with interactions, where the latter was studied in [4]. This
asymptotic equivalence of the action functionals shows that two processes, the microscopic and

the CGL approximation, have the same asymptotic invariant measure and the same rare events.
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Furthermore, we present corresponding numerical simulations, for the study of the transient
and long time behavior of the Coarse-Grained Langevin SDE and the approximated microscopic
process by comparing statistical quantities like mean paths, auto correlations and power spectra
of the microscopic and the approximating Langevin processes. The numerical experiments are
conducted using both CGMC and CGL. We compare the results from the two processes and
also we compare them to the mesoscopic, local mean field solutions.

The paper is organized as follows. In Section 2 we present the microscopic and the coarse-
grained model for the spin exchange mechanism. In Section 3, we derive the Coarse-Grained
Langevin approximation of the diffusion mechanisms with interactions. In Section 4, we study
the asymptotics and the large deviations of the CGL model. In Section 5 we present simula-
tions using the CGL model for different boundary conditions and different regimes. We also
study statistical properties, like auto correlation, to show that the noise in the CGL model is
an accurate representation of the microscopic noise. In Appendix A we present a Langevin
approximation of the spin flip mechanism and study its long time behavior using the example
of the Curie-Weiss model.

2 Stochastic Interacting Particle Systems

In this section we present the background microscopic dynamics and the coarse-grained
dynamics for spin exchange dynamics (see [18, 23]). The spin exchange dynamics have been
successfully used to model diffusion mechanisms with interactions in numerous applications to
study epitaxial growth, chemical kinetics and traffic flow (see [23, 30-32]).

2.1 Microscopic dynamics

We consider a microscopic stochastic model defined on a periodic lattice of size N which
we denote by Ly = {1,2,---, N}. All derivations are valid in higher dimensions, however for
notational simplicity we restrict our presentation to the one-dimensional case. At each lattice
site © € L is an associated spin taking values 0 or 1. A spin configuration o is an element of
the configuration space ¥ = {0, 1}~ and we write 0 = {o(z) : # € Ly} denoting by o(x) the
spin at x.

The dynamics of Ising-type models considered in the literature consists of a sequence of spin
flips and/or spin exchanges that correspond to different physical processes. A spin exchange
between two neighboring sites x,y € Ly is an exchange of the spins at the two locations. Physi-
cally these mechanisms describe the diffusion of particles on the lattice. The resulting stochastic
process {0 }¢>0 is a continuous time jump Markov process on L>°(X;R) with generator

Lf(o)= Y ey,0)(f(@“?))~ f(0))

z,yeLN

for any test function f € L>°(X;R) (see [24]). Here ¢(z,y, o) denotes the rate of the process and
o®¥) is the new configuration after a spin exchange between sites  and y. The microscopic
Hamiltonian is given by

H(o) = —% Y > J@—yo(@)oly) + Y hz)o(x), (2.1)

TELN yFT TELN
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where the two-body inter-particle potential J describes the interaction between individual spins
and h denotes the external field.

The spin exchange rates depend on the type of dynamics used, the simplest being the
Metropolis-type dynamics. Here we implement spin exchange using Arrhenius-type dynamics.
In this type of dynamics, which are widely used in KMC simulations, the particle overcomes
an energy barrier in jumping from one site to another (see [18]). The Arrhenius spin exchange
(surface diffusion) rate for the nearest neighbors x and y is given by

(,9,0) = (1 = a(@))o(y)coe TN L o()(1 = o(y))ege oV,

where

Ulz,0) =Y Jx—y)aly) - h(=), (2.2)
yeLl
y#T

where h(z) denotes the external field at the site x and Up is the prefactor in the Arrhenius
diffusion. The two-body interparticle potential J accounts for interactions between individual
spins. The interaction potentials we consider are symmetric functions defined on the lattice £y
with a finite range interaction radius L. In this case each site interacts with 2L neighboring
sites on the lattice Ly (note that the actual potential radius on lattice is £). We define the

T =7V ()

potential as

where
V(rD), Irl <1,
0, [r] > 1.

V(r)=V(-r) = {

For more general interactions like potentials with power decay or potentials with integrable
singularity or potentials which have both repulsive and attractive interactions, we refer to [3].

2.2 Coarse-grained spin exchange dynamics

It is well-known that the microscopic dynamics are computationally very demanding, espe-
cially in the spin-exchange case, due to the detailed nature of the local conservation law imposed
by the dynamics that slow down the evolution of macroscopic morphologies. The coarse-graining
techniques, at least for systems with long range interactions, offer a computationally efficient
alternative while being able to capture the large scale structures and reduce the order of the
system. It should be noted that, in the case of spin-exchange dynamics, coarse-graining in space
also induces a coarse-graining of the microscopic process in time. In fact, when we coarse-grain
by q points on the microscopic lattice, we also coarse-grain the microscopic time by ¢? (see
[23]). This coarse-graining in time is demonstrated in Figures 6 and 7 in Section 5.

Using the above microscopic process on the lattice Ly, we can derive a coarse-grained
Markov process {n:} set on the coarse lattice £,,, = {1,2,---,m} (see [18]). Each coarse cell
C, consists of ¢ (the level of coarse-graining) microscopic lattice points:

(k) = Z or(y), k=1,---,m.

yeCl
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The configuration space is Hyg = {0,1,--,¢}*™, where n, = {n(k) : k € L,,} and n(k) €
{0,1,---,q} is the coverage of the coarse cell Ci. We define the approximation U(k,n) of the
potential U(z,0), (2.2), at the coarse level (for more details see [18, 23]),

= Y Tk () + T(0,0)(n(k) — 1) = h(k). (2.3)

1€Lm
14k

For any x € C}, we have

Uz, o) = Uk, n) + o(%).
The error estimate above gives us an indication of when the coarse-graining is a good approx-
imation of the microscopic process. A detailed quantification of such errors can be found in
[3]. The coarse-grained interaction potential J is computed as the average of the pair-wise
interactions between the microscopic spins between the coarse cells Cy and Cj,

= 22 for k # 1,

zeCl,
yGCz
J(0,0) = q—l Z J(x—y) fork=1
z,yeCl

The rate ¢(k +— [,n) which describes the migration of a particle from the coarse cell Cj to C)
is given by

— _ ¢ —

ek = 1) = 2w = (k) (q = (D) exp[=(Uo + T (k,m))] (2.4)

if k,l are nearest neighbors and ¢(k +— [,n) = 0 otherwise. These rates are formally derived
from the microscopic process and under the assumption that the particles in each coarse cell
C}, are at local equilibrium, i.e., we can replace o(x) with ¢~ !n(k) (respectively o(y) with
g 'n(l)). This last substitution somewhat parallels the “Replacement Lemma” (see [24]) in the
derivation of deterministic hydrodynamic limits for interacting particle systems. Hence for any
g € L™ (Hpmq; R) the new coarse-grained Markov process on H,,, satisfies

%Eg( ) =M, =E Y @k~ 1n)(gmn+05—dk) —gn), (2.5)
kL€ Lo,

where ¢; is a configuration such that §;(k) = 0, k # [ and &;(I) = 1. Now using the generator

given by (2.5) we define a new Markov process {7],} on the coarse lattice L,,, that corresponds

to the local average coverage

with configuration space H,,, = {0, IR 1}£m. Foranyg € L™ (Hong; R), this process satisfies

< Blgm) = ~E Y k1) (g (ﬁ+§<5l—5k>) ~gm).  (26)
k€L,
In [20], detailed error analysis at equilibrium was presented to quantify the effectiveness of
the above coarse-graining scheme and along with higher-order coarse-graining scheme. All
the error estimates are calculated in terms of the specific relative entropy of the equilibrium
Gibbs measures, using the concept of relative entropy as a quantitative measure for the loss of
information during coarse-graining the finer (microscopic) scales.
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3 Langevin SDE Approximation of Coarse-Grained Markov Process

Even though CGMC simulations are computationally more efficient than the MC simu-
lations, they are also known to be computationally expensive, especially in phase transition
regimes. Langevin approximations are computationally faster the MC/CGMC simulations be-
cause in the Langevin approximation more than one particles can be moved in one timestep
where as in MC simulations only one particle moves per timestep. The focus of this work
is to approximate the coarse-grained Markov process {7} by {7x} set on the coarse lattice
Lm = {1,2,---,m}, where {7} is the solution of the system of stochastic differential equa-
tions (CGL) given by

dn = a(n)dt + b(n)d By, (3.1)

where 17 = {7 : k € L,,} set on the configuration space qu [0,1]%m, a(n) = {a(k,7) : k €

L} and b(n) = (bi;(7)), 1 < i,5 <m. _
The generator of this process is defined on an arbitrary observable g € L (H,,4;R) as

d dg 1 T 0%g
dt[Eg( M= > alk,q )8—k *t3 > (b )’“’axkaxl' (3.2)
kel kel

Now for any g € L (Hmg; R) C L (Humg; R), we can estimate the error Elg(7;)] — Elg(7r)],
using (2.6), (3.2) and a slight abuse of notation,

Blg(17)) — Blg(ir) E/ af 3z kHln(( (6= 60).t) — u(m. )
kleﬁm
S DRI KARU NI S i U3 1Y M) )

k€L k,leLp

where similarly to [21] we set

u(y,t) = Elg(nr)|m = yl,
a(k) = a(k;n) and (bbT); = (bbT) k(7). Using a Taylor series expansion of the first term in the
above integrand (i.e., the generator of the coarse-grained Markov process given by (2.6)), we
get,

_ ou _
Elg(r)] — / Z Ck (k+1) T Ch(k—1) — C(k+1)k — C(k— 1)’“)89% (M, 1)
k€L,

- ( )79 ; (M, 1)
C C
207 k(k—1) T C(k—1)k P ITEL

e +7 +7 +7 )ﬂ(— o)
22 k(k+1) k(k—1) (k+1)k (k—1)k 2z Mes

1 Pu
"2 Q(Ck(kJrl) + Ct1) )7(7%%))

8Ikaxk+1
S SR EC MRS S (e, o
v 2 Oxypdzy "
k€Ll k,leLm

+ O(qig), (3.4)
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where we denote cx; = ¢(k — [,77). The error term (3.4) is due to the Taylor expansion and its
effects are highlighted in the simulations presented in Section 5 (see Figure 3).

We can now turn our attention to the selection of the drift and diffusion matrix in (3.1),
based on minimizing the error on the right hand side of (3.4). The optimal drift for minimal

error is given by the first order term of the expansion
1. _ _ _
a(k) = E(C(kJrl)k + Ck—1)k = Ch(kt1) — Ch(k—1))s (3.5)

where ¢ is defined in (2.4). The second order terms in (3.3) give the optimal diffusion matrix

D = bbT. It can be seen that D is a symmetric tridiagonal matrix given by

1
Dyp = q_Q(E(k —k+1n)+ek+1—kn+ek—k—-1n)+ck—-1—kn)),
1
Di(ki1) = —q—z(ﬁ(k —=k+1,n)+2(k+1—kmn)), (3.6)
1
Dk(kfl) = _q_Q(E(k =k — 1777) +E(k —1— kun))a

Dy =0, if|k—l|22.

This in turn gives that the matrix b is as follows:

1
bik = \/ = Di(r+1) = a\/E(k’—’kJrl,??)JrE(k*‘l’—’kﬂ?),

bk+1)k = —bkk,

(3.7)
bij =0, otherwise.

Boundary conditions define the rates at the two boundary cells which in turn determine the
coefficients of the drift vector (3.5) and diffusion matrix (3.7). The two boundary conditions
we discuss in this paper are periodic and Dirichlet and the detailed calculations involving them
are included in Appendix B.

Finally we remark on error when using CGL in order to approximate conventional KMC
diffusion. We can write the error from the Langevin approximation as the error from coarse-
graining which is dependent on the coarse-graining parameters and error from the Taylor ex-
pansions in (3.4). Hence the total error for the Langevin approximation of the coarse-grained

Markov process when compared to the microscopic process is formally given by

total error ~ O(%) + O(qig) (3.8)

4 Asymptotics, Large Deviations and Connections to SPDE

Langevin approximations even though computationally attractive are often handicapped in
terms of their long time behavior. This was first observed in [12], where it was shown that exit
times of a Langevin approximation derived using a small parameter expansion of the Fokker-
Planck equation are different from the exit times of the approximated bistable birth-death jump

process. The principal challenge in this section is to show that the Langevin approximation
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of diffusion mechanisms presented in Section 3 does not suffer from such shortcomings and
is an accurate approximation of the underlying microscopic process and corresponding KMC
algorithms for both transient and long-time regimes.

In this direction, we first formally validate the Langevin approximation presented in this
paper by demonstrating that the CGL model asymptotically shares the long time mesoscopic
behavior given by (4.1), the stochastic Langevin PDE derived as a zero lattice-size approxi-
mation from microscopic Arrhenius dynamics (see [31]). This discussion is formal in nature
because with the present SPDE theory it is difficult to formulate proper weak solutions for
non-linear models like the Cahn-Hilliard-Cook (CHC) type models. In the second part of this
section we study long time behavior and show that it is identical to the microscopic process by
deriving a time dependent action functional which is similar to the action functional derived
in [4] where the authors derive a large deviation principle from the hydrodynamic limit of an
exclusion particle system with long range interactions. The equivalence of the rate of func-
tionals suggests that the CGL gives rise to the same transition rates and rare events as the
original microscopic system and corresponding KMC algorithm. This latter argument can also
be viewed as an indirect but mathematically rigorous way of showing the connection of CGL
with the CHC models (see Section 3).

4.1 Connections to Cahn-Hilliard-Cook-type SPDE

In [23, 31] the authors highlighted the connection of the coarse-grained diffusion dynamics
to stochastic mesoscopic equations and Cahn-Hilliard-Cook-type (CHC) SPDE given by

pr = 0 {To exp[—BJ * p(dup — Bp(1 — p)0yJ * p)}

1 L.
+ ——=0; - {[2T) exp[—[J * 1—p)2W} 4.1
Wi {[2To exp[—BJ * plp(1 — p)]2 W} (4.1)
where N is the size of the microscopic system, Ty = exp|—SUy], and W is space time white

noise. The weak formulation of (4.1) for any test function ¢ is given by

(¢, pt) = (00, To exp[—BJ * p(0up — Bp(1 — p)0sJ * p))

1 1.
+ ——=(0: 0, [2Top(x)(1 — p(x)) exp|—BJ * p(x)]|2W). 4.2
\/N< ¢, [2Top(x)(1 — p(x)) exp[—=BJ x p(x)]]2 W) (4.2)
In a similar mesoscopic theory presented earlier (see [10]), the authors derive an equation

similar to (4.1) for the case of Metropolis dynamics:

pr = Tod,{0up — Bp(1 — p)0ud + p} + %Nax {(2Top(1 - p) 1), (4.3)

In this subsection we first show formally that the CGL derived in Section 3, by focusing on
the deterministic drift term and the stochastic noise term separately, behaves like the SPDE
given (4.1) in the zero lattice-size limit. This discussion is formal in the sense that it does not
directly derive (4.1) but provides an insight into the asymptotics of the system; some of the

calculations used in this discussion are related to the results in the next subsection. For the
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sake of simplicity in notation, we carry out all calculations in one space dimension, although
all calculations trivially extend to any dimension.

If we assume that 7;(k) in the zero lattice-size limit evolves slowly, i.e., behaves like a
density p(Z,t), then we show that in the limit p(z,m?t) solves the SPDE in (4.1) using a
straightforward Taylor series expansion in the small parameter % of the drift and diffusion

coefficients, expanding the transition rates defined in (2.4):

(k= k+1,7) =qp(x)(1 = p(zr+1)) exp[=B(Uo + U(k, p))]
= ap(an) (1= pla) — - 0uplan) ) expl—0(U + Tk, )] + O(—5)
— aplwn)(1 = p(a)) exp[—B(Us + T(k, p)]
— apla) - Depla) expl5(Un + Tk, p)] + O ).
e+ 1 b, 7) =ap(aiss)(1 — plan)) expl—B(Uo + Tk +1, )] “4)
=qp(xr)(1 = p(ar)) exp[=B(Uo + U(k, p))]

— ap(e)(1 — plaw) expl—0(Uo + Uk, o)) 20,7, p)
+ a1 = plaen) - Duplin) expl=B(Uo + Tk, o)) + O[5,
where p(z),) denotes the slowly varying field p(£) ~ 7j(k).

Using the above expansions, we rewrite the drift in (3.5) and the diffusion coefficients in
(3.6) as

a(k) =

—p
m

+ %@p(xk) exp[—B(Uo + U(k, p))]

(1) (1 = p(zx))0z exp[=B(Uo + U(k, p))]

_ %p(xk_l)u — p(x-1))0z exp[=B(Uo + U(k = 1,p))]

- % 2p(wr-1) exp[=B(Uo + Uk =1, p))] + O(%)’
Di(e+1) = Sp(:vk)(l — plax)) exp[—B(Uo + T (k, p))]

n miqaw{pm)(l ~ p(ex)) exp[~B(Uo + Tk )} +0( 5 ).
Die—1) = Sp(:vk)(l — plx)) expl[=B(Uo + U (k. p))]

~ - 0u{pl)(1 = pla) expl=6(a + Tk, 1} + O 75)-

Also note that
Dy = —(Dr(r—1) + D))

For any test function ¢, we define

(D, 0012 = % Z p(zg)p(zr), where z = %

kel
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Using the above calculations we seek to recover (4.2) from (3.1):

d dp (k, t
' T m Z
M clm
1 d
== (ak<p>+ > bm(p)d—;)ww
kel JEL
1 1 dB;
= 3 ap)olen) + - Do (D by )olan)
k€L, k€ELm ]El:nl
1 1 dB;.
== 3 ot +— (3 b)) T
k€L, k€ELm ]El:nl
1 1 T dBy,
== 3 o) +— > Wo)elen)) Gt (4.6)
kEL, K€Ly  JELm
drift term stochastic term

The drift term in (4.6) can be written as (see Appendix A)
1 1 1
p— zk: ak(p)d(zk) = —5(0u{To exp[~T * p(0sp — Bp(1 = p)Os ] * p)}, D)z + O(W)’ (4.7)

where Ty = exp[~BUo] and U(k, p) = 3> T(k,1)p(1) + T(0,0)(p(k) — 1) = A(k).
R
The covariance of the stochastic term in (4.6) evaluated at two different test functions ¢,

¢2 is (see Appendix A)

(5 % o) 5 5 sl D)

k€Lm jE€Lm 1ELom i€EL
1
- miq /O 2Top(x) (1 — p(x)) exp[—BJ * plOp 1 (2)Dpd2(x)da + 0(%), (4.8)

where Ty = exp[—3Up] and U(k,p) = . J(k,)p(l) + J(0,0)(p(k) — 1) — h(k).
i
Using similar calculations to those in (4.8) the covariance of the stochastic term in (4.1)

evaluated at two different test function ¢y, ¢ is (see Appendix A)
/ {2 T expl= 7+ plo(1 — p)F1V o (a)da
| e (2Tl % o1~ )W Yot

_ miq / (2Top(@)(1 — p(x)) expl—B * p()]} 01 ()P oo (), (4.9)

where Ty = exp[—8Up].
The factor -5 in (4.7) suggests a time scaling noted also in CGMC methods in [23]. Indeed,
after introducing the time rescaling
t— tm?, (4.10)

we will have exactly the discretized form of the drift term in (4.2). Regarding the covariance in
(4.8) we first note that with the aforementioned rescaling, white noise scales as W2 = ﬁWt;
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furthermore, (4.8) corresponds exactly to the discretized form of the covariance obtained in
(4.9) on the coarse lattice with size =, and from the scaling of the white noise and (4.6) we
formally obtain that in the m — oo limit the CGL model agrees with the CHC SPDE (4.2).

4.2 Rare events, large deviations and action functionals

As stated earlier the main goal of this subsection is to show that the Langevin approximation
presented in this paper is an accurate approximation of the microscopic process for transient
and long time regimes, including rare events and phase transitions. In order to do this, we show
an asymptotic equivalence of the large deviations of the CGL’s and the microscopic process as
defined by their respective action functionals. In this subsection, we derive a time dependent
large deviation rate for the CGL approximation presented in Section 3 in the form of an action
functional. We show that the derived action functional is asymptotically identical to the action
functional derived in [4]: there the authors derived a Large Deviations Principle (LDP) for a
system with long range interactions that models diffusion of interacting particles. The results
of the LDP type were first obtained in [25] in the context of the symmetric exclusion process
and later extended in [4] for the case of Kawasaki dynamics with long range interactions. This
derivation is also an indirect but rigorous way of establishing the connection of CGL to SPDE’s
hinted by the formal discussion in Subsection 4.1.

In order to derive the action functional for CGL, we recall some background from [7, §]
regarding the large deviations of stochastic differential equations. For every 0 < ¢ <« 1, let
(X£, P2) be a Markov process such that X; € R*, associated with the generator A° defined for
a twice continuously differentiable test function f = f(x) as

2
A f(z) = Zci(x)g—i + % ;d” (z) ajing' (4.11)

2

The rate function for the Markov process (X7 );>o defined for any absolutely continuous function
Y [0,T] — R* is given by

T
Sio,1(¥) —/0 L(3, 4y )dt, (4.12)

where

L, 0) = swp {{a. ) ~ (fela), 0) + gl d()o)) }.

a€RF

For rigorous definitions and a detailed exposition of large deviations for diffusion processes, we
refer to [7, 8]. Formally though, for §, > 0, we have the asymptotic formula

P{u(X®,¢) < 6} ~ exp{—e ' Sjo.11(¥)},

where p is a metric in a suitably defined function space. Intuitively we can think of the function
¥ as one of the probable paths of the Markov process (X7 ):>0, i as a measure of the distance
between the two paths and the rate function Sy 7)(¢) as the functional that assigns a probability
to the event that X7 follows the path .

Next, we recover the action functional corresponding to the CGL approximate SDE derived
in Section 3,

47 = a(f)dt + b(@)d B,
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where 7 = {m, : k € Ly}, a(n) is defined in (3.5), and b(7) is defined in (3.7). A direct

application of (4.7) and (4.8) and the time rescaling (4.10) results in a generator scaling similar

to (4.11) with a small parameter ¢ = L.

The corresponding action functional is obtained by using (4.7) and (4.8) in (4.12). For
U:[0,7] x[0,1] — R and G : [0,1] — R, we set

T
() = / L™ (W, W,)dt,
0

where

Lm0, w) = sup {9, — ma()) — 5lo. NG Woghe . (113)
G

g="{gr=G(zp) 2p = £} e R™, ¢(t) = {¥(t,zx) r 2, = £} € R™, and
(a,b)2 = e > a(k)b(k), Va,beR™

kELm

Using the same approximations and calculations made in (4.7) and (4.8), we can show that the
two terms inside the supremum in the definition of L™ as m — oo behave as

(9,9t = mPa(¥))2 = (g, 1)z — (g, m*a(1)))2
= (G, V)2 — (G, To[Vy exp[—U | + (1 — W)[exp[—FU J]o]2)i2
— (G, Wy — Ty[V, exp[—(U | + U(1 — W) [exp[—6U || ) 12
(g, mN (") (1h)g)2 — To(Ga, [¥(1 — W) exp[—GU ||Gy) L2

where Ty = exp|[—SUp] and (¢, &) 12 = fo ¢€de.
So asymptotically as m — oo, the functional L defined in (4.13) is expected to converge to

20,90 = sup { [ G0~ T expl—pT] + W(1 ~ Wfexpl—pT ], )
G 0

- /1 Tyw(1 — W)exp[—ﬁU]Gidx}. (4.14)
0

A rigorous proof of the above formal large derivation could be carried out by combining using
I-convergence arguments and the arguments in [4].

In order to clarify the structure of the action functional, we rewrite (4.14) in terms of a
function H = H(x,t), which is the maximizer of (4.14). Then for any test function ®, by
definition we have

0= S{(H + .0, — Ty expl 0T + W(1 — W)lexp[~ AT ulu)e
— Ty (I + ), [0 = W) expl=fU | (1 + €@),) 1)

=(®, 0, — To[¥y exp[-AU | + U(1 — ¥)[exp[—U |Jo]) 12
— (@4, ToW(1 — W) exp[—U |Hy) 2 — (Hy, To¥(1 — W) exp[—fU |Py) 12
= (@, t¥; — Ty[ ¥y exp[—AU | + (1 — ¥)[exp[—BU JJa]x) L2

—2(2, [ToW(1 — ) exp[— U | Hala) 2
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Hence we have that the maximizer H = H(z,t) in (4.14) satisfies
W, = Tyl W, exp[—T ] + (1 — W) [exp[— BT Ju + 20(1 — ¥) exp|—T | ...

which can be rewritten as the deterministic part of (4.1), where H = H(z,t) acts as an external
forcing which can be also viewed as a control input:

U, = ax{TO exp[—3J * U] (az\p ~BU(1 - ), (J £ 0~ %H)) } (4.15)

Substituting (4.15) in (4.14) follows that
L(V,¥,) = (H,, ToV(1 — ¥) exp[—BU |Hy) 2.

Hence the rate function in the limit is
T el -
S(W) = / / To¥ (1 — ) exp|—pU |(H,)*dz dt, (4.16)
0.Jo

where H satisfies (4.15). The rate function in (4.16) is identical to the rate function defined
in [4, p. 1077], where the authors derived a large deviation principle from the hydrodynamic
limit of the microscopic system in Subsection 2.1 with long-range, mean-field type interactions
for Kawasaki dynamics.

This asymptotic equivalence of the action functional shows that two processes have the same
asymptotic invariant measure. The same asymptotic equivalence of the rate functions implies
that the two processes have similar dynamical properties and have the same probability of rare
events and exit times. This was shown in [6] where the author derived an action functional
and studied nucleation, exit times using the large deviation techniques for the mean field Ising
model. A similar analysis of the dynamical properties in finite dimensions is present in [8].

4.3 Mesoscopic simulation of Ostwald ripening using spectral methods

In [15], the author studied the long time behavior of microscopic diffusion dynamics with
interactions, such as Ostwald ripening, bypassing the computationally intractable MC simula-
tions and instead using the SPDE approximation (4.3). In [15] spectral methods are used to
simulate (4.3), which are based on a spectral representation of the multiplicative noise term.
Using the Fourier series representation, the noise term in (4.3) is calculated by completing all
multiplications in physical space and all differentiations in Fourier space, passing back and forth
between physical space and Fourier space as necessary using the Fast Fourier Transform. Hence
this allows to write the solution of (4.3) effectively as a solution of a system of SDE’s of the

following form

u = a(u)dt + b(u)dW (t). (4.17)

Using the LDP perspective presented in Subsection 4.2, it is expected that we can derive
the action functional (4.16) in order to demonstrate that the SDE approximation in (4.17)
accurately reproduces the long time behavior of the microscopic Monte-Carlo diffusion.
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5 Numerical Results

In this section we study the accuracy of the CGL model through numerical experiments. We
compare the results from various CGL simulations to those of CGMC simulations, microscopic
KMC simulations and continuum mesoscopic equations derived in Section 4. The first set of
simulations are simulations with Dirichlet boundary conditions, followed by simulations with
periodic boundary conditions.

5.1 Dirichlet boundary conditions

In the simulations with Dirichlet boundary conditions, we use a piecewise constant potential
with an interaction radius L given by

1 (N —y)
J(x_y)zﬁv( L ) -
o Jo, |T‘| S 1, ’
vl = {o, | > 1,

where Jy is a parameter, the sign of this parameter describes attractive (Jy > 0) or repulsive
(Jo < 0) interactions. In these simulations, Dirichlet boundary conditions of 1 and 0 are set at
the two boundary nodes and these values extend to the distance L outside the domain regarding
the calculation of the energy of particles in cells located near the boundaries (within distance L).
Physically these simulations model permeation through a micro porous membrane. These sim-
ulations are similar to those presented in [23, 31] and are compared to continuum deterministic
mesoscopic equations, i.e., (4.1) without the noise term, and also CGMC simulations.

SDE Approximation with Dirichlet boundary conditions (A° = 1.0 ;A"=0.0)
N=248;L=24;4J =40
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Figure 1 Coverage profiles from CGL with boundary conditions of 1.0 and 0 for various
values of ¢ indicated with 5Jy = 4.0. Also shown are the coverage profiles from microscopic
process (MC) and mean field solution. Excellent agreement is observed for the lower values
of q.

Long-range interactions Figure 1 shows the coverage profiles on a lattice of size N = 248
and a piecewise potential with an interaction radius L = 24. The simulations are performed
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under the boundary conditions of 1.0 and 0.0, for different coarse-graining levels ¢ and 3.Jy = 4.0.
The value of §Jy = 4.0 corresponds to the critical point of the 1-D Ising model. We observe
good agreement of the CGL model predictions with both the Microscopic process and the
mean field solution. In Figure 2 we show the results for simulations at lower temperatures
such that 8Jy = 6.0 and with the other parameters the same as in Figure 1, noting that this
value of 5Jy = 6.0 corresponds to the phase transition regime. The comparison of the CGL
model predictions with both the Microscopic process and the mean field solution shows excellent

agreement.

SDE Approximation with Dirichlet boundary conditions (A° = 1.0 ;A*=0.0)
N=248;L=24;BJ =6.0
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Figure 2 Coverage profiles from CGL with boundary conditions of 1.0 and 0 for various
values of ¢ indicated with SJy = 6.0 along with the coverage profiles from microscopic
process (MC) and mean field solution. Excellent agreement is observed for the lower
values of q.

Short-range interactions Figure 3 shows the coverage profiles on the lattice of size
N = 248 with short range interactions L = 6 and with the boundary conditions of 1.0 and 0.0,
BJo = 6.0 and ¢ = 1 for CGMC, CGL and the mesoscopic solution. The solution of the CGL
seems to agree with the mean field equation but not with CGMC. The reason for such a big
difference between CGMC and CGL is that, when ¢ = 1, the error term (3.8) in Section 3 is
big. The reason why CGL follows the mean field equation is evident from the discussion in
Section 4.

Morse potentials In the next set of simulations we use a Morse potential, which is given

by
o — T

Wap —

B R
b

where A is the energy at x = g, z¢ determines the distance to the minimum of the potential

V(a:):—A{—Qexp{ }—I—exp

and b is the curvature at xg that controls the rate of decay of the potential with distance toward
zero, i.e., the range of interactions. Figure 4 shows the coverage profiles on a lattice of size
N = 248 with three different sets of parameters for the Morse potential. In the first case when
xo = 1.0 and b = 1.0, the interactions are short ranged interactions with both repulsive and
attractive interactions. In the second case when xy = 4.0 and b = 1.0, the interactions are
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Figure 3 Coverage profiles from CGMC, CGL and mean field with 5Jo = 6.0 for an
interaction radius of L = 6. The blue dotted line represents the microscopic process (MC)

and the green line represents the CGL with ¢ = 4.
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long ranged but again with both repulsive (short range) and attractive interactions. In the case
when zg = 1.0 and b = 5.0, the interactions are attractive and long ranged. In the simulations
with different values of xg and b, we choose A such that the zeroth moment is the same in all
the cases. The results from these three kinds of potentials again agree with the observations
made in the case with piecewise constant potential and the error estimates presented in (3.8),
namely that the CGL seems to perform better when the interactions are long ranged. Note
that when zo = 1.0 and b = 5.0, the interactions are very weak and almost Fickian.

Coverage
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Figure 4 Coverage profiles comparing CGL with the microscopic process. The solid lines
represent the coverage profiles from the microscopic process, the square symbols represent

the CGL with ¢ = 4.

5.2 Periodic boundary conditions

The results from the simulations under an overall gradient suggest that maybe the noise
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does not play an important role. To understand how well the noise is captured by the Langevin

approximations, we perform the numerical experiments with periodic boundary conditions.

Time scaling In these simulations we use a lattice of size N = 400 and a piecewise
constant potential as in (5.1) with interaction radius of L = 40. In Figure 5 we compare
the profiles from CGMC and CGL for ¢ = 10. In Figure 6 we compare the Hamiltonian
per site versus dimensionless time for CGMC and CGL for the three levels of coarse-graining
indicated. Figure 7 shows the Hamiltonian per site versus dimensionless scaled time, tg? for
three values of ¢ indicated. There is good agreement for the different levels of coarse graining.
This also supports the time scaling, first suggested in [23]: due to the coarse graining each
spin exchange between two coarse cells requires approximately ¢? jumps. The agreement of the
coarse Hamiltonian at different coarse levels also suggests that the Langevin approximation is
also capturing effectively the spatial correlations that are included in the Hamiltonian.

SDE vs. CGMC with periodic boundary conditions.
N'=400; L =40 ; BJ, =2.0; =10
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Figure 5 Comparison of coverage profiles from CGMC and SDE’s with periodic boundary
conditions.

Auto correlation and power spectra comparison The idea of these simulations is to
study the long time behavior of the Langevin approximation considered in this paper; to this
effect we look at statistical quantities like auto correlations and power spectra. In Figure 8 we
plot the auto correlation function of the coverage at a coarse location on the coarse lattice for
CGMC and CGL for ¢ = 10. The agreement between the auto correlation function shows us
that the noise is being correctly represented by the CGL. In fact this is not surprising, as we
observed the same behavior in the case of spin-flip dynamics (see Figure 14).

A comparison spatial power spectrum of the coverage profiles gives an idea as to how well
the noise is being modeled. In Figure 10 we compare the power spectra of CGMC and CGL
for different interaction potential radii L and fixed ¢ = 20 for the same long time 7. Figure
11 shows agreement at all frequencies between the power spectra for the case L = 80. It is
observed that agreement between the power spectra is better as £ decreases. This is shown in
Figure 12, where we compare the power spectra for the microscopic case and CGL with ¢ = 4
with N = 4000, L = 80 and 8Jy = 5.0. Note that for this comparison to be consistent (with
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A\{\?. Hamiltonian per site
=400; |3J0=2.0;L:40

— 10
- =.q=40

Hamiltonian/N
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Figure 6 Spatial average Hamiltonian per site vs scaled time, t¢?.

Figures 10 and 11) we average the coverage profile over 20 cells and we observe good agreement
between the power spectra of the two processes.

CGSDE vs CGMC
N=400 ;BJO:2.0: L=40

Hamiltonian/N

10° 10° 10* 10°
Dimensionless time, t

Figure 7 Spatial average Hamiltonian per site vs time, .

Lifshitz-Slyosov growth law Another important simulation that validates both the model
and the numerical scheme is to test if the Lifshitz-Slyosov growth law (see [27]) holds. This
law states that the typical length scale in such a conservative nucleating system grows like ¢,

where n = % at intermediate times, i.e.,

R~ 5.

In order to measure the typical length scale, we need to look at statistical quantities such as
the auto correlation (in space) on the lattice and the spectral density of the coverage profiles
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Figure 8 Auto-correlation function of coverage at a coarse location for CGMC and SDE.

(see [16, 28]). The autocorrelation function is defined as
1 N
G(k,1) = 53 D_n(om(i + k) = (1)*,
€L

where (1) is the mean coverage at the lattice, which here is constant due to the conservation of
mass. One way to determine the typical length scale is to look at the Fourier transform of the

autocorrelation which is the spectral density function

S t) = G(& ).

C'R

t

Figure 9 Log-log plot of the mean value proportional to the domain scale versus time for
CGMC and CGL. The red solid line has slope %, the blue circles represent CGMC and the
blue square symbols represent CGL. The scaling is evident in both cases.

The first moment or the mean of the spectral density function is inversely proportional to the
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typical length scale of the system
253 §5(8,t)

W= s

3

In Figure 9 we show the scaling for CGL and CGMC with .Jy = 6.0. The reader should bear in
mind that because of the high coarse graining we cannot capture the scales at the initial times
as they are absorbed by the coarse-graining and the coarse-graining also explains the spread of
the data. Hence if one were to run the same test with lower coarse-graining we would expect
much better agreement.

L=20

—— CGMC
—— CGSDE

1 15 2 25 3

N=8000; 9=20; J, =5.0

Figure 10 Plot comparing power spectra for CGMC and CGL for three different interaction

radii L = 20,40, 60 for ¢ = 20. The agreement between the power spectra gets better as

+ is decreases.

——— CGSDE
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Figure 11 Plot comparing power spectra for CGMC and CGL for N = 8000, L = 80,
BJo = 5.0 for ¢ = 20. There is good agreement between the power spectra even in the high
modes.
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Figure 12 Plot comparing power spectra for CGMC and CGL for N = 1000, L = 80,
BJo = 5.0 for ¢ = 1 averaged over 20 microscopic cells. There is good agreement between
the power spectra at all modes.

6 Computational Savings and Langevin Dynamics

As shown in [18, 23], coarse-graining of the microscopic process can provide huge computa-
tional gains, however the timestep in KMC, both in the microscopic case and the coarse-grained
case, depends on the transition probabilities or rates which in turn depend on the interaction
potential, the strength of the interactions and the temperature 8. The timestep in the Langevin
approximation of the MC simulations is independent of the transition probabilities improving
the computational gain achieved by CGMC. We also have to note that in the case of MC,
CGMC only one particle is moved at every timestep where as in CGL more than one particle
can be moved in one timestep. Table 1 shows the CPU times for MC (microscopic), CGMC
and CGL with periodic boundary conditions and piecewise constant potential (Jy = 2.0) for
different interaction potential radii and temperatures.

Table 1 Comparison of CPU in seconds for different levels of coarse graining, interaction
potential radii and temperatures.

CGMC/MC CGL
BJy < 4.0 BJy > 4.0 BJy < 4.0 BJy > 4.0
L=1 L=24 L=1 L=24|L=1 L=24 L=1 L=24
qg=1 576 1290 245 439
q= 8.72 13.43 4.18 4.38 0.53 0.94 0.53 0.94
qg=281| 1.09 1.16 0.50 0.40 0.07 0.1 0.07 0.1

Appendix A

In this appendix we show the detailed calculations used in (4.7) and (4.8). Recall the
assumption that 7; in (3.1) approaches a slowly varying profile p( %,t), in the limit m — oo.
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Using (4.4) we rewrite the drift vector defined in (3.5) as

k) = ——pulan)(1 = pule2))2 expl=0(Uo + Tk, p)] + —Bepr(an) expl—(Us + Tk, o))

- %Pt(ﬂ%—l)(l — pi(xp—1))0s exp[=B(Uo + U(k — 1, py))]
- % pe(n) exp[—B(Uo + Tk — 1, po)] + o(%). (A1)

Substituting (A.1) in the right-hand side of the equation in (4.7), we get
=S an(@olan)
m < A1) P\ Lk

= % Z d(x1)To{pe (k) (1 — pi(k))Oy exp|—BU (k, pt)] + Ozpi(k) exp[—BU (k, pi)]
k
— pulk = 1)1 — po(k — 1))0, exp[—BT(k — 1, py)]
—0upull — 1) expl 0Tk — 1, p0)]} + O( ) (using (4.5)

= % Z To0z¢(xk){pt (k) (1 — pe(k))Oy exp[—BU (k, pt)]
KEL o
+ D (k) expl—T (k. po]} + O3 )
= %@o[ﬂt(l — pt)0y exp|—BU] + Oupi exp[—B(U (k, p))]], O )2 + O(%)

= (D Tolp(1 ~ po)0e expl~0T] + Dupy exp[~ATT) 6 +O( =5 ),
where Ty = exp[—fUo), U(k,p) = S JT(k,1)p(l) + J(0,0)(p(k) — 1) — h(k), and

€Ly,
l#k

(a,b)e = — > a(k)b(k), Va,beR™

kel

1
m
Using (4.4), we rewrite that diffusion coefficients defined in (3.6) as
2 —
Dr(is1) = Ept(xk)(l — pe(ar)) exp[=B(Uo + U(k, pt))]

n miqam{pt(:vk)(l — pe(xr)) exp[—B(Uy + Uk, pi))]} + 0(%}

) - (A.2)
Dyk—1) = Ept(xk)(l — pe(ar)) exp[=B(Uo + U(k, pt))]
= - Bu{prlan) (1= pi(on)) expl=B(U + Tk, p)}} + O3 ).
Also note that
Dy = —(D(re—1) + Digret1))- (A.3)

By using the relations (A.2) and (A.3) in the right-hand side of the equation in (4.8), the
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covariance of the stochastic term in (4.6) evaluated at two different test functions ¢1, ¢o is

<Z Zbakpt¢1x3 dBka Zbupt%wz >

k€L, JEL, LEL Yy 1EL Y,
dB
= > <ijkpt¢l ZUJ Zbll pi)2(zi) dtl>
k€L JELM 1€Lm
dB, dB
Z Z b (1)1 (25) (pt)¢2(xi))<d—tk’d—tl>
kJl€Ly, 7, 40EL,
= > > grlpe)en(ay) - bi(p)da(x))d(k =) = > > (bfilpe)di () - bii(pe)ba(:)
k€LY, JAELY, JAELKEL

= Z Z bJka;”¢1 (J:j)(bg (:vz) = Z Dij¢1 (l‘j)(bg (:vz) (by definition D = bTb)

Ji€Lm k JiE€LmM

= Z {Dyr—1)¢2(wx—1) + Drrd2(xr) + Diry1)d2(Thg1) o1 (wr)
k€L

= > A{Dir—1)(b2(r—1) — b2(2x)) + Digirr) (P2(zr1) — d2(wr)) b (1) (using (A.3))

keL,

- > {- %Dmfl)(am(xk»m(m) + ﬁDkwq)(@Z@(m))%(%)

keL,

+ ka(kH)( Ou P2 (k) b1 (k) + ﬁDk(kH)(a§¢2(xk))¢l(xk)} i 0(%)
S /{2Top (1 — p(x)) exp[—BJ * p(2)]}Dp b1 (2) 0 P2 (x)dx + O(#) (using (A.2)),

where Ty = exp|—pUo] and U(k,p) = . J(k,1)p(l) + J(0,0)(p(k) — 1) — h(k). Now the
p=is
covariance of the stochastic term in (4.1) evaluated at two different test function ¢1, ¢o is

/ Fa (2T expl =3 * plp(1 — p))EW o (2)da

/ = 0u{[2Toexp[=0T + lo(1 — )W) n(a)ly)
- m—q / (2o expl—B7 * p(x)]p(@)(1 — p(a))] W (2, 1)} 0ups (2)de
/{[2To exp[=BJ % p()]p(y) (1 — p(y))] W (y, t)}8m¢z(y)dy>
- % / / {exp=BT * p(@)]p(@) (1 — ple))}: Buéhs ()
{expl=BT % p)]pw)(L — ()} Buha ) (W (2, £), W (y, 1)) dy
- % / {exp[ =BT * p(@)]p(x) (1 — plz))}* Buths ()
{exp[ B % p())py)(1 — p(y))} 2 0ua(y)d(z — y)dz dy
- L / (2Top(e)(1 — p(a)) expl—BT * p(e)]}0ar ()ar(z)da

where Ty = exp[—Up].
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Appendix B

In this appendix we show the calculations involved in the calculation of CGL parameters in
the presence of boundary conditions. Boundary conditions define the rates at the two boundary
cells which in turn determine the coefficients of the drift vector (3.5) and diffusion matrix (3.7).
The two boundary conditions we are interested in are

Dirichlet Boundary conditions In this case Dirichlet boundary conditions of 1 and 0 are
set at the boundary nodes side and also flux out of the lattice at the boundaries is set to zero.
When we apply a boundary condition of 1 to the first cell on the lattice the rate ¢(2 — 1,77) = 0.
Similarly, when we apply boundary condition of 0 to last cell, the rate ¢(m — m — 1,7) = 0.
The drift terms and the diffusion coefficients at the boundaries are given by

1 1
a(l) = —=c(1+— 2,7), a(m) = —-c(m—1— m,n),
q q
1_ 1_
Dy, = ?C(l = 2,m), Dyp = —q—gc(l = 2,1),
1
Dy = —25(771—1'—”7%77), Dm(m—l) :——26(m—1»—>m,77)
q q

Periodic Boundary conditions In the case when we have periodic boundary conditions,
there is flux between the two boundary nodes as there is interaction between the two nodes.
The drift terms and the diffusion coefficients at the boundaries are given by

a(l) = =(c(m — 1,n) + c(1 = 2,1) — e(L—m,n) — (1 — 2,n)),

q
1
a(m) = _(C(m’_)m_lan)+c(m'_> lan)_c(l'_)mvn)_c(m_l’_)1777))5
q
1
Dy = F(E(l = 2,1) +¢(2— 1,n) +¢(m— 1,n) +¢(1 — m,n)),
D12 == 2(6(1H25n)+6(2’_)17n))5

1
q
1 _ _ _ _
Dmm = _2(C(m’_)m_17n)+c(m_1Hman)+c(m’_)17n)+c(1'_>m777))5

L)

1 _ —
Dm(m—l) = _F(C(m = m— 1577) + C(m il S mﬂ?))

Accordingly, the matrix b is given by

1
bml = _\/E(l '—>m777) +E(m'_> 1777)7
q

1
b = E\/E(ka—i—l,n)—i—E(k-i-lHk,n)a

b1k = —bik,
bij =0, otherwise.
Remark The spin exchange dynamics are conservative, i.e., the total spin on the lattice is
always conserved in the case with periodic boundary conditions. The stochastic approximation

presented above with periodic boundary conditions satisfy this very basic requirement and this
can easily be checked (i.e., Sdng, = 0). The criteria of conservation is not seen in the the case
k

with Dirichlet boundary conditions as the flux across the boundary is not balanced.
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Appendix C Langevin Approximation of Non-conservative Dynamics

In this appendix, we recall the Langevin approximation of spin flip dynamics presented in
[21] and compare the long time behavior of the Langevin approximation for spin flip dynamics
to long time behavior of the Langevin approximation of diffusion mechanisms in Section 3.

Microscopic model The microscopic stochastic model for the spin flip mechanism is
defined on a periodic lattice of size N which we denote by Ly = {1,2,---, N}. At each lattice
site x € L is an associated spin taking values 0 or 1. A spin configuration o is an element of
the configuration space ¥ = {0, 1}*~. The resulting stochastic process {o¢};>0 is a continuous
time jump Markov process on L (3;R) with generator (see [24])

Lf(o)= ) e, 0)(f(0") = f(0)) (C.1)

rzeELN

for any test function f € L*°(X;R). Here ¢(x, o) denotes the rate of the process and o” signifies
the configuration after a flip at . The Arrhenius rate is defined as

c(x,0) = ca(1 — o(x)) + cqgo(x)e PV @) (C.2)

where U(z, o) is the potential which is given by (2.3). It can be easily verified that the Arrhenius
rate defined in (C.2) satisfies detailed balance.

Coarse grained model The coarse-grained model is similar to the coarse-graining pre-
sented earlier in Subsection 2.2. Using the same setup as in Subsection 2.2 and rewriting the
generator in (C.1), we have the following generator for {n;} (see [18]):

Lgn) =E Y cak)(g(n+0x) — g(n) + calk)(g(n — 5x) — g(n)),
k€L,

where g € L (Hq;R) is a test function, ¢, (k) and cq(k) are the coarse grained adsorption
and desorption rates

calk;n) = do(g —n(k)),  calk,n) = don(k)e= Tk,

where the new interaction potential U(k,n) represents an approximation of the original inter-
action potential U(z, o) and is given by (2.3).

We present this SDE approximation of spin-flip mechanisms presented in [21] using the
Curie-Weiss model as an example. In the Curie-Weiss case the microscopic spin flip dynamics
coarse grain exactly: since the interaction potential is uniform and constant, the error due to
coarse graining is zero. This is described in more detail in [17] where the coarse grained process
described in [17, pp. 256-259] is exact. We choose the Curie-Weiss case because it can be
coarse grained exactly hence isolating the error from the SDE approximation.

Coarse grained Curie-Weiss model The Curie-Weiss model is a Ising model defined
on a lattice £ of N lattice sites. At each site of the lattice we have a spine o(x) € {—1,1}. The
interaction potential is constant and every site interacts with every other site of the lattice.
The potential is given by

I —y) =2

N, I,yeL
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The microscopic Hamiltonian in (2.1) can be written exactly in terms of the coarse variable

n:= 4 Y. o(x) as the coarse grained Hamiltonian

zeLl

H(o) = Hn) i= NE() = N( = D~ 1) +n).

Since coarse-graining is exact, the coarse-grained invariant measure is obtained from the
microscopic Gibbs measure, exp[—3H ()] = exp[—8H (n)],

u(n) = %exp[—ﬁﬁ(n)]l’zv(n%

where the product binomial distribution

PN(U_%)_M(NLik)!(%)N

is the prior distribution arising from the microscopic prior by including N independent sites
(see [1]). The above Gibbs measure, using Stirling’s formula, can be written as

1o (77 _ E) — 7~ 1oBH(n)+log(N)—log(k!) ~log((N —k)!)— N log(2)
N
— 7 1o=N(BH(n)+nlog(n)+(1—n) log(1—n)+O(N 1))

= 7~ e NBUG), (C.3)

where U (n) := BH (n) + nlog(n) + (1 — n) log(1 — n).

Langevin approximation of Curie-Weiss model The SDE approximation for the
above defined coarse grained Markov process {7:} is given by (see [21])

= a()dt + b(F)dW;, (C.4)

where

_l—x—xexp[ B(J(x—%)—h)}v

\/|1—x+xexp[ B(J(x —
N

The density of the invariant measure of the 1-D stochastic differential equation is (see [3, Section
5.2.2])

V(i) = ~exp [2 /0 ! b2((:v)) da — log b2(7)

1
v() = = exp[ =NV (@),

or

where

- T1—z—zexp[-B(J(x—%)—h T
Vi) = 2/0 1 —x+ zexp[— B(J(x_%)_h)]d

log (1 — 1+ nexp
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It can easily be shown that the asymptotically the two measures v(77) and p(n) are equivalent
by noticing that the functions U and V have the same critical points upto the order of O(N~1).
But this asymptotic equivalence is not sufficient to approximate all expected values, for example
exit times (see [12, 13, 21]).

As a remedy for this, a different SDE approximation of the master equation with the same
asymptotic drift but a modified diffusion (referred to as “Hanggi-diffusion” in [21]) based on
the invariant distribution of CGMC was proposed in [12]. The new SDE for {7}, } is given by

am = (alm) -+ () de + —F@IV; (©.5)
where
a(x) =1—x —xexp {—B(J(:c—%) —h)}
and

o= (- ) - [

It can be shown that the above SDE has the same invariant distribution as the coarse grained
dynamics. The invariant distribution u is given by (C.3).

(a) Einstein diffusion

—— CGMC
0.2 N 7
= = = Einstein diffusion

I I I I I I I I
0 200 400 600 800 1000 1200 1400 1600 1800 2000
t

(b) Hanggi diffusion
0.55 : .

031 i
—— cGMC
0.25 - = = Hanggi diffusion | |

I I I I I I I
0 200 400 600 800 1000 1200 1400 1600 1800 2000
t

Figure 13 Comparison of the mean path of the two stochastic processes with CGMC
simulations.

In Figure 13 we compare the mean paths of the Langevin approximation (C.4) and the SDE
approximation using Hanggi-diffusion (C.5) to the exact coarse-grained process with N = 100,
0 = 2.50, Jo = 2.0. It can be seen that even though the Langevin process agrees well with
the coarse-grained process for smaller times, it drifts away as the time gets bigger which is
because of the different invariant measures. In the case of Hanggi-diffusion, the short time
behavior is not good but the long time behavior is in agreement with CGMC: in Figure 14 we
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N=100 ;p=2.5; J°=2.0 ; T=10000.0
1.2 T T T T T

=—— CGMC
= = = Einstein diffusion

+ == Hanggi diffusion

Auto-Corr

-0.2 L L L I I I L L L
0 200 400 600 800 1000 1200 1400 1600 1800 2000
h

Figure 14 Comparison of the auto correlation function of the Langevin approximation and
Hanggi-diffusion with auto correlation function of CGMC simulation.

compare the correlation function for the two Langevin approximations and compare them with
the correlation function for the CGMC simulations. Overall, the Langevin approximation has
better short time behavior, while at long time the SDE approximation with Hanggi-diffusion
performs better. Still for observables such as auto-correlations the Langevin approximation is
a correct approximation even though it only exhibits good short time behavior. In contrast in
Subsection 4.2 we have showed that the Langevin approximation of the diffusion mechanism
with interactions asymptotically has always the same long time behavior as the microscopic
process.

Acknowledgement The first two authors acknowledge discussions with Professor Luc
Rey-Bellet.
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