Atomistic and Continuum Models
for Phase Change Dynamics

Anders Szepessy

Abstract. The dynamics of dendritic growth of a crystal in an undercooled melt is deter-
mined by macroscopic diffusion-convection of heat and capillary forces acting on length
scales compared to the nanometer width of the solid-liquid interface. Its modeling is useful
for instance in processing techniques based on casting. The phase field method is widely
used to study evolution of such microstructures of phase transformations on a continuum
level; it couples the energy equation to a phenomenological Allen-Cahn/Ginzburg-Landau
equation modeling the dynamics of an order parameter determining the solid and liquid
phases, including also stochastic fluctuations to obtain the qualitative correct result of
dendritic side branching. This lecture presents some ideas to derive stochastic phase field
models from atomistic formulations by coarse-graining molecular dynamics and kinetic
Monte Carlo methods.
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1. Introduction to Phase-field Models

The phase field model for modeling a liquid solid phase transformation is an Allen-
Cahn/Ginzburg-Landau equation coupled to the energy equation

¢ = div(k1V¢) — ko(f'(¢) + ¢ (¢)k4T) + noise

O (coT + kag(¢)) = div(ksVT) (1.1)

with a double well potential f having local minima at +1, smoothed step function
g, temperature T and specific heat c,, cf. [3]. The phase field variable ¢ : RY x
[0,00) — [~1,1] interprets the solid and liquid phases as the domains {z € R? :
#(x) > 0} and {x € RY: ¢(z) < 0} respectively. To have such an implicit definition
of the phases, as in the level set method, is a computational advantage compared
to a sharp interface model, where the necessary direct tracking of the interface
introduce computational drawbacks. This phenomenological phase-field model,
with free energy potentials motived by thermodynamics, has therefore become a
popular and effective computational method to solve problems with complicated
microstructures of dendrite and eutectic growth, cf. [1],[3]. The phase-field model
has mathematical wellposedness and convergence to sharp interface results [34].

Assuming that the reaction term in the Allen-Cahn equation takes a given form,
e.g. a standard choice is

fo) = (1 - ¢%)?
15 1

2 1
9(9) == E(g& - §¢3 + ) + 3

then the parameters kg, k1, ko, k3, k4 in the phase-field model can be determined
from atomistic molecular simulations [19]; an alternative in [1] uses a steeper step
function g to easy derive consistency with sharp interface models. The evolution of
the phase interface depends on the orientation of the solid crystal; this is modeled
by an anisotropic matrix k;. Added noise to system (1.1) is also important, e.g.
to obtain sidebranching dendrites [22] explained in Section 5.4.

Phase changes can be modeled on an atomistic level by molecular dynamics or
kinetic Monte Carlo methods. This lecture first presents some ideas and questions
to derive a stochastic phase field model by coarse-graining molecular dynamics,
to determine the reaction term (i.e. f and g) and the noise. This is made in
three steps in Sections 2 to 4: to give a precise quantitative atomistic definition
of the phase-field variable, to introduce an atomistic molecular dynamics model
based on Brownian dynamics, and to derive the dynamics for the coarse-grained
phase-field. Section 5 derives stochastic hydrodynamical limits of solutions to an
Ising model with long range interaction, i.e. coarse-graining a kinetic Monte Carlo
method following [24]. Section 5.4 presents a simple kinetic Monte Carlo method
for dendrite dynamics.
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2. Quantitative Atomistic Definition of the Phase-
field Variable

The aim is to give a unique definition of the phase-field variable, so that it can
be determined precisely from atomistic simulations. The usual interpretation is
to measure interatomic distances and use structure functions (or similar methods)
to measure where the phase is solid and where it is liquid, which then implicitly
defines the phase-field variable [3]. Here we instead use the energy equation for
a quantitative and explicit definition of the phase-field variable. The macroscopic
energy equation with a phase transformation and heat conduction is

di(coT +m) = div(kVT) (2.1)

where m corresponds to the latent heat release. In (1.1) the latent heat determines
the parameter ko, since ¢ is defined to jump from 1 to —1 in the phase transforma-
tion. We will instead use this latent heat to directly define the phase field function,
and not only the parameter ko. The total energy, ¢,T + m, can be defined from
molecular dynamics of N particles with position X;, velocity v; and mass p in a
potential V', see [20], [18],

N .2
ch—i-m:Zu%—i-V(Xl,...,XN). (2.2)

=1

Assume that the potential can be defined from pair interactions

N
V(X) = %ZZ@()Q - X;), (2.3)

i=1 j#i

where ® : R® — R is a molecular dynamics pair potential, e.g. a Lennard-Jones

potential b ;
o o

() Zl(m) Z“‘(m) '
In the macroscopic setting the jump of m in a phase change is called the latent
heat, which depends on the thermodynamic variables kept constant: with constant
N, T and volume it is called the internal energy and with constant pressure instead
of volume it is called enthalpy. The kinetic energy Y, p|v;|?/2 is related to the
temperature. It is therefore natural to let the phase field variable be determined
by the potential energy V(X). In a pointwise setting the potential energy can be
represented by the distribution

N
% 3D (X - Xj)d(z — X)

i=1 j#i

where ¢ is the point mass at the origin [20]. We seek an averaged variant and we
will study a microscopic phase change model where the interface is almost planar
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in the microscopic scale with normal in the z; direction. Therefore we take a
smooth average and define the phase-field variable by

N
z) = %ZZ@(& - X;)n(z — X) (2.4)

i=1 j#i

where 1 : R? — (0, 00) is a smooth approximation of the point (delta) mass, with
scale €; > 0 in the x; direction,

o—lzil?/2e0)

=1l =7 G (2.5)

=1

Smooth averages have been used in molecular dynamics for fluid dynamics, cf.
[18] and for the vortex blob method and the smoothed particle hydrodynamics
approximation of moving particles in fluid dynamics, cf. [29] [2]. Sections 3-4
present a molecular dynamics model for the potential energy (2.4) and Section 5.4
formulates a kinetic Monte Carlo model.

Question 2.1. How accurate is it to say that the (macroscopic) latent heat is
equal to a jump in V7

3. An Atomistic Brownian Dynamics Model

The standard method to simulate molecular dynamics is to write Newton’s laws
for the particles, cf. [10], [32]. We will instead use Brownian dynamics with the
Ito differential equations

dX}! = —0x,V(X")dt + /2y dW} (3.1)

where W; are independent Brownian motions and the notation X! := X;(¢) is the
position of the ¢’th particle at time ¢. This equation, called the Smoluchowski
equation, is the zero relaxation time limit (i.e. 7 — 0+) of Langevin’s equation (
cf. [25], [30], [32], [21])

dX} = p;/pds

) . i (3.2)
dp} = —0x,V (X*)ds — Pods + [ ZE aivy,

in the faster time scale s = ut/7, where p is the mass and W; are independent
Brownian motions. The zero relaxation time limit is explained more in Remark 3.2.
The simplified Brownian dynamics has the same invariant measure with density
proportional to e~V (X)/7 as in Monte-Carlo molecular dynamics simulations of
equilibrium problems with v = kgT, where T is the absolute temperature and kp
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is the Boltzmann constant. In this sense, the parameter v/kp in the Brownian
dynamics is the local temperature 7. In contrast to the standard Monte-Carlo
method, the model (3.1) includes the time variable. Our microscopic model of
a phase change is then the Brownian dynamics model (3.1) for the phase-field
(latent heat) variable m in (2.4) coupled to the macroscopic energy equation (2.1).
The Brownian dynamics uses v := kg7, where the temperature varies on the
macroscopic scale, due to the energy equation, so that 7' is almost constant on
the microscopic scale of a molecular dynamics simulation and makes its Gibbs
equilibrium density proportional to e~V (X)/(ksT(@)) reasonable.

We have two reasons to use Brownian dynamics instead of standard determin-
istic Newton dynamics (7 = oo in (3.2)): the most important reason is to have a
formulation that separates the noise and the mean drift, which is a much harder
issue in deterministic many particle dynamics, in fact so far the only derivation of
the Euler equations of conservation laws from particle dynamics use a weak noise
perturbation of a Hamiltonian system in [31]; and the second reason is to try to
simulate molecular dynamics longer time.

Question 3.1. Is Brownian dynamics a reasonable alternative to standard molec-
ular dynamics here?

Remark 3.2 (Smoluchowski Limit of the Langevin Equation). The Smoluchowski
high friction limit of the Langevin equation has been computed with different
methods using strong [30] and weak convergence [25]. Strong convergence has
the drawback to yield error estimates of order e!r, due to a Gronwall estimate
and Lipschitz bound K of the forces; in contrast, error estimates of probabilities
using weak convergence can show good accuracy for long time. The proof that
the Langevin solution X ut/r converges weakly (i.e. in law) to the Smoluchowski
solution Xy, as 7 — 0+, in [25, 28], uses a Chapman-Enskog expansion of the
Kolmogorov backward equation, for the Langevin dynamics in the diffusion time
scale ¢, combined with a general convergence result for such diffusion processes in
[26]. Dissipative particle dynamics [15] has dissipation-fluctuation perturbations
of a Hamiltonian system where the momentum is conserved, in contrast to the
analogous Langevin dynamics. The work [25] also shows that a Smoluchowski
type limit seems more subtly for dissipative particle dynamics.

4. Coarse-grained Phase-field Dynamics

We want to determine a mean drift function a(m) and a diffusion function b(m)
so that the coarse-grained approximation m!, solving the coarse-grained equation

M
din' = a(m')dt + Y _ bp(m')dWy,
k=1
is an optimal approximation to the phase field m(X?,-) defined in (2.4), where

X* solves the Brownian dynamics (3.1). Here Wy, k = 1,...M are all indepen-
dent Brownian motions, also independent of all W;. For this purpose we seek to
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minimize the error of the expected value at any time 7°

Elg(m(X7, )] = Blg(m”)]

for any given function g with the same initial value m" = m(X©°,.). Here the
expected value of a stochastic variable w, with set of outcomes {2 and probability
measure P, is defined by

Elw] := /Q wdP.

The first idea, in Section 4.1, is that Ito’s formula and the Brownian dynamics
(3.1) determine functions « and 3, depending on the microscopic state X, so that

N
dm(X', ) = a(X")dt+ ) B;(X")dW}. (4.1)

The next step, in Section 4.2, is estimate the error, using the Kolmogorov
equations for m and (4.1), similar to [35, 24], which leads to

T N M
E[g(m(X7 ")) — g(m”)] = E[/O (@, a—a)+ (@'Y F; @8~y be@bi)dl],
j=1 k=1

where (@,-) is the L?(R) scalar product, corresponding to the variable z with
@', which is the Gateaux derivative (i.e functional derivative) of the functional
E[g(m7T)|m! = n] with respect to n; and similarly (a”,-) is the L?(R x R) scalar
product with the second Gateaux derivative @” of the functional E[g(m7) |m! = n]
with respect to n. The notation by ® by (z, z') := by (x)bi(z') is the tensor product.

The final step, in Section 4.3, is to use molecular dynamics simulations for
a planar two phase problem and take averages in cross sections parallel to the
interface, where @', a”,a,), by ® by are constant, to evaluate approximations to
the functions a and ), by ® by by

T
a—%E[/O adt],
7 N
Z%@%Z%E[/ Zﬂj@ﬂjdt]-
k 0 =1

4.1. The Ito Formula for the Phase-field. The Ito formula (cf. [13])
implies

N N
dm(X", z) = (=0x,m0x,V +70x,x,m) dt + > _ /2y0x, mdW;.  (4.2)
N————

1 i—1
L ! Bi(X*)

a(X?)
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The definition in (2.4),

m(X' @) = 3 mi(X)n(e - X1),

yields
Ox,m = Z Ox,;min(r — X;) +m;0x,n(r — X;).

In (4.2) we will use (2.5) to evaluate the last derivative as

Ox;n(x — X;) = —0zm(x — X;) in dt terms
“ X (@-X))e (- X,
axﬂ(x_xj):_n(x—xj)((x E ih [z e i (@ - ”>3) in dW; terms,
1 2 3

in order to avoid spatial derivatives on the diffusion coefficient, while including
them in the drift. Since

1
mi = 3 Z d(X; — Xp)
k#i
and

1
V(X) =3 DY e(X - X))
i i
there holds

where

51":: ’
’ {0 i#]

is the Kronecker symbol. The second derivatives are

Ox,;x,m = Z Ox,; x;min(x — X;) — 20x,m;0:n(x — X;) +m;jOzen(x — Xj),

with
1 1
Ox,x,mi = 5 g " (X; — Xy)dij + 5(1)”(X1- - X;)(1 - 6i)

and all terms in (4.2) are now expressed in terms of ®, its gradient ®’ and Hessian
®”. We note that the drift, a;, has the form

o = 8xxA2 + 8xA1 + AO =

N N
10 m(X" ) + s ( Do ma(X Il = XD) + 3 nou(X*n(er — X)
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of conservative and non conservative reaction terms. Similarly the diffusion, 3;,
takes the form

N
> mass(Xnta — X0+ iy (X (e — X))z - X))

Remark 4.1. A similar derivation with Ito’s formula shows that the density,
p(z) == >, n(x — X;), satisfies

N
dp = YO0yzp dt — /27 0, Zn(x - X;)dX;
i=1

which in the case of zero particle forces, V' = 0, reduces to the diffusion equation
for the expected density, p := Elp],

4.2. The Error Representation. The conditioned expected value
a(n, 1) := Elg(m) | m" = n] (1.4

satisfies the Kolmogorov equation (cf. [35, 24])

M
Opu + (', a) +{u”,y b @bg) =0
2. (05)

17,(~, T) =9
Let m! := m(X?,-). The final condition in (4.5) and the definition (4.4) show that
T
Elg(m(X7, ") — g(m”)] = Elu(m”, T)] - a(m’,0) = E[/ du(m',1)].
0

Use the Ito formula and (4.2) to evaluate du(m!,t) and Kolmogorov’s equation
(4.5) to replace 9, in this right hand side to obtain the error representation

Elg(m(X7,) - g(m”)]

T N
=B [ @a)+ @S5 w0 + o dl
0 =
T N M
:E[/ <a/,a—a>+<a~,25j®6J——Zbk®bk>dt]
0 Jj=1 k=1

4.3. Computation of Averages in Cross Sections. The optimal
choice of the function @ is to minimize F] fOT (@, o — a)dt], which seems hard to
determine exactly, since @' (m(X?,-),t) depends on X'. However, the function
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@' (m(X",-),t) depends only mildly on the coarse-grained m(X", ) and not directly
on X*t. Therefore a reasonable approximation of this optimum is to think of an

expansion of 4’ in a — a and determine a by the leading order condition E| fOT o —
adt] = 0, which means that the drift a(z) := a(m(-, )) is

T
a(x) = %E[/O o(z)dt],

and similarly for the diffusion matrix
_ 1 TN
d(z,2') = ?E[/ > Bi(x) @ Bj(a)dt].
([t

We expect the spatial averages of the microscopic variables to vary on a much
smaller scale in the x; direction normal to the phase front than in its orthogonal
directions, consequently we use an average function 7 in (2.4) with higher resolution
in the x; direction, so that 0 < €; < €3 = €3. In a microscopic simulation the
molecular dynamics (3.1) has a small spatial volume, so that ez is much larger
than the size of the simulation box. Consequently we may first think of o and (3
depending only on the x; coordinate. Here the averages for the drift with its three
terms A; in (4.3) is made separatly for each A;, so that

20 1 T 2
a(zr) = E 8;?5][/ Ai(X x)dt] =: E 0, A;(x)
i=0 0 i=0

In practice, the drift terms A; and diffusion d can only be determined for a
discrete set of points

{(@1(1), 22(1), 25(1), ..., (01(M/3), 22(M/3)), 25(M/3))} = Xuy

and Xy x Xy, respectively, related to the scales e;. The diffusion coefficient b, as
a function of z, can then be obtained from Choleski factorization of the M x M
matrix d

M
S @)u(e!) = Ao,
k=1
We expect that z; — TﬁlE[fOT m'dt] is monotone, for fixed (z2,x3), so that its

inverse function, denoted by m~1!, is well defined. Then the coarse-grained drift
and the diffusion can be obtained as function of m by

a(m) =" 0L A;(m ™" (m)),
1=0

and similarly for b;.

Question 4.2. Will the computed a and b be reasonable?
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Question 4.3. Can the phase-field method be coupled to the molecular dynamics
method for improved localized resolution?

Question 4.4. Note that the approximation error E[g(m(X7,-)) — g(m7)] be-
comes proportional to the variances

T
E[/O (o — a, a0 — a)dt],

T N M N M
E[/ <Zﬁj®6j—Zbk@)bk,Zﬁj@ﬁj—Zbk®bk>dt].
0 =1 k=1 j=1 k=1

The first variations 0w’ (m(X",-),t)/0a and du"(m(X*,-),t)/9p; determine the
factors of proportionality. Can this be used to adaptively determine the resolution
scale €7

Remark 4.5. If we integrate the noise term over all z;, i.e. take €; very large,
and let g(m) = m?, then the error we are studying E[g(m(X7,-)) — g(m”)] is the
usual fluctuation of energy E[V? — E[V]?] (proportional to the specific heat [21]),
provided we set m = E[V].

5. An Atomistic Kinetic Monte Carlo Method

Kinetic Monte Carlo methods can also be used to simulate solid-liquid phase
changes on an atomistic level, cf. [14]. Here the reaction states and rates are
given a priori, which makes it possible to simulate crystal growth on larger time
scales than in molecular dynamics. The reaction rates and states can in principle
be determined from a molecular dynamics simulations on smaller systems, cf. [37];
however often several reactions are involved making this a demanding modeling
task. This section is a short version of [24] and derives stochastic hydrodynamical
limits of the Ising model with long range interaction, which is the simplest model
of this kind of an stochastic interacting particle system on a square lattice with
two possible states in each lattice point, cf. [21].

Define a periodic lattice £ := vZ9/Z%, with neighboring sites on distance -,
and consider spin configurations o : £ x [0,7] — {—1,1} defined on this lattice.
Introduce a stochastic spin system where the spin o¢(x), at site x € £ and time
t, will flip to —oy(z) with the rate ¢(z,0.("))dt, in the time interval (¢t + dt),
independent of possible flips at other sites, cf. [27]. Let o® denote the configuration
of spins after a flip at = of state o, i.e.

sy d o) yFw
=) —{ ~o(x) y=uc,
the probability density P(o,t) of finding the spin system in configuration o €

{—1,1}* at time ¢ then solves the master equation

dPC(lttT, t) _ Z (c(z,0”)P(c”,t) — c(z,0)P(0, 1)), (5.1)

zeLl
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where the gain term ) c(x, 0”)P (0", t) is the probability of jumping to state o at
time ¢ and the loss term ) c(x, o) P (0, t) is the probability to leave state 0. Similar
master equations are used for microscopic models of chemical reactions and phase
transformations, cf. [36, 14], where lattice sites are occupied by different species
of particles. For instance with two species the state space could be {0,1} x {0,1}
instead of {—1,1} for the classical spin model above.

We want a spin system that has statistical mechanics relevance, which can
achieved e.g. by choosing the rate function c as follows. Consider the Hamiltonian

H(p) = 3 33 I~ yo()oly) - Y hixlo(x)
rEL y#x zeLl
J =70y, Jo(x) =0 for|z| >1,

where the long range interaction potential, Jy € C?(R%), is compactly supported
and the function h € C2(RY) is a given external field. Define the Glauber Markov
process on {—1,1}* with generator

d

S Elf(oe)lo] = Lf(o) = clx,0)(f(0") = f(0)) (5.2)
el
for f: {—1,1}* — R and the flip rate
o—BU(@)o()
o@,0) = —5u@ T AU @)
= %(1 — o(z) tanh (6U(x))), (5.3)
Ux) = h(z) + Y J(x = y)o(y) = h(z) + J xo(x) = J(0)o(z),

yF#w

where 8 > 0 is the inverse temperature. This flip rate has built in invariance of
the Gibbs density, e~ #H(@) Y, e PH (@) since it satisfies the detailed balance

clz,0)e PR = ¢(z, 0%)e PH"),

which implies that this Gibbs density is a time independent (invariant) solution to
(5.1). Having this invariant Gibbs measure implies that the model has statistical
mechanics relevance, see [12], [4, 5, 6], [11]. For example in a neighborhood of
x € L, where h and J % (1,...,1) are positive, the construction of the flip rate ¢
makes the system favor phases with spins mostly equal to 1 as compared to phases
with spins mostly equal to —1.

We will study localized projection averages of o on scale e. In particular we
will find approximations to expected values of such averages. The error analysis
uses consistency with the backward equation

Qi+ Li=0 t<T, a(,T)=yg.
corresponding to the master equation (5.1) for expected values

(&, t) == Elglor)| o = .
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5.1. A Coarse-grained Kinetic Monte Carlo Method. Define the
coarse periodic lattice £ := ¢yZ?%/Z? with neighboring sites on distance gy =: €,
where ¢ is an even positive integer and ¢¢ is the number of fine sites projected to
a coarse site: the lattice points y € £ define the coarse cells

Cy={zel:—qv/2<wi—y <qy/2},
of ¢¢ neighboring points in the fine lattice and the averaging operator

Az, z) = 1/¢? if x and z are in the same coarse cell C,,
Tl 0 if x and z are in different coarse cells .

We will study the behavior of the localized projection averages

= ZAE(z,x)U(x), (5.4)

zeLl

for z € L£. The coarse-grained average X can be interpreted as a function on
the coarse lattice since the restriction of X to each coarse cell C, is constant, i.e

X:ZIEC ( )/q

The work [23] derives a coarse-grained kinetic Monte Carlo equation approxi-
mating the average X. The next section shows as in [24] that the average spin, X,
can be approximated by the solution, X : £ x [0, 7] x 2 — R, to the Ito stochastlc
differential equation

dXi(z) = a(Xy)(z)dt + b(X,)(z)dW?*, Xo = X, (5.5)
with the drift, a : RE — ]RE, and diffusion, b : Rf — R , coefficients given by
a(X) = —X +tanh (3(J * X + h — J(0)X)),
b(X)(z) = (z)d/z’\/u — X tanh (B(J * X + h — J(0)X))(z)| n(X(z)),

[ 1 forxe[-1,1],
n(r) = { 0 for z € (—oo, —7) U (7, 00),

# = min(1 4 ¢~ 2@l Hkl) 39y

(5.6)

and a Wiener process W : £x[0,7]xQ — R on a probability space (Q, P, {F,}1_,),
with the set of outcomes €2, probability measure P and sigma algebra F; of events
up to time ¢. Here W¥ are independent one dimensional standard Brownian mo-
tions for x € £, so that formally

E[dW{] =0
E[dWZdW}] =0 for s #t,
E[dWFdW{] =0 for z #y, and
E[dWFdW{] =d

The C*° cut-off function 5 : R — [0, 1], with compact support, is introduced to
handle the complication that | X (z)| may be larger than 1, although | X (x)]| is not,
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so that 1 — X tanh (3(J x X + h — J(0)X))(z) may be close to zero causing large
values on derivatives of

V1= Xtanh (B(J 5 X + b~ J(0)X)) (2)],

note that we have | X ()| < 1 and consequently the cut-off  improves the approx-
imation by switching off the noise before 1 — X tanh (3(J * X + h — J(0)X)) ()
becomes zero making b a C*> function. B

The approximation uses that the high dimensional value function u : R* x
[0,7] — R defined by

ul(é,t) = Elg(X7)| X, = ¢

solves a corresponding Kolmogorov backward equation, where the drift and diffu-
sion coefficients in (5.6) are chosen to minimize the error E[g(X71)] — E[g(X7)].
To define the Kolmogorov backward equation introduce the scalar products

_7 B L

w-v = Eyeﬁwyvy for w,v € R~
52
w-v = > o yel Waylay for w,v € R~
— T
wevi= Y oy zel WayzVzyz for w,v € R~ .

Then w satisfies the Kolmogorov backward equation
Ou+a-u +D-u' =0, fort <7,
u('a T) =9,
with the diagonal diffusion matrix
{ (1 — X tanh (5(J * X + h))(a:))n2(X($)) Y=z,
Dy =
0 y#
and the first and second order derivatives w'(€,t) = Ogu(€,t) = (uj, us, ..., ufﬂ)
and u”(€,t) = (Ozyu). We write 0¢g(£)/0¢; = Oz9 = g), and similarly for higher
order derivatives.

We consider expected values of three times differentiable functions ¢ satisfying
the bounds

sup [g;(€)] = O(e?)
EERE

sup |95(&)] = O(e?), sup 97O =0 j#i
sup |9i()] = O(eh), sup 977(O)] = O j#i
sup 91 (&)] = O j #i k #i.

This means that g measures global properties, related to thermodynamic observ-
ables. For instance, the potential energies >, 7 J(z—y) X (2)X (y)e?, Y, ez h(2) X (2)
and >, 7 h(x) f(X (x)) satisfy (5.7), for h(z) = €?ho(x) with hg a continuous func-

tion on the periodic unit cube and f € C3(R).
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5.2. Stochastic Hydrodynamical Limit of the Particle Sys-
tem. The main result in [24] is

Theorem 5.1. Assume g : RE — R satisfies (5.7). At a fized time T, the average
spin, X1, can be approximated by the solution, X1, to the Ito stochastic differential
equation (5.5) with error

Elg(X7)] — El9(X1)] = O(e + (v/€)*?),  as e and v tend to zero. (5.8)

Note that a = 0 gives O(1) error, while b = 0 gives O((v/€)?) error so that b
defined by (5.6) is justified for v < € < y2# 24+ with T fixed.

The stochastic differential equation (5.5) has C*° coeflicients, where perturba-
tions of solutions may grove exponentially in time. The proof is in three streps:
first to derive an error representation based on u(¢,t) = E[g(X7) | X = £] along
¢ = X, then to estimate the error using the long range interaction and finally to
bound derivatives of u(¢, t).

Proof of the theorem. Step 1. The definitions of w, the generator (5.2) and the
average (5.4) imply

Elg(X1)] - Elg(X7)] = E[u(X7,T)] — E[u(X0,0)]

T T T
:E[/O du()_(t,t)]:/O E[Lu—i—(?tu]dtz/o E[E[Lu—a~u/—D~u”|)_(t]]dt

T

:/ E[E[Zc(x,at)(u()_((af),t)—u()_((at),t))

0 €L
—a-u'(X(0y),t) — D-u"(X(0v),t)| Xe]]dt

T ~ _
:/0 (B[ clw,00) (u(X — 24(, Jou(@), £) = u( X, 1))

zeLl
—a-u(Xp,t) = Do (X, ) | Xo]]dt
(5.9)

The first step to estimate this error is to write the difference of w in terms of its
derivatives by Taylor expansion, for some s € [0, 1],

u(X(U)—ZAE(x, Yo (x),t) u(X(0),t)

+2u”(x t)- E(x, YAz, )0 (x) (5.10)
— ;Lu/”( —25Ac(z,)o(2),t) - Ac(z, ) Ac(, ) Ac(z, -)o° (2),
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so that the error representation (5.9) becomes

Elg(X1)] - Elg(X7)]

T
:/O E[E[ (Xe.t)- (=2 e(z,00)Ac(z, )ou(z) — a)

rcl
(X, 1) Z 2¢(z,0¢)Ac(, ) Ae(z, )07 (z) — D)
rcl
— % Z u”’()_(t — 25A.(z, )o(x), t) ce(@,00) Az, ) Ac(z, ) Ac(, o} () | Xt]]dt

zeLl

We note that the matrix F,, 1= —2) . c(x,0)Ac(z,y)Ac(z, z) — D, is diagonal
(i.e Fy, = 0 for y # z) and the tensor Ry, := c(z,0)Ac(x,y)Ac(x, 2) Ac(z,v)03 ()
is also diagonal (i.e Ry, = 0 if not y = z = v). Therefore the error representation
reduces to

Elg(X1)] - Elg(X7)]

_/OTE[E[Z (X ) (=2 e(w, o) Ac(z, y)or(x) — a(y))

yeLl xeLl

+ Z u’ Xt, Z Z u;’;y _t —28Ac(z,y)o(x), t)Ryyy(‘T) | Xt]}dt'
yeLl 90€£ yeLl
(5.11)

Step 2. The next step is to determine the optimal a and b which minimize
the error (5.11). For this purpose we shall in the flipping rate approximate the
coupling .J * o by J * X, using the long range O(1) interaction distance of J. We

have
ZAE(x,y) =1,
D Az, y)Ac(a,y) = (v/0)%, (5.12)
Z A (‘Ta y)Ae (‘Ta y)Ae (‘Ta y) = (’7/6)2d

The definition of the average (5.4) implies

T« X = > J(—y9Ad(y, 2)o(2)
z,yeL
and consequently the coupling has the uniform error estimate

J*a(x)—J*)_((x):Z (x — 2) ZJ{E— y, 2))o(2)

zeLl yeLl
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since, for any of the v~ points z, either A (y, z) =0 or A.(y,2) = (v/€)¢ and
[ (z = 2) = J(z = y)| = Oe)y*
for (/)% points y € C,. The definition of J shows
J* X (x ZZdeOx—z X(y) = J* X(x)
yeL z€Cy

and consequently

gsctelg |Jxo(x) — J* X(2)| = O(e). (5.14)

This error estimate and the flip rate (5.3) imply
— Z 2¢(z,0)Ac(z,)o(z) = =X + Ac - tanh (3(J x o + h))
€L (515)
= —X +tanh (8(J * X +h)) + O(e),

and

3 2¢(z, 0) Az, ) A, )0 (x) = (z)d [1 — X tanh (8(J * X + h))}

xeLl (516)
+ O((V/e)m + 62).

We have X, € [—1,1]%, therefore we need estimates of the derivatives of u in
this set. Lemma 3.2 in [24] proves that

e Z|u st|+ e Z|u (&) + up Dl ()] = 0(1),

Eel=11% ep Eel=L1)° ep Eel-L1° ep

(5.17)
as €,y — 0+, which together with the expansions (5.11), (5.12),(5.15) and (5.16)
proves the theorem. O

We also have

Lemma 5.2. Assume g : R® — R satisfies (5.7) and that the initial spin oo has
expected value m, where oo(x) — my are i.i.d. with bounded variance and second
order difference_quotients |d*m/dx?| = O(1). Then the deterministic mean field
solution, X : R® x [0,7] — R,

dX/dt = —X + tanh (8(J * X + h — J(0)X)), Xo= E[Xo),
depends on € only through the initial data and satisfies
Elg(Xr)) — Elg(Xr)] = O(e + (+/e)?)
provided the drift a is defined by (5.6).

Proof of Lemma 5.2. Think of X as an X with b= 0 and apply the corresponding
expansion (5.9), (5.10) and (5.12). Then it remains to verify that the initial data
satisfy

E[u(Xo,0) — u(Xo,0)] = O((v/€)"),
but this is a direct consequence of the central limit theorem and the initial o9 —
E[oy] being i.i.d. with bounded variance. O
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5.3. Alternative Invariant Measure Diffusion for Mean Exit
Times. Not all expected values E[g(X7)] can be approximated using the stochas-
tic differential equation (5.5) with Einstein diffusion, due to the required bounds
on the derivatives of u; such an example is to determine the expected first exit time
7(Y) = inf{t : V; ¢ A} from a neighborhood A of an equilibrium point ¢ € A,
where a(y’) = 0 and Yy € A. Then the expected exit time is exponentially large,
ie.

lim, /e o4 (2)%1og E[7(X)] and lim, e (1) log E[r(X)]

. o (5.18)
are both strictly positive.

These expected values are related to transition rates k and E[r] = 1/k in simple
cases, see [17], [9]. Hanggi et. al. [16] have proposed a remedy by approximating
the master equation by a different stochastic differential equation with the same
asymptotic drift but a modified diffusion, to leading order, chosen so that the
SDE invariant density Z~te~U/(7/ 9% i asymptotically the same as for the master
equation. One perspective on the two different SDEs with Einstein diffusion or
invariant measure diffusion is that the two limits, coarse-graining and time tending
to infinity, do not commute. Because of (5.18) the theory of large deviations for
rare events is relevant for exit times, cf. [9].
Let 1 := v/e. Consider an SDE

dX;(z) = (a(Xy) + (X)) (2)dt + 71 7b(X,) ()dWE,
with the generator
Lf=(a+Afe)- f +44D - f', Dij = bib;dy;

the idea in [16] is to find ¢ and D so that the corresponding SDE asymptotically
has the same invariant density e~U/ v /Z as the master equation. Hanggi et.al.
[16] determines the diagonal diffusion matrix D and the small contribution to the
drift, vée, by

D“ —CLl'/Ul-/
~ (5.19)
C; = 8xlDua

note that since a and U have the same zeros, the constructed function l~)“ is
positive in general. The equation (5.19) can be obtained by the WKB expansion

0~ L*e UM = (”yfd(aiU{ + D UUY)
+2(Bia; + 2U.0; Dy; + U/LDyi + ¢;UY)
+ v (Dic — 31‘1'[)1'1'))67[]/#

together with the two leading order conditions that the terms of order ~; 4 and
7Y vanish; here L* is the Fokker-Planck operator adjoint to L. Consequently the
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choice (5.19) will in general generate an SDE with an invariant density e=U/ /Z,
where |U — U| = O(724).

Let us indicate why good approximation of the invariant measure implies that
also the expected values, E[7], for exit problems related to rare events with large
deviations, are accurately computed: the work [9] shows that

. d . _ /
i oy 10gE[T(X)]—y1€%fAU(y) Uy, (5.20)

for one stable attracting equilibrium point 3’ € A. The work [24] shows that the
exit time (5.20) with SDE’s and invariant measure diffusion is asymptotically the
same as for the master equation for the 1D Curie-Weiss model:

Jim o (1og E[r(X)] - log E[i—()_()]) =0, (5.21)

where E[7(X)] and E[7(X)] denote the mean exit time for the Hanggi SDE and
the Curie-Weiss master equation, respectively. The Curie-Weiss model is a simple
adsorption/desorption Ising model with constant interaction potential, cf. Section
5.4. The technique to establish this asymptotic agreement is to use logarithmic
(Hopf-Cole) transformations of the two mean exit times, as functions of the initial
location, which transforms the corresponding two linear Kolmogorov backward
equations to two nonlinear Hamilton-Jacobi equations, cf. [8]. The two processes
give rise to two different asymptotic Hamilton-Jacobi equations, however the key
observation is that they have the same viscosity solution since they are both
convex and have the same set of zeros.

5.4. Dendrites with Einstein Diffusion. We see by Theorem 5.1 and
Lemma 5.2 that the mean field differential equation solution is also an accurate
approximation to the spin dynamics, provided the derivatives of the value function
are bounded; this indicates that the stochastic differential equation (5.5) then only
offers a small quantitative improvement. However, if the derivatives of the value
function are large the mean field solution may give a qualitatively wrong answer,
with O(1) error as /e — 0+, while the stochastic differential equation still yields
an asymptotically correct limit; such an example is dendrite formation in phase
transformations, cf. [22, 19, 3], [14].

Let us try to motivate why the noise in Theorem 5.1 seems applicable to den-
drite formation. Dendrite dynamics can be formulated by the phase field method
with an Allen-Cahn/Ginzburg-Landau equation coupled to a diffusion equation for
the energy, as in (1.1), and by master equations coupled to the energy equation, cf.
[14]. Mean field equations related to such a phase field system have been derived
from a spin system coupled to a diffusion equation, see [7].

A master equation variant of the molecular dynamics model in Sections 2-4 is
to let the coarse-grained potential energy be defined by

m(o, z) == Z (Z %J(x —y)o(y) — h) o(x)Ae(x, 2),

T y#£T
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where A is the average in (5.4), and replace the Glauber dynamics with Arrhenius
dynamics. That is, the microscopic dynamics is given by independent spins o(z) €
{0, 1}, for each lattice point z € £, flipping with adsorption rate

co(x) = do(l - a(x)),

from states 0 to 1, and with desorption rate
1
cale) = doo(@)exp (= (X (@~ w)oly) ~h)).
y#T

from states 1 to 0, where h is a surface binding energy or an external field and dg
is a given rate, cf. [23]. Arrhenius dynamics also satisfies detailed balance with
the same Gibbs density

(T2 Ty Ha—y)o @) (9)/2-5, ho(2)) /(ksT)

as for Glauber dynamics. The dynamics for the potential energy variable can then
be coupled to the energy equation (2.1)

O(cyT +m) = div(kVT)

by letting the temperature 7' vary on the coarse-grained scale.

The dendrite grows with a positive non vanishing speed. Without noise in the
model there is no side branching, while the side branching is present with added
noise to the phase field model, cf. [3], or to the mean field model derived in [14].
This noise induced side branching is explained by the high sensitivity with respect
to small perturbations at the dendrite tip, cf. [22]. Therefore the derivatives of an
appropriate value function are large. Here the value function, u, could for instance
measure the total dendrite surface at a fixed time. The inconsistent approximation
of the mean field solution could by Lemma 5.2 be explained by having

(v/e)![u" [l = O(1). (5.22)

The smallest scale in the problem is the dendrite tip radius p; with a bounded
value function its derivatives could then be

[W[lr = O(1/p),
[u”ller = O(1/p%),
[u"ller = O/p%).

Consequently (5.22) yields (v/€)%? = p, so that the noise error for the stochastic
differential equation with the Einstein diffusion of Theorem 5.1 would be bounded
by (v/€)?|u"||n = O((v/€)¥?), which tends to zero as v/e — 0+. Therefore,
this adsorption/desorption kinetic Monte Carlo model with long range interaction
generates an approximating stochastic differential equation, which could be ap-
plicable also to coupling with the energy equation if the derivation remains valid
with slowly varying temperature. An essential and maybe more difficult question
is to find accurate kinetic Monte Carlo methods for real systems with dendrite dy-
namics, e.g. using ideas from the molecular dynamics coarse-graining in Sections
2-4.



20 Anders Szepessy

References

[1] Amberg, G., Semi sharp phase-field method for quantitative phase change simulations,
Phys. Rev. Lett. 91 (2003), 265505-265509.

[2] Beale, J.T., Majda, A.J., Vortex methods. I. Convergence in three dimensions. Math.
Comp. 39 (1982), 1-27.

[3] Boettinger, W.J., Warren, J.A., Beckermann, C., Karma, A., Phase field simulation
of solidification, Ann. Rev. Mater. Res. 32 (2002), 163-194.

[4] De Masi, A., Orlandi, E., Presutti, E., Triolo, L., Glauber evolution with the Kac
potentials. I. Mesoscopic and macroscopic limits, interface dynamics, Nonlinearity 7
(1994), 633-696.

[5] De Masi, A., Orlandi, E., Presutti, E., Triolo, L., Glauber evolution with Kac poten-
tials. II. Fluctuations, Nonlinearity 9 (1996), 27-51.

[6] De Masi, A., Orlandi, E., Presutti, E., Triolo, L., Glauber evolution with Kac poten-
tials. I11. Spinodal decomposition, Nonlinearity 9 (1996), 53-114.

[7] Dirr N., Luckhaus, S., Mesoscopic limit for non-isothermal phase transition, Markov
Processes and Related Fields 7 (2001), 355 - 381.

[8] Fleming W.H., Soner, H.M., Controlled Markov Processes and Viscosity Solutions,
Applications of Mathematics (New York), 25. Springer-Verlag, New York, 1993.

[9] Freidlin, M.I., Wentzell, A.D., Random Perturbations of Dynamical Systems,
Grundlehren der Mathematischen Wissenschaften, 260. Springer-Verlag, New York,
1984.

[10] Frenkel, D., Smit, B., Understanding Molecular Simulation, Academic Press, 2002.

[11] Giacomin, G., Lebowitz, J.L., Presutti, E., Deterministic and stochastic hydrody-
namic equations arising from simple microscopic model systems, Stochastic partial
differential equations: siz perspectives, 107-152, Math. Surveys Monogr., 64, Amer.
Math. Soc., Providence, RI, 1999.

[12] Glauber, R.J., Time-dependent statistics of the Ising model, J. Mathematical Phys.
4 (1963), 294-307.

[13] Gooodman, J., Moon, K.-S., Szepessy, A., Tempone, R., Zouraris, G.,
Stochastic and partial differential equations with adapted numerics,
http://www.math.kth.se/~szepessy/sdepde.pdf

[14] Gouyet, J.F., Plapp, M., Dietrich, W., Maass, P., Description of far-from-equilibrium
process by mean-field lattice gas models, Advances in Physics 52 (2003), 523-638.

[15] Groot, R.D., Warren, P.B., Dissipative particle dynamics: bridging the gap between
atomistic and mesoscopic simulation, J. Chem. Phys. 107 (1997), 4423-4435.

[16] Hanggi, P., Grabert, H., Talkner, P., Thomas, H., Bistable systems: master equation
versus Fokker-Planck modeling, Phys. Rev. A 3 (1984), 371-378.

[17] Hanggi, P., Talkner, P., Borkovec, M., Reaction-rate theory - 50 years after Kramers,
Rev. Modern Phys. 62 (1990), 251-341.

[18] Hardy R.J., Formulas for determining local properties in molecular dynamics: shock
waves, J. Chem. Phys. 76 (1982), 622-628.

[19] Hoyt J. J., Asta M., Karma A., Atomistic and continuum modeling of dendritic
solidification, Materials Science Engineering R-Reports 41 (2003), 121-163.



Models for Phase Change Dynamics 21

[20] Irving J.H, Kirkwood J.G, The statistical mechanics of transport processes: IV the
equations of hydrodynamics, J. Chem. Phys. 18 (1950), 817-829.

[21] Kadanoff, L.P., Statistical physics : statics, dynamics and renormalization, World
Scientific, 2000.

[22] Karma A., Rappel W.J., Phase-field model of dendritic side branching with thermal
noise, Phys Rev. E. 60 (1999), 3614-3625.

[23] Katsoulakis, M.A., Majda, A.J., Vlachos, D.G., Coarse-grained stochastic processes
and Monte Carlo simulations in lattice systems, J. Comput. Phys. 186 (2003), 250—
278.

[24] Katsoulakis M., Szepessy, A. Stochastic hydrodynamical limits of particle systems,
preprint 2005, http://www.nada.kth.se/~szepessy/

[25] Kramer, P.R., Majda, A.J., Stochastic mode reduction for particle-based simulation
methods for complex microfluid systems, SIAM J. Appl. Math. 64 (2003), 401-422.

[26] Kurtz, T.G., A limit theorem for perturbed operator semigroups with applications
to random evolutions, J. Func. Anal. 12 (1973), 55-67.

[27] Liggett, T.M., Interacting particle systems, Springer-Verlag, Berlin, 2005.

[28] Majda, A.,J., Timofeyev, 1., Vanden Eijnden, E., A mathematical framework for
stochastic climate models, Comm. Pure Appl. Math. 54 (2001), 891-974.

[29] Mas-Gallic, S., Raviart, P.-A., A particle method for first-order symmetric systems.
Numer. Math. 51 (1987), 323-352.

[30] Nelson, E., Dynamical Theories of Brownian Motion, Princeton University Press,
1967.

[31] Olla, S., Varadhan, S. R. S., Yau, H.-T., Hydrodynamical limit for a Hamiltonian
system with weak noise. Comm. Math. Phys. 155 (1993), 523-560.

[32] Schlick T., Molecular modeling and simulation, Springer Verlag 2002.

[33] Shardlow, T., Splitting for dissipative particle dynamics, SIAM J. Sci. Comput. 24
(2003), 1267-1282.

[34] Soner, H.M., Convergence of the phase-field equations to the Mullins-Sekerka Prob-
lem with kinetic undercooling, Arch. Rat. Mech. Anal. 31 (1995), 139-197.

[35] Szepessy A., Tempone R., Zouraris G., Adaptive weak approximation of stochastic
differential equations, Comm. Pure Appl. Math, 54 (2001), 1169-1214.

[36] van Kampen, N.G., Stochastic Processes in Physics and Chemistry, North-Holland,
1981.

[37] Yip, S. (Ed.), Handbook of Materials Modeling, Springer 2005.

Institutionen for Matematik, Kungl. Tekniska Hogskolan, S-100 44 Stockholm
E-mail: szepessy@kth.se



