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Abstract. We review the derivation of stochastic ordinary and quasi-linear stochastic
partial differential equations (SODE’s and SPDE’s) from systems of microscopic deter-
ministic equations in space dimension d > 2 as well as the macroscopic limits of the
SPDE’s. The macroscopic limits are quasi-linear (deterministic) PDE’s. Both noncoer-
cive and coercive SPDE’s, driven by It6 differentials with respect to correlated Brownian
motions, are considered. For the solutions of semi-linear noncoercive SPDE’s with smooth
and homogeneous diffusion kernels we show that these solutions can be obtained as so-
lutions of first-order SPDE’s, driven by Stratonovich differentials and their macroscopic
limit, and are solutions of a class of semi-linear second-order parabolic PDE’s. Further,
the space-time covariance structure of correlated Brownian motions is described and for
space dimension d > 2 the long-time behavior of the separation of two uncorrelated
Brownian motions is shown to be similar to the independent case.

1. From microscopic to mesoscopic and macroscopic equations. Einstein [0
develops a model of Brownian motions to describe the displacement of large solute parti-
cles as the result of the interaction (collisions) with the small solvent particles. Einstein
assumes that the motions of the large particles are statistically independent, provided
they are sufficiently far separated. In the rigorous mathematical framework of several
Brownian motions (or “Wiener processes”) the assumption of independence, irrespective
of the distance, has become a widely accepted model in stochastic analysis and the asso-
ciated parabolic partial differential equations. In applications, however, it is well known
that at short distances the depletion effect generates an attractive force between the
large particles (cf. Kotelenez, Leitman and Mann [22] and the references therein), where
depletion refers to the fact that the number of small particles per small volume between
two large particles drops if the distance between the two large particles becomes small.
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In particular, if the distance between the two large particles is less than a critical positive
parameter, /¢, then the surrounding medium of small particles can no longer be homo-
geneous and isotropic and the two large particles must become statistically correlated.
/e will be called the “correlation length”.

Traditionally, there are three levels to describe the time evolution of particle distri-
butions: microscopic, mesoscopic and macroscopic (cf., e.g., Haken [I3] or van Kampen
[16)).

On a microscopic level, Newtonian mechanics governs the equations of motion of the
individual atoms or molecules[] For our system of large (solute) and small (solvent)
particles we can describe the model as follows: Suppose there are N large particles and
infinitely many small particles distributed in the Euclidean state space RdE The position
of the (center of the) ith large particle at time ¢ will be denoted 7i(¢) and its velocity
v*(t). The corresponding position of the (center of the) Ath small particle and its velocity
will be denoted ¢*(t) and w™(t), respectively. 7 is the mass of a small particle and m
the mass of a large particle. The empirical distributions of large and small particles are
(formally) given by

N
Xn(drt) :=mY 6 (dr), V(g t) :=mY 5 (dg).
j=1 A

la) Transition from microscopic to mesoscopic equations. To simplify the
transition from microscopic to mesoscopic a mean-field interaction between large and
small particles is assumed, where spatially extended particles are replaced by point par-
ticles and “large” and “small” refer to the mass of a particle. Further, the interaction
between small particles is assumed to be negligible, and the interaction between large
particles can be (temporarily) neglectedﬁ Denote the potential governing the interac-
tion between large and small particles by U (i, — ¢) on a space-time continuum, and
let i > 0 be a friction coefficient for the large particles (cf. the following (1.1)). Set-
ting Ge(p,7) :== —VUc(u,7), the interaction between small and large particles can be
described by the following infinite system of nonlinear coupled oscillators:

' . %rz(t) = vz(t),‘ r*(0) = 1, _ '
Loi(t) = ' (t) + & [ Ge(p, r'(t) — q)V(dg,t), ©v*(0) = vf,
L) = wr(t), ¢0) = g7,

%w)\(t) = % f Gs(:u'aq/\(t) —r)Xn(dr,t), w>‘(0) = w()J\

(1.1)

Here and in what follows, the integration domain will be over all of R® if no integration
domain is specified. Observe that G.(u, 7 — ¢) has the dimensions - (length over time
squared).

On the “mesoscopic” level the motion of the large particles is stochastic and the ran-
domness of the motion is determined by the surrounding medium, which is obtained from

.e., we restrict ourselves to classical physics.

2Infinitely many small particles are needed to generate independent increments in the limiting Brow-
nian motion. Cf. our Comment, Part (i) at the end of this section and Kotelenez [19].

3As the interaction between large particles occurs on a much slower time scale than the interaction
between large and small particles, it can be included after the mesoscopic scaling limit, employing
fractional steps (cf. Goncharuk and Kotelenez [12]).
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the system of small particles. Observe that for only one large particle the surrounding
medium can be assumed to be homogeneous and isotropic. Therefore, given the pre-
ceding simplifying assumptions, the marginal motion of any given large particle must
be Brownian (a Wiener process), and if large particles are sufficiently separated (dilute
system), their motions should be approximately independent. However, if the distance
between two large particles becomes smaller than (a multiple of) the correlation length
V€, then the particles need to be correlated and have a tendency to attract one another.
We will call such a system of N large particles N “correlated Brownian motions” (cf. also
Definition 3.2). Following Kotelenez [18]-[20], a model of correlated Brownian motions
can be defined as follows: Let w(dg, ds) be the standard Gaussian white noise on R¢ xR
(which is a space-time generalization of the time increments of a standard scalar-valued
Brownian motion, 5(ds))H w(dgq,ds) is defined on the same probability space as the
initial positions (r!(0),...,7%V(0)) and assumed to be independent of the initial positions.
Assume for the kernel that

1
Ge(r) = ;Gs(ﬂﬂ")a as ft — oo .

Then the positions of the large particles are the solutions of the stochastic integral
equations:

ri(t):ri(0)+/0/Ga(ri(u)—q)w(dq,du), i=1,..N. (1.2)

The equations (1.2) are coupled only through the Gaussian space-time white noise
w(dgq, du), which has the units of time. For a large class of kernels G., (1.2) has a unique
solution and the d-dimensional components are square integrable continuous martingales.
Moreover, for each i = 1,..., N, r¢(-) —r¢(0) are Brownian motions (cf. Section 3 for more
details and an analysis of the correlations between the motions of two different particles).

Next, we give sufficient conditions for the transition from the microscopic description
(1.1) to the mesoscopic (i.e., stochastic) description (1.2):

e Formation of small clusters (ensembles) of particles if their initial positions and
velocities are similar (coarse graining in space)

e Replace the time derivative in (1.1) by an Euler scheme (coarse graining in time).

e Randomization of the initial distribution of clusters, where the probability distribu-
tion is determined by the relative sizes of the clusters. Assume statistical independence
of initial distributions of different clusters.

e The initial average velocity, (wp), of the small particles and the friction coefficient
u for the large particles tend to infinity such that /ep < (wq).

4If A is a Borel subset of [0,00) of finite Lebesgue measure |A|, [, B(dt) is normally distributed
with mean 0 and variance |A| and if Ay N A2 = @ for two Borel subsets of [0,00) of finite Lebesgue
measure, then fAl B(dt) and fA2 B(dt) are independent. Similarly, let B, B1, B2 be Borel subsets of R? of
finite Lebesgue measure. Then A x B is a Borel set of finite Lebesgue measures. Then [, [ w(dg, dt) is
normally distributed with mean 0 and variance |A[-|B| and if A1 X BiNA2X Bz = ), then fAl fBl w(dq, dt)
and fAz fBz w(dg, dt) are independent (cf. Walsh [37]).

5In a spatially coarse grained model, particles whose initial positions and velocities are almost iden-
tical are considered a cluster and are treated as one small particle.
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e Allow the small particles to escape to infinity after having interacted with the
large particles for a macroscopically small time, assuming that the space dimension is
d>2

Under these assumption, Kotelenez [19] (in addition to a suitable convergence of the
initial conditions) derives a “mesoscopic” limit theorem in which the positions of the
large particles in a sequence of coarse grained versions of (1.1) tend to the solutions of
(1.2) weakly in the Skorohod space of cadlag functions with values in R for d > 2.

Comments.

(i) The escape to infinity after a short period of interaction with the large particles is
necessary to generate independent increments in the limit. This can be seen as follows.
The small time steps induce a partition of the time axis into small time intervals. Further,
denote the domain of concentration of the large particles by D. Since the number of large
particles is finite, D may be assumed to be bounded and expands slowly due to the slow
motion of the large particles. In each of the small time intervals the large particles are
being displaced by the interaction with clusters of small particles being in D during that
small time interval. Note that the vast majority of small particles had previously not
interacted with the large particles prior to entering D. After that time step most small
particles leave D and outside D their velocities remain unchanged. Hence, they escape
to infinity, i.e. their distance to D tends to infinity. This is true for every small time
interval. Since clusters have started independently, this implies almost independence of
the displacements of the large particles in different time intervals. In a scaling limit,
as the initial velocities of the small particles and the friction coefficient for the large
particles tend to infinity, the motions of the large particles have orthogonal increments
It is the orthogonal increments in time, where an infinite system of small particles and
the escape to infinity are needed. We can obtain a similar result if there is no friction
in the equations for the large particles. In this case the limit would be an Ornstein-
Uhlenbeck model (described by stochastic second-order equations), where the velocities
perform correlated Brownian motions. For the case of one large particle we refer to
results obtained by Diirr, Goldstein and Lebowitz [4], Sinai and Soloveichik [33], Szész
and Téth [34] and the references therein.

(ii) Suppose that small particles move with different velocities. If most of the small
particles, moving in the direction of a large particle, can avoid collisions with other small
particles (as, e.g., in a rare gas or in the PHS model), fast small particles coming from
“far away” can collide with a given large particle at approximately the same time as slow
small particles which were close to the large particle before the collision. If, in repeated
microscopic time steps, collisions of a given small particle with the same large particle
are negligible, then in a mesoscopic time unit do, the collision dynamics can be replaced
by long-range mean field dynamics. Dealing with a wide range of velocities, as in the

6This hypothesis seems to be acceptable if for spatially extended particles the interparticle distance is
considerably greater than the diameter of a typical particle. The assumption holds for a gas (cf. Lifshits
and Pitayevskii [28], Ch.1, §3 ), but not for a liquid, like water. For a liquid, we refer to the PHS model,
reviewed in Section 2 of Kotelenez, Leitman and Mann (loc. cit.).

7“The marginal motion of each large particle has independent increments. But the mean field inter-
action with the medium of small particles correlates their motions, which leads to a weaker property of
orthogonal increments of the system of large particles.



ITO AND STRATONOVICH STOCHASTIC PARTIAL DIFFERENTIAL EQUATIONS 543

Maxwellian case, and working with discrete time steps, a long range force is generated. If
we assume that the empirical velocity distribution of the small particles is approximately
Maxwellian, the aforementioned mean field force can be given by the following expression
(cf. Kotelenez [21], (1.2)):
|R—q|?

Genr(p, R—q) = ce(R— q)pe” 2= - (1.3)
Here, p is the friction coefficient for the large particles and ¢, is a positive constant with
the unit % c- has to be defined such that, choosing

-2
Gem(r) == cgre_%

in the kinetic stochastic equation (1.2), |G a(r)|? must approximate the d-function, as
£ ] 0, where | - | denotes the Euclidean norm in R<.

Obviously, this example can be immediately generalized to an arbitrary velocity field
of the small particles. A more realistic model would be some (possibly nonlinear) trans-
formation of the velocity field, taking into account collisions between small particles, etc.
For the purpose of our paper, it suffices to work with a general mean-field force kernel
G. as in (1.2) and show that for certain kernels the right-hand side of (1.2) behaves
according to our requirements, stated at the beginning of this section. O

As a result of the mesoscopic limit theorem, the small particles become a Brownian
random medium which drives the motion of the N large point particles in R%, d >
2. In what follows we will drop the epithet “large” and study the motion of the N
particle system under the influence of additional forces. As in (1.2), the position of
the i-th particle at time ¢ will be denoted 7%(t) and its mass m;. Then the empirical
mass distribution (also called the “empirical process”) at time ¢ is given by Xn(t) :=
ZZNZI m;dyi(r), where 4, is the point measure concentrated in 7. To make the arguments
more transparent we will choose m; = % for i =1,.., N in what follows.

For the “macroscopic” description we refer to the following (1.7) and the transition
from mesoscopic to macroscopic in Theorem 1.3.

1b) Transition from mesoscopic to macroscopic equations. (2, F,F;, P) is a
stochastic basis with right continuous filtration. All our stochastic processes are assumed
to live on © and to be F-adapted (including all initial conditions in SODE’s and SPDE’s).
The stochastic component of the displacement of r%(¢) in a short time increment should
be Brownian (multiplied by some diffusion coefficient, which may depend both on 7(t)
and on Xy (t)). Before precisely formulating the appropriate generalization of (1.2), we
first need to comment on a more traditional perturbation of the position of the i-th
particle by Brownian noise.

(I) Denote the space of Borel probability measures on R? by M, endowed with a
suitable Wasserstein metric (cf. (2.2)). Fy(r, p, t) is a “nice” R%-valued function on R% x
M; %[0, 00), jointly measurable in all arguments and where “nice” in this introduction will
refer to appropriate Lipschitz and linear growth assumptions. The subscript 0 indicates
that there is no correlation between the Brownian noises for different particles. Mgxqg
denotes the d x d matrices over R. Further, let Jy(r, p,t) be a “nice” M gxq-valued
function, depending on the positions of a particle, the empirical distribution Xy n (¢) with
weights m; := & and time ¢. Finally, {#(-)} is a system of ii.d. R%valued standard
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Brownian motions. Consider the stochastic ordinary differential equations (SODE’s) in
the sense of It6 for the displacement of r* of the following type (cf., e.g., Oelschliiger [30]
and Gértner [9]):

dri n (1) = Fo(rl 5 (t), Xon (1), t)dt + To(rh n (1), Xon (8), )dB (1), }

: Y N 1.4
ron(s)=qhi=1,...,N, Xon(t):=>;_ %@ ). (1.4)

We next give an intuitive argument why the empirical processes in (1.4) converge to a
macroscopic (i.e., deterministic) quantity. Let 0 € Myxq be the matrix with all entries
being equal to 0. The two-particle diffusion matrix of the noise is given by

Jo(rt, u, OV IE (17, pu,t), if 0=,

1.5
0, if i # 7, (15)

Do(r®,r I t) = {

where “AB” denotes the matrix multiplication of matrices A and B and BT is the
transpose of a matrix B. Further, “Ay,” will denote the entries of the matrix A. Choose a
twice continuously differentiable function ¢ on R¢ and denote by (-, -) the duality between
measures and continuous functions. Under nontrivial assumptions on the coefficients in
(1.4), Itd’s formula yields the following incremental quadratic variations for the empirical
process assomated with (1.4):

o Siem1 (000) (r (D) (90) (rf (1))
x Dy (roN(t),r(’),N(t),XO,N(t),t)dt (1.6)
(%) dt,

since we have N terms in the sum (1.6), divided by N?. Here and in what follows,

d[{Xo.n (1), )] =22
=0,

Ok, 8,3, , denote the first and second partial derivatives with respect to the coordinates of
r. Employing Doob’s inequality, we obtain from (1.6) that the noise must converge to 0,
as N — oo. Set D(r, i, t) := D(r, 7, u,t) and let “=" denote weak convergence on some
topological space and “e” the scalar product on R?. One can show that Xo y(-) =
X0,00, a8 N — 00, where now X o is the solution of the following quasi-linear parabolic
partial differential equation (PDE) of McKean-Vlasov type (cf. Oelschliager (loc. cit.)
and Gértner (loc. cit.)):

%XO@O = % ZZ,Z:I alfé(DO,kf('v XO,OOa t)XO,OO) —\Ve (XO,OOFO('7 XO,ooa t))a (17)
XO,oo(O) H-

(IT) The generalization of (1.2) was analyzed by Kotelenez [I7]—[18]. Take i.i.d. Gauss-
ian standard white noise random fields wy(dq, dt) on R x R, £ =1,...,d, as a stochas-
tic perturbation for the positions of the particles. Further, let J:(r,q, p,t) be a “nice”
My q-valued function, jointly measurable in all arguments, depending on the position
of the particle, the spatial noise coordinate, the empirical distribution, time ¢ and a cor-
relation parameter € > 0 (cf., e.g., (1.3)). In addition to Lipschitz and measurability
assumptions, “nice” means here that the one-dimensional components of J.(r,q,...,t)
have to be square integrable in p with respect to the Lebesgue measure dp. F; is as in
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(1.4). Consider the following system of It6-SODE’s driven by w(dr, dt)ﬁ

_ F( EN(t),Xa,N( dt‘f’fja NE N( ) q7XE7N(t),t)w(andt)7
) qs7 - 7...,N; XE,N()'_Zz 1N65.N(t).

Under appropriate Lipschitz conditions (cf. (2.4)) Kotelenez [I§] shows that (1.11)
has a unique strong Ité solution which is an R*-valued diffusion process.

Adjusting the notation of approach (I) to the setting of (1.8), we obtain the two-
particle diffusion matrix:

EN
0 (1.8)

DE(Ti,Tj,,U/7t) = /JE(Té,q,u,t)JET(Tg,q,,u,t)dq v Za] = 17 7N (19)

Differently from (1.5), the pair correlations do not disappear for ¢ # j. We obtain for
the empirical process X; n(t) from (1.9) the following incremental quadratic variations:

d(Xen (1), )] = 0ot Nz Lot (Orp) (rl y (£) (Dep) (rL (1))
X De ko (rl 5 (1), 71 5 (1), Xe N (1), 1) dE, (1.10)
=0, (1)dt

because we now have N? terms in the sum, divided by N2. Consequently, the noise does
not disappear in the limit as N — oo. To better understand the limit, let us first derive
an equation for the empirical process. Choose a smooth test function ¢. Applying Itd’s
formula to (7% (¢)) and integrating by parts in the generalized sense yields

<dX€ N(t)v >: < Zke 18k€( ské('va,Na'vt)XE,N(t))dta<P>
< ( N () Fo (-, Xo v, 1)) dt, o) (1.11)
X ( fj aNa )w(dpadt))7(p>7

where we abbreviated
D.(r, i, t) == Do(r, 7, i, t). (1.12)

Hence, the empirical process itself is a weak solution (in the sense of PDE’s) of the
following quasi-linear stochastic partial differential equation (SPDE) (1.13), where the
derivatives are taken in the distributional sense. In what follows a “solution” of an
SPDE is by definition a weak solution in the sense of PDE’s but strong in the sense
of stochastic analysis; i.e., all quantities are defined on the same probability space with
the same noise, etc. Assuming global Lipschitz assumptions on the coefficients in the
variables (r, ), Kotelenez [18] shows that we can pass to the limit, as N — oo, provided
that the initial conditions X, y converge suitably to a measure-valued initial condition
X: 0. As convergence in the Wasserstein metric is stronger than weak® convergence with
respect to smooth test functions, we obtain that the limit is also a solution of (1.13).

8 The mean field kernel G, from (1.2) describes only the interaction between small and large particles.
On the coarser mesoscopic time scale we include also interaction between large particles and the possible
dependence of the stochastic term on the mass distribution of the large particles, leading to F' and the
more general kernel 7.. A precise mathematical way of doing this is the method of fractional steps. Cf.
Goncharuk and Kotelenez [12].
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(For more details cf. the following Section 4.)

dX. = {3301 02(De e, Xey ) XL) — 7 @ (XFL (-, Xoyt)) bt
- V .(XE fjs('apa Xsat)w(dpa dt))7 (113)
X.(0) = X.po.

REMARK 1.1. (i) For smooth (i.e., density-valued) initial conditions and smooth coeffi-
cients, Kotelenez [18] obtains smooth solutions of (1.13). Under appropriate assumptions
on the initial conditions and the coefficients, Kotelenez and Kurtz [23] show that for d > 2
the solutions of (1.13) converge weakly to the solution of (1.7), as € — 0; i.e., the solutions
of (1.13) become macroscopic in the limit as the correlation length tends to 0.

(ii) Let us call the limit N — oo in both (I) and (II) a “continuum limit” because most
of the time this limit leads to a continuous mass distribution. Accordingly, in approach
(I) the continuum limit and the macroscopic limit are performed simultaneously. In
contrast, the particle approach taken in (II) performs first the continuum limit and then
the macroscopic limit. The advantage of (II) is the mesoscopic equation (1.13) on a
continuum, whose stochastic term is small for small correlation length /. Note that
the correlation length incorporates into the mesoscopic continuum model depletion and
other effects of the underlying discrete microscopic model (cf. our Section 3 for qualitative
results).

Next we comment on models related to (II).

Borkar [I] uses a Gaussian random field, called a “Brownian medium”, as a driving
term for stochastic ordinary differential equations (SODE’s). Kunita’s approach ([26] and
the references therein) is similar, but he goes beyond Borkar’s work by considering flows
of SODE’s and bilinear SPDE’s generated by those flows. The coefficients in Kunita’s
approach do not depend on the empirical distribution. Moreover, Kotelenez and Kurtz
(loc. cit.) show that Kunita’s space-time Gaussian random field can be represented by
the convolution of a diffusion kernel (similar to G. in (1.2)) with the space-time field
w(dq, dt).

For approaches similar to (II), where the coefficients depend on the empirical distribu-
tion, we first derive an alternative formulation of the noise in (1.8). Let Hy be the space
of measurable functions on R? which are square integrable with respect to the Lebesgue
measure and let | - |o be the usual Lo-norm, which is induced by the scalar product

(f. 9o = / F(@)g(a)dg (1.14)

for f,g € Hy. Let {qbn}neN be a complete orthonormal system (CONS) in Hj and define
an Mgy g-valued function ¢n whose entries on the main diagonal are all an and whose

other entries are all 0. Set
/ [ outoyutap.as). (1.15)

Then the 37(:) are i.i.d. standard R?-valued Wiener processes. Moreover, for any
continuous, adapted square integrable process z(-) and continuous adapted M;j-valued
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measure process ),
/J(Z(t),p,?(t)’t)w(dp,dt) = Z/J(Z(t)ap,?(t)’t)an(p)dpdﬂ”(t) (1.16)
n=1
(cf. Jetschke [I5] and Kotelenez [I7]-[I8]). Abbreviating

Com (o) = / To(r, 0, 10 ) (@) dg, (1.17)

(1.8) becomes equivalent to the following N-system of It6 SODE, driven by infinitely
many i.i.d. Brownian motions:

dri,N = FE (ré,N(t% XE,N(t)ﬂ t)dt + ZZO:}VUEW(T;N@)» XE,N(t% t)dﬂn(t)v (1 18)
rin©)= ¢,i=1,...,N, Xn(t):=>;, %%Nm. '

Vaillancourt [36] essentially considers stochastic ordinary differential equations
(SODE’s) of type (1.18) where only the first N Brownian motions are used for the
perturbation of N particles. As N — oo, the empirical process converges to an SPDE
solution of a martingale problem. Choosing our kernel 7. such that the Fourier expan-
sion (1.16)/(1.17) yields only N terms we obtain for each N a system equivalent to the
case in Vaillancourt. (Cf. also Dawson, Vaillancourt and Wang [2].)

Recall that (1.13) was derived through the It6 formula (i.e., the extended chain rule),
applied to ¢(r%(t)), where ¢ was a smooth test function and 4 (¢) the position of the
i-th particle, described by the SODE’s (1.8). This procedure begs the question whether
a change of (1.8) into Stratonovich form would yield a first-order SPDE as a result of the
usual chain rule for p(r%(¢)). Typically the Stratonovich integral requires the integrands
to be semi-martingales; i.e., it requires more regularity than the It integral (cf., e.g.,
Tkeda and Watanabe [14]). If J.(r, X(t),t) were a semi-martingale we could derive the
correction term through the It6-Wentzell formula (cf. Rozovsky [32], Ch. 1, Theorem 9
or Kunita [26], Section 3.3). However, due to the dependence on the measure process,
it is not easy to give nontrivial conditions for J.(r, X'(¢t),t) to be a semi-martingale
(cf. Kotelenez [21I], Section 15, for some partial results). Therefore, we now consider a
special case of the system of SODE’s (1.8), where the diffusion kernel does not depend
on a measure process:

dTi,N = FE (ré,N(t)’ XE,N(t)a t)dt + f \75 (ré,N(t)v q, t)w(dQ7 dt)?
rin(0) = ¢i=1,...,N, Xn(t):=3N, O (o)

Based on It6’s formula, the empirical process and the limiting measure process give a
PDE-weak solution of the semi-linear SPDE for the mass distribution (cf. (1.13)):

an = {% 22,421 alge(DE,kl(v t)XE) —Ve (XEFE(-, XE, t))}dt
- o(X: [T, p, X, t)w(dp, dt)), (1.20)
Xg(O) = X.p.

(1.19)

Assume additional smoothness of the diffusion kernel 7. and that the diffusion coef-
ficients are homogeneous ((4.5)) and that the divergence of D at (0,t) equals 0 for all ¢
((5.7)). Under these assumptions we obtain in Section 5, Theorem 5.3, a Stratonovich
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representation for (1.19)E whence by the usual chain rule the empirical process and its
measure limit, satisfying the second-order Itd6 SPDE (1.20), are solutions of the first-order
Stratonovich SPDE:

dXE =—v .(XFE(.7 Xe,t))dt VA (Xg/JE('apv t))w(dp’ Odt)’ (1.21)

Here “o” denotes the Stratonovich differential whose definition for Brownian motions
can be extended to w(dp, odt) through the Fourier expansion (1.16) (cf. (5.6)).

We assume in what follows that (1.7) is itself semi-linear with Jp independent of r and
w and that (4.5), (5.5) and (5.7) hold. The Kotelenez-Kurtz assumptions on the special
case of (1.20), with o.(t) the nonnegative square root of D.(0,t), are as follows (where
we refer to Kotelenez and Kurtz (loc. cit.) for examples):

Hypothesis 1.2.

(i) Suppose that for each ¢ > 0, o.(t) is invertible and, for d = 2, o.(t) is twice
continuously differentiable.

(ii) Suppose that for any compact subset K of R?, any compact subset C C My, any
T :> 0 and any ¢ > 0 the following holds

limsup sup sup(|F:(r, pu,t) — Fo(r, p, t)| + |o:(t) — Jo(t)]) =0 ;
el0 rek 0<t<T pec

sup lo=t(t)| < o0 ;
1>e>0,0<t<T,ueC
limsup sup |D.(r,t)]=0;
€l0 |p|>5 0<t<T,ueC

lim sup sup sup |Fo(r, p,t) = Fo(r, i, s)| + | To(t) — To(s)| = 0.
N0 rekC peC 0<s,t<T,|t—s|<n
(iii) Given the solution X (t) of (1.7), suppose that Dg r¢(-, ) and Fy (-, X0.00(-), ")
as functions of (r,t) are both twice continuously differentiable, where k, ¢ =1,....,d. O
For m € N set

Ao i={(p' ..., p™) €RI™ :Fi £ j, i,j€{1,...,m}, withp'=p'}.

Infinite sequences in R¢ will be denoted by either (r!,72,....) or 7). The corresponding
state space, (R%)>, will be endowed with the metric

doo(r('), q(')) = Z Q_kp(rk — qk).
k=1

C([0,00); M) denotes the space of M-valued continuous functions, where M is some
metric space.

9Under the additional assumption (5.7) in the following Section 5, the Stratonovich form of (1.19)
does not produce a correction term. However, the chain rule becomes the simple chain rule and leads to
the first-order SPDE (1.21).

10The third assumption in what follows requires that the correlation matrix D. (g —p, t)|q_p:T must
tend to 0, as the correlation length ¢ tends to 0. (Cf. (1.9) for a more general correlation matrix.) That
is, in the limit the noise is spatially uncorrelated. The other assumptions are technical.
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THEOREM 1.3. Let X.(-) denote the solution of (1.21). Suppose (2.4) in addition to
Hypothesis 1.2, (4.5), (5.5) and (5.7). Further, suppose that d > 2 and that {q},q>,.....}
is a sequence of exchangeable initial conditions in (1.13) and (1.4), respectively, such that
for all m € N and ¢ > 0,

P{(Q;a ’q;n) € Am} = Oa

where ¢}, ...,¢™ are the initial conditions in (1.13) for ¢ > 0 and in (1.4) for ¢ = 0,
respectively. Finally, suppose

(X-(0), ¢, 42, ) = (X0.00(0), 00, g2, o) in My x (R)™®, ase |0,

where X, (0) are the initial values for (1.21) and Xy (0) = imy_ % Z;\le 6qg is the
initial condition of (1.7). Then

X:(4) = Xo,00(+) in C(]0,00); M;) ase | 0. (1.22)

Proof. The main steps in the proof of the Kotelenez-Kurtz result are:

o Relative compactness criteria, established in Ethier and Kurtz (loc. cit.);

e In dimension d > 2, with probability 1, the limiting Brownian motions do not
intersect (cf. Friedman []]);

e A generalization of de Finnetti’s theorem due to T. Kurtz.

e The representation of the It6 SPDE (1.19) as the Stratonovich SPDE (1.21), derived
in our Theorem 5.3 of Section 5. O

REMARK 1.4. (i) The importance of Theorem 1.3 comes from the well-known Wong-
Zakai approximation result (cf. Wong and Zakai [38]) SODE’s, replacing the driving
Brownian motion by piecewise linear approximations. We expect that this result can
be generalized to the Stratonovich SPDE (1.21) uniformly in e. Assuming that this is
possible, we can obtain a semi-linear second-order parabolic PDE as the limit of first
order random PDE’s as the random drift (associated with J.) tends to oco.

(ii) Most of the results mentioned in this section have been obtained in much more
generality by numerous authors. We just mention the following: The SPDE (1.13) has
been solved Kotelenez [I8] for finite signed measures (Kotelenez [18] and also for a class
of o-finite measures (Kotelenez [21]). Kurtz and Xiong [27] also employ the particle
approach where the mass is not conserved.

(iii) The extension of the macroscopic limit theorem to finite positive measures, given
mass conservation, is trivial. An extension of this result to signed measures is planned.
Such an extension would establish the stochastic Navier Stokes equation for the vorticity
distribution in 2D fluid mechanics, studied in Kotelenez [17], as a mesoscopic equation,
converging to the solution of the corresponding macroscopic PDE.

(iv) Under certain assumptions the limit ¢ — 0 for d = 1 yields a measure diffusion
process with clumping of the large particles. Cf. Dorogovtsev [3] and the references
therein.

Sections 2 and 4 contain some additional facts and definitions with respect to SODE’s
and SPDE’s. respectively. Section 3 provides qualitative results on correlated Brownian
motions, which can be represented as solutions of a somewhat generalized form of (1.2)
(cf. (3.1) and Proposition 3.1). In Section 5 we derive the Stratonovich form SODE’s,
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driven by correlated Brownian motions and prove a chain rule representation, leading to
the first-order SPDE’s (1.21).

2. Stochastic ordinary differential equations. We define a metric on R?, d > 1,
by

p(r—q) :=r—ql A1, (2.1)
where 7,q € RY, |r — q| is the Euclidean distance on R% and “A” denotes “minimum”.
We define a Wasserstein metric on My as follows:

The space of all continuous Lipschitz functions f from R? into R will be denoted
by Cr(R%R). Further, Cr, (R R) is the space of all uniformly bounded Lipschitz
functions f from R into R. Abbreviate

1A= s @l 71 = s O = F@DL 1 = 11 + N

trealr—a<1y  P(r—aq)

For p,v € My, we set

=)= sww_ | [ Fa)ulda) - vida)), (22)
fllz,ec <1

Note that (Mj,) is a complete and separable metric space. (1.4) and (1.8) can be
linked by defining an M gy 4-valued function o*(r, u,t) and a family of i.i.d. standard
R-valued Brownian motions, {3+"(-)},en, which is independent of {wz}gzl,”,d En-
dowing the domains and ranges of F, J and o with the Borel o-algebras, we assume
F, J and o+ to be jointly measurable in all variables. Then the motion of N particles
is described by the following system of SODE’s:

dri = Fo(rl y(t), Xo N (1), t)dt
+ [ Te(rl n (8), 4, Xeon (t), )w(dg, dt) + o (L (1), Xeon (1), 1)dBH,
rin(0) =g i=1,...,N, X ()=S0, Xri )
(2.3)
Let ¢p, cg, ¢y € (0,00) and assume globally Lipschitz and boundedness conditions

[F(r1, 1, t) = Fra, po, t)] < ep{p(ry —r2) +v(pa — p2)},

ZZ,E:l [f(jkf(rl’pa M1, t) - jk[(r%p, K2, t))2dp + ‘O—Ii_é(rl’ K1, t) - 0’2}(7’2, 2, t)‘ﬂ
< G AP —7r2) + 97 (11— p2)},

‘FE(Tv Hes t)‘Q + ZZ,Z:l f js%k[(rap, Ky t)dp < cRyg,

(2.4)
where (rg, e, t) € R x My x R, £ = 1,2. For examples of kernels satisfying the
above assumptions we refer to Kotelenez [18], [2I]. Along with (2.3) we also consider
the following system of SODE’s, where the empirical process is replaced by an adapted,

1'We consider o+ and {8-"(:)}nen different from the corresponding quantities in (1.4) since the
latter ones will be needed to describe the macroscopic limit for (1.11).
2For alternative assumptions including linear growth, cf. Kotelenez [21].
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continuous M;-valued process V:

driy = Fe(rl (). Y1), 0)dt ~
+ [ Tt n (8),0, Y (1), w(dg, dt) + o (rl 5 (£), (1), ), ¢ (2.5)
T;,N(O) :q;72217,N

Obviously, the equations for the particle positions in (2.5) are coupled only through
the noise term w(dr, dt) and do not depend on N. We can, of course, start the equations
at some point s > 0, and we denote such a solution of (2.5), if it exists, by rn (¢, Y, 7N s, 5)
and its k-th component by r¥.

Let G (resp. Gi) be the o-algebra generated by w(dp, du) between s and t (resp. 0
and t) for t > s. By analogy, for t > s, gsft and G+ are the o-algebras generated by
{dB+"(u)}nen between s and t and 0 and ¢, respectively. The cylinder set filtrations on
C([0,00); M) are denoted Fm s , respectively Fuy, if s = 0. Completed o-algebras
will be denoted with a bar on top of the o-algebra, e.g. Gs ;. Further, if f is a stochastic
process on [s,00) with values in some metric space, we set for ¢ > s,

(ms1 ) () == flunt), (u>s).

THEOREM 2.1. Assume (2.4). Then:

1) (2.5) has a unique solution r*(-, Y, 7%, 0) € C([s,c0); R?) a.s.

2) Let Y; be continuous adapted measure processes and 7“];,1' be adapted initial condi-
tions, ¢ = 1,2. Then for any T > s,

Esups<t<T/\7—p2( k(t 5)17 51’ )a (t 5)27 fZaS)N) (2 6)
< enrg o B0 ) + B [T (02 Gh(w) - Yalu))du}. '

Further, with probability 1 uniformly in ¢ € [s, 00),
rf(t, 5),1"571, s) = Tk(t,ws,tj), rfﬁl, s). (2.7)

3) For any N € N there is an R -valued map in the variables (t,w, u(:),rn,s),
0 < s <t < oo such that for any fixed s > 0,

(oo 8): Qx C([s,T]); My) x R™ — C([s, T]; R™),
and the following holds:
(i) For any t € [s,T], Tn(t,"...,, ) is gét®gst ®FMst®BdN®B (s,] — BN~
measurable.

(ii) The i-th d-vector of Ty = (7,...,7,...7) depends only on the i-th d-vector
initial condition ri € R4 and the Brownian motion (- in addition to its dependence
on w(dg, dt) and Y, and with probability 1 (uniformly in ¢ € [s, 00))

T (t - Y, rs, 8) = rL(t, Vo1, ). (2.8)
(iii) If w > s is fixed, then with probability 1 (uniformly in ¢ € [u, o)),
N(ta'57Tu7tj>7TN(u7'77rs,u~)~}7TN,saS)7u) }

FN(ta * ’/Ts,ty,rN,sv 8)

=3

(2.9)
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Proof. By our global Lipschitz assumptions we obtain existence, uniqueness and (2.6)
from the usual iteration, employing Gronwall’s inequality and the contraction mapping
principle. (2.7) follows immediately from the construction. Statement 3 is proved in
Section 6 of Kotelenez [21], following the construction of Markov solutions which are
jointly measurable in (w, ¢,t) for SODE’s, as given in Dynkin [5], Ch. 11, Section 2. O

Next, we consider the R%-valued system of coupled SODE’s (2.3). We endow RV
with the metric

pN(TNan) = 11<Ila<4X p(Tzaqz)

™), qn = (q1, ., qn) € RV,

THEOREM 2.2. Assume (2.4). Then, to each adapted initial condition rx(0) € R,
(2.3) has a unique solution 7y (-, 7x(s)) € C([s,00); R™V?) a.s. which is a Markov process
on RV,

where ry = (11, ...,

Proof. The proof is a simple alteration of the proof of Theorem 2.1. O

3. Correlated Brownian motions. Recall the N-particle motion described by
(1.2). Assuming Lipschitz conditions on G. as in (2.4), Theorem 2.1 or (2.2) imply
that (1.2) has a unique solution for every adapted and square integrable initial condition
ri(0), i = 1,....,N. Let us now generalize (1.2) to the following system of SODE’s in
integral form which is a special case of equations (2.5) and (2.3):

r(tr) = ri + // r(s,7i), g, yw(dg, dt), i=1,...,N. (3.1)

Asin (2.3) and (2.5), w(dg, dt) is a d-dimensional space-time white noise and I'.(r, ¢) is
an M xq-valued function such that (2.4) holds with I'; replacing J.. Denote the square
integrable continuous martingales from the right-hand side of (3.1) by

M.(t,71) - // r(u, 18, Qw(dg, du), i=1,.., N, (3.2)

We may use the increments of M. (t,r) as a stochastic perturbation of a deterministic
ODE. Of particular interest are the special cases of (2.3) or (2.5) if we replace J by I'. and
assume o = 0. We may simplify the set of SODE’s even further, assuming the initial
conditions to be deterministic points r§ at time ¢ = 0 and r§ # 7 if # # j. We next
describe the correlations of M. (-, 1) from (3.2), where the second variable is the initial
condition from the continuum R?, which is assumed to be deterministic. To this end,
we recall the definition of the tensor quadratic variation of a vector-valued martingale,
as given by Metivier and Pellaumail [29], Section 2.3. In the case of finite-dimensional
martingales, the tensor quadratic variation reduces to the mutual quadratic variations
of all components of the vector-valued martingale. The tensor quadratic variation of the
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R??-valued continuous square integrable martingale (M (t,7¢), M (t, 7)) is given by

t d
[My(t,r0), My(t, 70)] = /0 / > Tk (r(w,70), @)L e m (r(u, 70), q)dgdu,

k,0=1,..,d,ro7 € R (3.3)

(3.3) has a derivative in ¢. It follows from It6’s formula that this derivative serves as
the diffusion matrix in an equation for the mass distribution associated with (3.1):

d
De jo(r,7) := / Z e km (1, Q)T e om(F, q)dg, where v(t,ro) =1, r(t,7o) =7. (3.4)

The diffusion matrix in M 2qyx(24), the space of (2d x 2d)-matrices, consists of 4
(d x d)-matrices which describe the spatial pair correlations between the motions of two
given particles, indexed by rg and 7y, at a given time. Of special interest are the block
diagonal (d x d)-matrices, i.e., when rg = rg or 7o = 7, in particular, for the case of
spatially homogeneous diffusion coefficients, i.e., when the diffusion coefficients satisfy

De,kf(ra CI) = Ds,kf(r - CI) VT? q. (35)

If r¢ = 79 and the diffusion matrix is homogeneous, the uniqueness of the solutions
implies that the tensor quadratic variation for one given particle is a constant matrix
times t. By (3.4) a sufficient (but not necessary) condition for the diffusion matrix to be
homogeneous is that the kernel function I'. be spatially homogeneous, i.e.,

Le(r,q) =T-(r—q) Vr.q (3.6)

PROPOSITION 3.1. Suppose the diffusion matrix associated with (3.1) is spatially ho-
mogeneous. Then, for each ro, M(-,r¢), defined by (3.2), is a d-dimensional Brownian
motion with diffusion matrix with entries

De,kl(o), k.t=1,...4d. (3.7)

Proof. The proposition is a direct consequence of a d-dimensional generalization of
Paul Levy’s theorem (cf. Ethier and Kurtz [7], Chapter 7, Theorem 1.1). O

Henceforth we will assume that the diffusion matrix, associated with (3.1), is spatially
homogeneous, i.e., that (3.5) holds. To derive the space-time correlations for <4 M (-, o),
treated as a generalized space-time random field, we generalize the classical analysis of
Brownian motion and its generalized derivative by Gel'fand and Vilenkin [I0]. It follows
that LM (-,-,w) € &'(R4!), which is the dual of the infinitely often, rapidly decreasing
real-valued functions on R%*!, denoted S(R¥*1) (cf. Kotelenez [21], Section 15). Choos-
ing g4, 94 € S(R?) and ¢, € S(R), we obtain the following random covariance for the
space-time random field &M (-, -):

Covsnol(pup, ML, ) (bath, M-, )]

/// / wa(ro)a(To)p(t)(s)do(t — S)/mi_ll“gykm(r(t,ro,w),q)

X T om(r(s, o, w), q)dgdsdtdrodry.
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Hence, the random covariance is an M gy 4-valued bilinear functional on S(R4+1):
Covgt1,w = 01—s @ De(r(t, ro,w) — r(s,7o,w)). (3.8)

The space-time correlations for M(-,-), Covgy1, are obtained by taking the mathe-
matical expectation in (3.8):

Covg1 = 61— @ E(De(r(t,m0) — 7(s,70)))- (3.9)

Observe that the joint motion of (M(-,rg), M(+, 7)) for rq # 7o is not Gaussian. We
are now ready to formulate the main concept of this section:

DEFINITION 3.2. Suppose the diffusion matrix associated with (3.1) is spatially ho-
mogeneous. The system of N d-dimensional martingales M (-,7%), defined by (3.2),
i = 1,...,N are be called “N d-dimensional correlated Brownian motions starting at
0” and the pair space-time correlation is given by (3.9). If, in addition, the initial con-
ditions in (3.1) are deterministic, the system of solutions 7(-,7¢),i = 1,..., N, are called
“N d-dimensional correlated Brownian motions starting at (rd,....,r{")”.

In the following proposition we allow adapted random initial conditions. We then
show that particles, performing correlated Brownian motions and starting with positive

probability at the same point, will stick together with the same probability.

PROPOSITION 3.3. Let A := {w : r*(0,w) = r7(0,w)} and assume 1 > P(A) > 0. Then
Vi > 0,

r(t,w, ) = r(t,w,rd)  if we A, and r(t,w,rh) #r(tw, ) Vtif w¢ A (3.10)

Proof. The solutions of (3.1) are unique, which implies that starting at the same point,
the positions of the particles will not separate. That particles with starts in different
positions never collide follows from a similar statement and a proof provided by N. Krylov
[24]. O

We need the following result about shift and rotational invariance. Denote by O(d)
the orthogonal (d x d)-matrices over RY, i.e., O(d) := {Q € Mgxq : det(Q) = £1}. Let
h € R and Q € O(d). Let A be a bounded Borel set in R? and define the spatially
shifted (resp. rotated) space-time white noise by:

JSaw-n(dg,ds) = [, , w(dg,ds), (3.11)
Jywo-1(dg, ds) = fQA w(dg, ds). ’

Kotelenez [21], Section 5.2, proves that the following (generalized) random fields are
equivalent in distribution. Denoting this equivalence by “~”, we have

/ w(dg,ds) ~ / wg-1(dg, ds) ~ / w_p(dg,ds). (3.12)
0 0 0
O
We will now restrict our analysis to two correlated Brownian motions, r(-,rj), i = 1,2,
as described by (1.2). Setting G- =T'. .1 and assuming that the other column vectors of
T are identically 0 in addition to spatial homogeneity of G, (3.1) reduces to (1.2), where
we now use the notation w(dq, dt) to denote a scalar-valued space-time white noise.
We denote the solutions of (1.2) with initial conditions r, i = 1,2, and driving
noise w(dr,dt) by ri(-) := r(-,r§,w) and r2(-) := r(-,r¢,w)), respectively. By the shift
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invariance of the kernel G., (3.12) implies the shift invariance of the solutions if the
initial conditions are shifted by the same vector h € R%. To obtain a similar statement
for rotations we follow Truesdell and Knoll [35], Sec. 17, and call functions ¥ : R — R,
G:R?— R%and A:R? — Myyq “frame-indifferent” if

(Qr) =9(r), G(Qr)=QG(r), AQr)=QA(r)Q" YreR,QeO(d). (3.13)
To describe the structure of matrix-valued frame-indifferent functions, we first denote

the subspace spanned by r, {r}, and the subspace orthogonal to {r}, we denote {r}+.
Let I; be the identity matrix in R?. Then we define the projection operators

P(r) ==, PL(r):=1,— P(r), (3.14)

"l“|27

where rrT is the matrix product between the column vector r and the row vector r7,

resulting in the (d x d)-matrix with entries rire, k, £ = 1,...,d. Assuming A is symmetric,
a proof by M. Leitman (cf. Kotelenez, Leitman and Mann [22]) shows that these functions
are frame-indifferent if and only if there are scalar functions a, 3, \, A\* : R, — R such
that

I(r) = a(|r?), G(r)=B(r*)r, Alr) = A(|r[?)P(r) + X (jr) P~(r)
vr e R4, Q € O(d). (3.15)

We easily verify that the kernel in (1.3), associated with a Maxwellian velocity field,
is shift-invariant and, by (3.15), also frame-indifferent.
We quote from Kotelenez, Leitman and Mann [22] (cf. also Kotelenez [21]).

ProrosiTiON 3.4.
(7"(~,7‘(1J,U)) + h,r(~,r§,w) + h) ~ (T('a Té + h,w),r(~, r(2J + h’w))a
and, if G is frame-indifferent, also (3.16)
(Q’F(', Té, w)» QT(', 7,(2)’ w)) ~ (T('a Q""é, w), 7‘(~, Qrgv U})),

where the pair processes are considered as C([0, c0); R??)-valued random variables. [

Note that (3.16) is only correct if we shift both r! and 72 by the same d-dimensional
vector h, or rotate them by the same orthogonal matrix Q).

We are interested in effects of the diffusion coefficient on the motion |r2(t) — ()],
which will be called the “magnitude of the separation”. An initial step in this direction
is a change of coordinates. First we will employ the shift invariance to obtain a Markov
representation for r(-,75) — r(-,r3). Set

) D ke(v2q) := [D: 5e(0) — D2 ke(V29)], }
Ds,ké(\/iq) = f Gs,k(q - q)GE,Z(fq)dqa kvg = ]-7 ) d.

Kotelenez, Leitman and Mann (loc. cit.) show that the frame-indifference implies the
existence of scalar functions

(3.17)

e, 0| ¢ Ry —-R; & O‘E(f)v O] e
such that there is a constant ¢, > 0 and the following holds:

a:(0)=0=a, .(0) and lim ac(|r]?) =c. = |r1|imoo ay (|7 (3.18)

[r|—
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and
D-(V2r) = ai (Ir)PH(r) + ac(|r[*)P(r). (3.19)

Employing this representation and Proposition 3.3, Kotelenez, Leitman and Mann
(loc. cit.) prove the following.

THEOREM 3.5. Set g : |[r3—r{| and suppose d > 1. Then the magnitude of the separation
process is equivalent in distribution to the solution of the following stochastic ordinary
differential equation:

2
de = §(d = )5t + ol (), a(0) = o, (3.20)
where (+) is a one-dimensional standard Brownian motion.

We first want to describe the long-time behavior of the magnitude of the separation
and then briefly comment on its short-time behavior. For > 0 define functions

P(x) € {log(x +e),1(x)}, (3.21)

where 1(x) = 1, log(+) is the natural logarithm and log(e) = 1. Suppose
[ 16 P (o < o0 e (3:22)

Recall in the following theorem that for d > 2, x(t,xzq) ~ |r(t,7?)—r(t,r")|(zo=jr2—r1|},
where r(-,r"), i = 1,2, are solutions of (2.9). For d = 1, we have r(t,q) ~
(r(t,r?) —r(t, Tl)){qzrz_.,.l}

THEOREM 3.6. [14 Suppose (3.22) with ¢(z) =1 if d # 2 and ¥ (z) = log(x +e) if d = 2.
Further, suppose that the diffusion matrix with entries D.(v/2r) is positive definite for
r # 0. Finally, assume for d = 2 that a.(§) > 0 V¢ > 0. Then the following holds:

(i) {0} is a.s. an attractor for the r(-) if d = 1.

(ii) For d = 2 and x¢ # 0 the solution of (3.20) is recurrent.

(iii) For d > 3 and g # 0 the solution of (3.20) is transient.

As a consequence, if d = 1, the two Brownian particles r(-,7%), i = 1,2, will eventually
clump. Further, if d = 2, the two Brownian particles r(-,7%), i = 1,2, will attract and
repel each other infinitely often and, if d > 3, the distance between the particles will
tend to oo with probability 1, as t — oo.

Proof. Case d =1 was proved by Kotelenez [20].

Case d > 2.

Assuming «a.(§) > 0 V€ > p > 0, the following functional (3.23) was used by Gikhman
and Skorokhod [I1]], Ch. 4, Section 16, to study the asymptotic behavior of solutions of

13The cases d > 2 essentially state that for large ¢, correlated Brownian motions behave like uncor-
related (or independent) Brownian motions. This is possible since for d > 2 the limiting uncorrelated
Brownian motions do not intersect. See the sketch of the proof of Theorem 1.3. The long-time behavior
for d = 1 is different from the long-time behavior of uncorrelated Brownian motions, as correlated Brow-
nian motions for d = 1 clump. This observation is consistent with the behavior of the corresponding
SPDE’s studied by Dorogovtsev [3]. See our preceding Remark 1.4, (iv).
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one-dimensional stochastic ordinary differential equations. For the notation, cf. Tkeda
and Watanabe (loc. cit.), Ch. VI.3:

sz, p) = /: exp [— /py wdz] dy. (3.23)

zae (22)

It follows that there are —oo < s~ < st < oo such that

s(xz,8) — +oo, asx — oo if d =2, (3.24)
s(z,6) — st asx — oo ifd > 2. '
Evoking Theorem 3.1 in Tkeda and Watanabe (loc. cit.) completes the proof. O

REMARK 3.7. Generalizing the notion of probability flux in one dimension (cf. van
Kampen [16]) to the divergence of the diffusion matrix D, (v/2r) from (3.19), Kotelenez,
Leitman and Mann (loc. cit.) show that for d > 2 that two correlated Brownian motions
at close distance show attractive behavior for short times, which is in agreement with
the depletion phenomenon.

4. Stochastic partial differential equations. For notational convenience we will
drop the subscript “c” in this section. Recalling the definition of Dy, (r, i, t) from (1.12),
we set

D(r,p,t) = D(r,p,t) + (o> (r, pu, t))2. (4.1)

THEOREM 4.1. In addition to (2.4), suppose that

N
1
Xn(0) := N Z(ST?) — Xp,in Ey%(-—-),as N — oo .
i=1

Then there is a unique continuous adapted M;j-valued process X(-) such that

E sup v(X(t) — Xn(t)) — 0 VT >0,
0<t<T

where X (-) is the empirical process associated with (2.3). Further, X'(-) is the solution
of the following SPDE:

dx¥ = (330 82, (De(, X, )X) — 7 o (XF(-, X, 1)))dt
-V o(Xf T (-, p, X, t)w(dp, dt)), (4.2)
X(0) = Xp.

Sketch of Proof. (i) Let ¢ € C?(R%; R), the real-valued twice continuously differen-
tiable functions with compact support in R%. Integrating by parts in the generalized
sense, we obtain by Itd’s formula the generalization of (1.11):

(dXn (1), 0) = (5 S0 11 O3 Dre(-, Xy, £) X (t) )t )

H(E S et 02 ((0D)2,(, X, 1) X (8t )

—(V & (XN () F (-, Xn, 1)dt, o) (4.3)
—(7 & (Xn (1) [ T (-, p, X, Oyw(dp, dt)), )

+ 2N L (TR (2)) 0 (o (1 (), X, )8 (dt)).
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Exactly as in (1.6), Doob’s inequality yields for the last term in (4.3):
EAR : : 1
E sup (/ > N (VR (5)) & (07 (7 (5), X, 5)877(ds))? < Oror u(5)- (44)

o<t<T Jo i

Therefore, if there is a limit X(-) in the Wasserstein metric, uniformly on compact
intervals, it must be a solution of (4.2).

(ii) To establish the existence of the continuum limit we analyze the behavior of
the pair processes ({r'(-),...,7V(-)}, Xn(-)). We embed finite R%-valued sequences into
infinite R?-valued sequences, using the one-point compactification RY of R Then, we
extend the metric p to Rd, defining the distance between the added element ¢ and r to be
1. Hence, we can define a suitable product metric on (Rd)N xM;. Based on our Lipschitz
assumption (2.4) we can show that the pair processes ({r!(-),...,7V(-),0,..}, Xn (")) €
([0, T); (RYN x M) are flows whose dependence on the initial conditions is uniformly
continuous. Extension by continuity and projection onto the Mj-valued processes yields
the existence of a unique limit X(-) (cf. Kotelenez [21]).

Alternatively, we can follow the procedure of Kurtz and Xiong (loc. cit.) which under
exchangeability assumptions of the initial conditions of (2.3) evokes de Finnetti’s theorem
to establish the limit of Xy (-). O

To obtain smooth solutions of (4.2), the calculations are simpler if we assume that the
diffusion matrix from (1.9)/(1.12) is spatially homogeneous ie.,

D(r,q,p,t) = D(r — q, p, 1),
(4.5)
D(r, i, t) = D(0, i, ).

Spaces of interest for densities associated with smooth solutions of (4.2) include
L,(R4;dr) for p = 1,2, the p-integrable real-valued functions with dr the Lebesgue mea-
sure, where Hy := Lo(R%; dr) was already introduced in Section 1. Under the assumption
that the diffusion terms, determined by D(r, u, t) and ot ((r, 1, ), have bounded contin-
uous partial derivatives up to order 3 and the drift F' has bounded first-order partial
derivatives, we obtain smooth solutions, i.e., solutions which are in Ho N Ly (R%; dr), pro-
vided the initial conditions are in HyN Ly (R%; dr) . It follows from the duality relation of
weak solutions that these densities are themselves solutions of (4.2). Under an additional
smoothness and Lipschitz assumption on the coefficients we also obtain uniqueness. Fur-
ther, under more smoothness assumptions on the coefficients and the initial conditions,
we obtain solutions with values in the classical Hilbert-Sobolev spaces over R?, including
Sobolev spaces with weights. We refer to Kotelenez [21I] and Kurtz and Xiong (loc. cit.)
for the general case and to Kotelenez [I8] for the case where ot = 0. Let us now just
assume there is a smooth solution X (-) in Hy which is in the domain of the operator

A(t, X) = A(t,X) + A(t,X), where
A X) =5 55 O (Die (-, X, 6)X), (4.6)
Alt, X) =350 2y 0 (01 (X, 1) 2)ke X).

14Cf. (3.5).
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Similarly to the classical variational approach by Pardoux [3I] and Krylov and
Rozovski [25] we can derive an Ité formula for the square of the Lo-norm (Kotelenez

18], [21]):
X ()3 \X( o
+fo {(2A4(s, X (s)), X ())o — QZM 1fo J1X(s) auD)M(O s)ds
Jrzzl:l fngQ(s,r)agFg(r, X, s)drds
—|—ff0t X2(s,r) [ 7 o (T (r,p, X, t)w(dp,ds)))dr,

where, as before, the partial derivatives are taken with respect to r. Following the

(4.7)

terminology of Krylov and Rozovski (loc. cit.), we see that the pair consisting of the
sum of the second-order drift operators and the first-order diffusion operators in (4.2) is
coercive if o is invertible. In what follows we will call an SPDE “coercive” if the pair
is coercive. Otherwise the SPDE will be called “noncoercive”. So, we also see that (4.3)
is noncoercive if

ot =0, (4.8)

which is equivalent to saying that (1.13) is noncoercive.
REMARK 4.2. Under the conditions of Theorem 4.1 we obtain the flow representation
of the solution of (4.2),

t) = /5<r<t,x,o,q>>?f(07dq) = X(0)(r~'(t, X, 4,0)), (4.9)

where 7(-, X, ¢,0) is the solution of (2.5) with input process Y(-) := X(-) and start ¢ at
0.

REMARK 4.3. Consider the SPDE’s (4.2) and suppose that both J and o do not
depend on the measure variable in addition to the conditions of Theorem 4.1. Further
suppose that o has bounded continuous second-order partial derivatives and suppose
(5.5) and (5.7) from the following Section 5. Let X(-) := X'(-, Xy) be the It6 solution of
the SPDE (4.2). Then X(-) is a weak solution of the following SPDE in Stratonovich
form:

X = %Zi,gzlaz[,,x(( (o 1))? M)
— Vo XF(-, X, t))dt — 7 o (X [ T(-,p,t))w(dp,odt), (4.10)
X(0) = A,

where, as before, “o” denotes Stratonovich differentials.

Proof. By the same argument as for (1.21) we obtain a first-order SPDE contribu-
tion from the noncoercive part and the assumptions imply that the tagged noise term
disappears in the limit. O

5. Appendix: Stratonovich differentials. Let a(-) = b(-) +m(-) and a(-) = b(-) +
m(-) be continuous locally square integrable real-valued semi-martingales, adapted to
the filtration F;, such that b(-) and b(-) are processes of bounded variation and 7(-) and
m(-) are martingales. Further, let {tf <] <--- <t} <---} be a sequence of partitions
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of [0, 00) whose mesh tends to zero, as n — co. Set
Z {a(ty) + a(ti_1)}(alt) — alti_1))-

Tkeda and Watanabe show that S,,(t, @, a) converges in probability, uniformly on compact
intervals [0, T]. The proof of this statement is very similar to the proof of the It6 formula.
Thus, we obtain the “Stratonovich integral of a(-) with respect to a(ds)”:

/0 a(s) oa(ds) :== lim S,(t,a,a). (5.1)

n—oo

The representation of the approximating sequence immediately implies the following
transformation rule:

/ a(s) o a(ds) = / i(s)a(ds) + [, ml(t) as., (5.2)
0 0

where the stochastic integral on the right-hand side is the It6 integral. The mutual
quadratic variation [, m|(-) in (5.2) is called the “correction term”, which we have to add
to the It6 integral to obtain the corresponding Stratonovich integral. The generalization
to multidimensional semi-martingales follows from the real case componentwise. Let us
recall the chain rule. Suppose a(-) := (a;(-), ..., aq(+)) is an R%-valued continuous locally
square integrable semi-martingale and ¢ € C3(R% R). Then,

a(-) := p(al-))
is a real-valued continuous square integrable semi-martingale and the following represen-
tation holds:

a(t) = ¢ )+ Z/ 87“1 )oa;(ds). (5.3)

In what follows we will apply the Stratonovich integral to the study of a special case
of semi-martingales, given by the solutions of (1.19), where for notational convenience
we replace X,y by an adapted continuous measure-valued process Y(-) and drop the

subscript “c” at the coefficients and solutions. More precisely, we consider
dr(t) = F(r(t), Y(t), )dt + [ T (r(t), p,t)w(dp, dt), } (5.4)
r(0) = ro, '

assuming the conditions of (2.4) and (4.5). Next, let z(-) be a continuous square integrable
R-valued semi-martingale. Further, suppose that, in addition to (2.4), J(r, g, s) is twice
continuously differentiable with respect to r such that

sup / / arior Ti0)?(r,q, s)dgds < co. (5.5)

reR? 4,7,k 4=1
Employing the representation (1.16)/(1.17) and applying It6’s formula to
@(Ta t) = O-n,kf(lrv Hy t)a k7£ = 17 ceey d7

we obtain that all n entries of o, r¢(2(+), 1, -) are continuous square integrable R%-valued
semi-martingales and the same holds for the sum. Consequently, we can define the
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Stratonovich integral of J(z(s), g, s) with respect to w(dg, ds) as a series of Stratonovich
integrals

/ / J(z w(dg, ods) : Z / on(z o 4" (ds). (5.6)

PROPOSITION 5.1. Let r(-) be the solution of (5.4). In addition to (2.4) and (5.5) suppose
that the diffusion matrix Dy, associated with the diffusion kernel Jj ¢(r, g, s), is spatially
homogeneous and that the divergence of the diffusion matrix equals 0 at (0,t) V¢, i.e.,

d
> (0kD)e(0,t) =0 VL. (5.7)
k=1

/ / I w(dg, ods) = / / T(1(), ¢, 5)w(dg, ds); (5.8)

i.e., the Stratonovich and the It6 integrals coincide in this particular case.

Then

Proof. The solution of (5.4), r(-), is obviously a continuous square integrable R9-
valued semi-martingale. It6’s formula provides the representation of o, ;;(r(-),-) as con-
tinuous square integrable semi-martingales. Hence, the correction term

[0, ( / ﬁ” (ds)]
satisfies

[ £), Jy B1(ds)] = Yoyl fy Okonis)(r(s), $)re(ds), [y B (ds)]
= Zk | fo JOk0n,i5) (r(8), {0 Siemy Omoke (), 9)B"(ds)}, fy By (ds)] (5.9)
= Zk 1 fo f ako—" Vi (T(S)a S)Un,kj(r(s)a S)dsa

where the last line follows from the independence of 37 and 3" if (n, j) # (m,£). Sum-
ming up the correction terms and using a more traditional notation for partial derivatives,

we obtain for the correction term,

d d
0
5 ak E E On,ij 7‘ t Un ki LL |q r E e / T pat)j(qapat))ikdp)\q:r)'
k=1

k=1 n j=1
However,
[ (7605 (@0 0) s = Dt~ .0
Hence,
d d d
ZZZ (Okon 1] (r,t))on ki (q,t \q r = Z Q7t)|q=r =0, (5.10)
k=1 n j=1 k=1

by assumption (5.7). We conclude that the sum of all correction terms equals 0, which
implies (5.8). O
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LeEMMA 5.2. Let ¢ € C3(R% R) and assume the conditions and notation of Proposition
5.1. Then

)3 / (Tl () s 0 0a(r(s), 95" (d9) = 3 [ (Ve(r(s) o (o), 5) 0 57(d).

(5.11)

Proof. As in the proof of Proposition 5.1 we first analyze the one-dimensional coor-
dinates of (5.11). Since the deterministic integral fot F(r(s), Y, s)ds is the same for It6
and Stratonovich integrals, we may in what follows assume, without loss of generality,
F=0. By (5.2),

POy 1f0 ) (r <>>oan,kj<r<s>,s>ﬁy<ds>
=y lfo 012)(r(5))m 15 (r(5): )55 () (5.12)
+2Ok) (1)), 30—y fo Onuks(r(s), 5)B2(ds)).

As before, we employ 1t6’s formula to obtain the martingale part of %(p(r(t)). Then,
as in (5.9),

% [(Orep)(r Z/ O,k (T 5”(078)]

=5 Z / (02,0)(1(8))0m0j (1(8), 8)Tp ki (1(5), s)ds.  (5.13)

j@l

Summing up over all n yields for the left-hand side of (5.11):

3 [(Op) (7 ZZ/ O ki (1(8), 5)B] (ds)] Z/ (0200)(r(5)) D (0, s)ds.

n j=1
(5.14)

;_n

For the right-hand side of (5.11) we have

] 1f0 Mp)( (5))Unkj(r(3)a s)o (ds)
= X1 Jo( 31@90 (r(8))n,ks(r(s), )85 (ds) (5.15)
+3 ZJ 1[(816@)( (t))an k?j r(t),t), fo ﬂn dS

By It6’s formula, the martingale term of (9rp)(r(t))om,k;(7(t),t) equals
t
[ onistr(9) ) V00106 o [ (00610 5)wtan )
0
/0 (k) ) (Vo (5)5)) o [ T,y shlip ),

whence the correction term in (5.15) satisfies the following equation:

223 1[(@#)( r()onri (r(t), 1), fy B(d
=3 Zz] 1fo (Do) T(S))Un,kg( (s), )Umég(?“(s)as)ds (5.16)
3500 i1 Jo (Ok0) (7(9)) (D00, 1) (1(5), 8)) 257 (5), 5)ds.
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The sum of the second terms over all n equals 0 by (5.10). Summing up the first terms
over all n in the right-hand side of (5.16) yields

2 ZZ ,j=1 fO 8kf<p )) Zn On,kj (T(S)’ S)O’mgj(’/'(s), S)dS
= 33201 Jo (0200)(r(5)) Die(0, 5)ds.
Since the diffusion matrix Dy, is symmetric, we obtain that the correction terms for

both sides of (5.11) are equal. O
We can now make the following important observation:

(5.17)

THEOREM b5.3. Suppose that the conditions of Proposition 5.1 hold and let ¢ €
C3(RELR). Denoting by 7(-), the solution of the (It6) SODE (5.4), the following holds:

@(T(t)) = 2 kfz 1(3kz<ﬂ)( (s ))Dktz(o s)ds )
+Zk 1fo V‘P fjkl q, s)we(dg, ds) + [ (Ve)(r(s)) ® F(r(s), V(s), s)ds

_Zk:l fO fjkl )»q, 8)we(dg, ods) +f0 V)(r(s))e (7‘(8),5)(8),8)
(5.18)

Proof. By assumption (4.5), the diffusion matrix D(-,t) = D(0,¢). Hence, the It6
formula yields the the first part of (5.18). The chain rule for Stratonovich integrals in
addition to Lemma 5.2 implies that ¢(r(t)) equals the right-hand side of (5.18). O
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