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Abstract. The focus of this work is on a two-dimensional stochastic vorticity
equation for an incompressible homogeneous viscous fluid. We consider a signed
measure-valued stochastic partial differential equation for a vorticity process based
on the Skorohod-Ito evolution of a system of N randomly moving point vortices. A
nonlinear filtering problem associated with the evolution of the vorticity is consid-
ered and a corresponding Fujisaki—Kallianpur—Kunita stochastic differential equa-
tion for the optimal filter is derived.
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1. Introduction

Experimental results often suggest that the nature of certain hydrodynamical phenomena
calls for their stochastic formulation. High sensitivity to initial conditions and to pertur-
bations, interplay of large numbers of degrees of freedom, and presence of conditions,
under which existing microscopic perturbations get amplified to macroscopic scales, give
rise to unsteady and chaotic flows. Thus, in many cases a natural approach to modeling
of chaotic behavior in fluids is given via stochastic partial differential equations (SPDEs)
of motions.

The focus of the current paper is on the stochastic modeling of the motion of
a homogeneous viscous incompressible flow in R? and the solution of an associated
nonlinear filtering problem.
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Section 2 presents a signed measure-valued stochastic Navier—Stokes equation in
its vorticity formulation, obtained from a system of interacting point vortices driven by
Skorohod—Ito SDEs. This stochastic vorticity model, introduced in [1], is rather general,
contains both continuous (Brownian) and jump (Poisson) components and allows for a
discontinuous (in time) displacement of point vortices. When the Poisson component is
disregarded, the model reduces to a continuous stochastic vorticity model suggested by
Kotelenez in [7].

Section 3 is devoted to our work on a filtering problem associated with the stochastic
vorticity model. We present a nonlinear filtering theory for a stochastic vorticity process
in the case when the vorticity is generated by a system of randomly moving point vortices
(whose precise positions are unknown and are observed subject to an independent random
noise).

However, before proceeding to stochastic modeling of the vorticity we briefly state
the classical equations of hydrodynamics. Newton’s second law of motion, applied to
a fluid particle in an incompressible homogeneous viscous flow in R?, gives rise to a
well-known Navier—Stokes model:

ou 1
— 4+ w-V)u+ —Vp=vAu, (D
ot 0
V.u=0, 2)

where velocity u = u(t, x) and pressure p = p(t, x) are unknown variables of interest,
p is a constant density and v is a kinematic viscosity. Let the domain occupied by the
fluid be D = R?. Consider the following boundary condition:

u(t,x) —> 0 as |x| - oo. 3

Then the Navier—Stokes model (1)—(3) with the domain D has an equivalent vorticity
formulation given by
ow
ot

where one can deduce the velocity field u from the vorticity w = w (¢, x) viaaBiot—Savart
law:

+ - Vo =vAw, )

u(t,x) = / Kx—yow(t,y)dy 5)
with the kernel K given by
02 1
K(x—y):=Vigllx —y) = (—a ]> (—Eloglx—ﬂ), (©)
1
g(lx|) == —2—10gIXI- (N
b4

Note that in R? vorticity equals curl(u) (half of the angular velocity) and describes how
the fluid is rotating. In the case of just two spatial dimensions with u = (u', u?, 0) and
u' = u'(x', x?), vorticity is scalar and is given by

o(t,x) = 0.u’(t, x) — dou' (1, x). 8)
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2. Stochastic Vorticity Model

One popular approach to stochastic modeling of viscous flows is to consider a stochastic
Navier—Stokes equation, obtained by adding a random force (usually in the form of
white noise) to the classical Navier—Stokes equation, which should account for various
neglected effects and external disturbances. Interesting results in that direction can be
found in [2], [8], [3] and [4]. However, in our opinion it is highly desirable to obtain
a stochastic Navier—Stokes model where the stochastic component enters the model
intrinsically, reflecting the chaotic behavior that is often observed in fluids even when
no apparent external random forces are present.

The main idea behind a stochastic vorticity equation is to view the evolution of
vorticity in the flow as an evolution of a system of randomly moving “point vortices”,
i.e. “particles” which carry concentrations of vorticity (while the rest of the flow is
irrotational), and then analyze the resulting “mezoscopic” stochastic vorticity equation
for an underlying microscopic model of randomly moving vortices. Namely, consider
a system of N point vortices, where each vortex has an associated vorticity intensity
a € R,i =1,...,N (a; > 0 corresponds to the rotation in the counterclockwise
direction, @; < 0 corresponds to the rotation in the clockwise direction).

Let (2, F, (F;):>0, P) be a stochastic basis with right continuous filtration. All our
stochastic processes are assumed to live on €2, be F;-adapted and (dP x df)-measurable,
where dt is the Lebesgue measure on [0, 00). Suppose the position of the ith vortex for
t € [0, T] satisfies the following Skorohod—Ito type stochastic integral equation:

K() = & + / s (xi(5)) ds + / f L (x(s), v)W(ds dv)
0 0 R2?

+
16 / / Bt % (5=, )N (ds ), ©)
0 A

where

N

e, (x) = Y a;K.(x —x;(1)),  Vx eR?, (10)

j=1
and the following conditions hold:

@ W, v) = (W, v), W, v))T, W' and W? are given independent Brownian
sheets on R* x R? with mean zero, variance ¢|A|, where A is a Borel set in R? with
finite Lebesgue measure |A|.

(b) (A, £) is a measurable space; N is a given Poisson random measure on Rt x A,
independent of W, with a characteristic measure IT on A; N (t, B) =N(t, B) —tTI(B)
is the compensated Poisson random measure.

(c)For0 < ¢ < 1, K.(x — y) is aregularized Biot—Savart kernel, i.e.

Ko(x —y) = (_g) ge(lx =D,

where g, is at least a twice continuously differentiable approximation to g(|x|) :=
(—1/2m) log|x|, with bounded derivatives up to order 2, satisfying |g.(7)| < |g'(7)| and
lg: (1) < 18" (z)| for T > 0.
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(d) 02/2 = v (viscosity), 0 is a fixed nonnegative constant.
(e) h(t,x,1): RT x R? x A — RR? is a measurable function, such that there is a
constant D; > 0 such that Vz > 0, Vx € R?,

/ |h(t, x, MI*TI(dA) < Dy, / |h(t, x, 1) — h(t, y, MI*TI(dA) < Dylx — y|*.
A A

®

['(x,v) 0

F(x’”)::< 0 .o

), Vx,veRz,

where the correlation functions [': R? x R?2 — R* are defined to be bounded Borel-
measurable functions, symmetric in x, v, satisfying, for some constant D, > 0,

/fz(x, v)dv =1, f (Cx,v) =Ty, v)2dv < Dolx — y?,  Vx,y e R
R2

(2) (&) lNz | are square integrable F(-measurable random variables independent of W
and V.

Consider the empirical vorticity signed measure generated by the above system of
point vortices:

N
@) (dx) = 418y, (dx), (1)
i=1

where . (-) stands for the Dirac point measure of mass 1 concentrated at the point ¢ € R2
and defined for any Borel set in the plane, and {x;(¢)};>0, i = 1, ..., N, is the unique
strong solution to the system (9)—(10).

Note that (10) represents a “regularized” Biot—Savart law, since Vx € R?,

s () = / K. — )@ (dy). (12)

The regularization is needed in view of the singularity of the original Biot—Savart kernel
K at zero.

Fora € R,let M (a) denote the space of all Borel signed measures i on R? such that
A(R?) = a.Let cy (R, R) be the set of bounded and Lebesgue integrable functions from
R? into R, which have bounded, continuous and Lebesgue integrable derivatives up to
order m. L,(€2; D([0, T], M(a))) denotes the space of square-integrable M (a)-valued
cadlag stochastic processes.

Also let (-, -) be the standard scalar product on L, (R?, dr), and for any finite signed
Borel measure fi on R?,

)= [ s,
We will need the following result from [1]:

Theorem 1. Let (&),N )ie(o.7] be the empirical signed measure-valued process (11) as-
sociated with the evolution (9)—(10) of N point vortices and ZlNzl a; = a. Then, in
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the space Ly(S2; D([0, T1, M(a))), (@M ):ej0.1) is the unique solution of the following
stochastic “jump-type” vorticity equation: for all f € C 2 (R, R), Vt € (0, T),

d(@), f) = (&, ue, - Vf+vAf)dt

b [ @S Oh ) = £ = 0hE,2) - P)TIER d
A
2

v ) [ @ Ee Wiy -
=1 R

+/<cbfv_,f(-+9h(t,»k))—f(-))/\?(dtdx),
A

ug(x) = / K.(x — y)cb,N (dy) (“regularized Biot—Savart law”)

with the initial condition: & = Z,N:1 a;8, (a.s.).

Remark. ifv=02/2=0and6 =0, (13) reduces to
a@y, f)y = (@, u., - V),
e (x) = / K.(x — y)@) (dy),

which is a weak form of the (deterministic) “regularized” Euler equation in its vorticity
formulation for an inviscid incompressible fluid in R?.

Ifv > 0,6 = 0, (13) reduces to a continuous stochastic vorticity model of
Kotelenez [7].

3. Filtering Problem Associated with the Evolution of a System of N
Randomly Moving Point Vortices

We consider a stochastic vorticity process generated by a system of N point vortices
whose motion is not observed directly. The positions of the vortices x;(¢), t € [0, T],
follow the Skorohod-Ito evolution given by (9)—(10). For notational convenience we
denote by

X (1) := (x] (1), 7 (1), %3 (1), 55 (1), .., Xy (1), x5 (1))
a 2N-dimensional vector of the positions of our N vortices at time 7.
Theorem 2. Suppose (X (t)):cf0,1] is the solution to the system (9)—(10) for which
assumptions (a)—(g) are fulfilled. Then X (t) is an R2N -valued Markov process and its

transition probability can be defined by

P(t,b,s, A) = P(Xp,(s) € A), VA € BR*™), beR?,
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where 0 <t < s < T and X, (s) satisfies

Xpi(s) = b + / K (Xpa(e)dt +o / f F (X5, (0), ) W (d dv)
t t R2

s+ o ~
+9/ / H (t, Xp(t=), VN (dT d))
rJa

ler,i=1,...,N,

l 1

N N
K ()= (Zangl(Cl — ), Zangz(Cl —C)s s
o =

and forany ¢ = (c},c},...,ch, )T e RN, ¢; = (¢

N N r
D aKlen — ), Yy ak(cy — ck)) :
k=1 k=1

TL,v) 0 -+ 0
Pews=( 0 T 0
0 0 .- T(ew,v)

which is a 2N x 2N matrix (with T (c;, v) being a 2 x 2 diagonal (sub)matrix),
Wi= (W', W2 .. W w7,
and
H (toc ) = (h' (8, c1, M), B2t c1, W), Bt e, ), 2 (E ey W)
are 2N -dimensional processes.

By the infinitesimal generator of a family of transition probabilities P(z, b, s, A) we
mean the operator L; defined on functions F(b) (b € RV by

1] fRZN F(y)P(ts b,l/:d)’)—F(b)
tt t—t ’

s
t<s<t

(LsF)(b) =

(14)

=i

A

The domain D(L) of the generator consists of all continuous functions F (b) for which
the limit (14) exists for each s € [0, T], b € R*V.

Theorem 3. Underthe conditions of Theorem 1, let L be the infinitesimal generator for
the Markov process X (t), thenVF € C,f(RzN, R) ¢ D(L), Vb = (b!, b%, e, b,lv, blz\,)T
e RN b = (b}, b)),

N
(LsF)(b) = vAF(b) + Y {akKs(bi —bi) - ViF (D)

ik=1
i#k

+v (f I i, I (b, v)dv) A,-kF(b)}
]RZ
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+/ |:F(b+9;1(s,b,)»))—F(b)
A

i=1

N
—QZh(s,bi,A)'ViF(b):| I1(dr), (15)

v~—<3 a) PO
! ap? ) T ablab! T 9b2 ab?’

Proof. The proof of Theorems 2 and 3 is analogous to the argument given in Theorems 1
and 2 in Part II, Chapter 2.9, pp. 288-291, of [6]. O

Consider a system of N “noisy” observed vortices:
t N
mozfiymmm»m+&m, 1[0, Tl, (16)
0 k=1
where ¢;: R?> = R2, Vi, k € {1, ..., N}, ¢; (xr(w)) is (t, w)-measurable,

T
fEmmwww<w (17)
0

and B(t) = (By(t),..., By(t)) is a 2N-dimensional G-Brownian motion indepen-
dent of X = (X(1)) = (x1(2),...,xy(t)), where G, € F} and (Y (1)o7 =
(0, ..., yn(0))repo, 1y, Or, equivalently,

t
5t = [ @ g ds+ B, (18)
0
where @ is the unobserved vorticity process satisfying (13). Fori = 1,..., N, let
t
w0 =i - [ @00 | 7D (19)
0

Then W () = (W;(?), ..., ¥y (7)) is a 2N-dimensional }',Y—Brownian motion. Taking
into account the Markov structure of the signal process X given in Theorems 2 and 3
and using a classical Fujisaki—Kallianpur—Kunita (FKK) equation obtained in [5] for the
observation model (18) we obtain the following result:

Theorem 4. Let (Yi)ieio.r) = 01(8), ..., YN ())tefo.1) be a system of N observed noisy
vortices satisfying model (18). Then the analogue of the FKK filtering equation for the
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unobserved vorticity process ®" is given by: for all f € C g (R%, R),

E{@), /Y1 FD

— E(@Y. f) | FD) +f E@Y ey -V f +vAf) | F¥yds
0
+/ E(f @, f(+0h(s,-, 1) — f()
0 A

—Oh(s,-, A) - VLITI(dN) | ;f{) ds

N t
=S /0 (E(@Y, PY@Y, o) | F1)
k=1

—E{@N, Y I FHEW@Y, o) | FD} - d¥i(s), (20)

where

Ue.; (X) ::/ K. (x —v)@ (dv).
]R2
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