Limit theorems for motions in random fields

Summary

Motivation

My thesis refers to turbulent diffusion. It is a transport of mass, heat, or momentum in liquid.
This flow is very complicated and not laminar. The complexity of a flow is characterized
by the Reynolds number Re. The turbulent flow of the liquid for sufficiently large values
of Re is characterized by the fact that in each point of stream we have very irregular and
disordered changing of speed in time. A typical value of Re, for which we can observe fully
developed turbulence is approx. 2000 [17]. For example, the Reynolds number for a flow of a
particle in viscous liquid such as honey or glycerine is less that 1. Turbulence occurs much
more rapidly than molecular diffusion and is therefore extremely important for problems
concerning mixing and transport. This issue is also cold Arnold’s diffusion [1]. The physical
background of this problem can be found in the Frisch monograph [7]. According to Fick’s
law ([7]) in turbulence transport the square mean displacement is proportional to the time.
However in turbulent flow may occurs some anomalies in asymptotic behavior. For example
we can observe the superdiffusive behavior (the square mean displacement grows faster than
time) or the subdiffusive. In [8],[2] authors show that then there is not effective diffusivity
and the asymptotic behavior is not given by simple diffusion equation.

In classical turbulent case one of the most interesting issues is a study of the asymp-
totic behavior, with the assumption that the molecular diffusivity vanishes. The concept of a
turbulent diffusion was introduced by G.I. Taylor in early 1920s in [22]. R. Kraichnan [15] con-
jectured that the diffusion approximation holds even for zero mean, divergence-free velocity
field V(x) that are independent of t.

Until now most, of the considered models deal with stationary fields. It is because we have
to use ergodic theorem. We want to deal with a mathematically more difficult case. Namely,

we will consider differential equation with random but non stationary coefficients.

Passive Tracer Model

One of the simplest formulations of the problem of a turbulent diffusion and the problem of a

turbulent transport is a passive tracer model. This model is described by the following formula

dX(t)
T_V(t,X(t)),

X(0) =0,
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where V (¢, z) is some random field. It is a classical model of statistic hydrodynamics and it
is described in details in monograph [18]. The physical interpretation of this model may be
the observation of a particle of a pollution moving in a turbulent flow. This particle is called
a tracer. The trajectory of the tracer is modeled by the process X (t). The equation describes
microscopic dynamics, but observations are done in a macroscopic scale. So we need to apply
some rescaling in order to have the situation that the macroscopic observation shows the

microscopic changes. The passive tracer model after diffusive rescaling is as follows

aX(t) 1V<t X(%))

g2’ ¢

dt €
X©(0) =0.

(1)

The above equation was studied mostly in the case when, the field V' is divergent-free and
stationary ([4],[9],[10],[13],[6]).

One of the basic questions in studying asymptotic behavior of the tracer is the question
about the law of large numbers (LLN) and the central limit theorem (CLT). The law of
large numbers states that there exists a deterministic vector v, € R? (called Stoke’s drift),
such that X(t)/t — v, a.e. If it is possible to show LLN, then we can ask about CLT, i.e.
does (X (t) — v,t)/+/t converge in distribution when ¢ — 00 to normal vector N(0,)? The

covariance matrix £ = [k;;], 1,7 = 1,...d is called the turbulent diffusivity of the tracer.

Some of the results in the literature

With the assumption that the vector field {V(t,z),z € R?} is stationary and Markovian,
CLT was proved in [4],[6]. Another important CLT was obtained in 1997 by [13] (see also
[5]). Authors of this result deals with zero mean, stationary, divergent-free, Gaussian and
T-dependent field V(¢,z). T-dependence means that there exists some 7' > 0, such that

covariance matrix satisfies |R(¢, )| =0, |t| > T.

Obtained results

On positivity of the variance of a tracer moving in a divergence-free Gaussian

random field

In Chapter 3 we consider the field V', which is 7T-dependent, and satisfy the assumptions
from [13]. Recall that in this paper authors established the convergence in law of X (¢)/v/t

to normal the vector N(0,«). The question whether x does not degenerate and becomes a



null matrix has not been adressed in [13]. The fact that x = 0 would indicate a subdiffusive

behavior of the tracer. In this Chapter we formulate a sufficient condition for x # 0.

CLT for nonmarkovian fields

Recall that CLT for the passive tracer model was proved for the field which are T-dependant
and in case of stationary, markovian vector field {V (¢, x), (¢, z) € R'*?} which has the spectral
gap property ([6, 14, 4]). In the gaussian case the covariance matrix for this type of fields is
following

Ryn(t.) = B[V (. 0)V,(0.0)] = [ =7, (), )

R

where exists vy such that () > o > 0 and R(d¢) = [R,q(d€)], p,q = 1,...,d, is a Borel
measure with values in the space of d x d hermitian, nonnegative defined matrices.

Based on [13, 6] one may suppose that, CLT can be proved for a traser moving in filed,
which a covariance satisfying a fast decay condition for example when exists a,C' > 0 such
that

IR, (t, )] < Ce ™ pg=1,... d, for all (t,2) € R

One step in this direction is a result from Chapter 4. We consider there the covariance in

which term exp{—~v(&)|t|} from (2) is replaced by

€)= [ M)

where p is some nonnegative, finite Borel measure on R and v : R — R is nonnegative
Borel measurable function. Therefore we consider the field V (-) with the following covariance

matrix

Ro(t, ) = / SRt ) Ry (dE)s prg=1,....d.
R

Markovian fields corresponds to the case u(d\) = do(d\). Spectral gap property comes
from the assumption v(&, A) > v > 0.

Locally Stationary Fields

In Chapter 5 we move away from the stationarity assumption. A natural generalization of
this assumption is a concept of local stationarity. We want to study the asymptotic behavior

of a tracer moving in a divergence-free, locally stationary vector field. In the homogenization



theory the concept of local stationarity occurs in [19], [21]. The passive tracer model in a
locally stationary field can be described by the following equation
dXe(t) 1 tXE(t)
=-W|—,—= Xt
dt £ (52’ e’ )
X=(0) = 0.

(3)

We introduce here the third argument of the field. It is the local stationarity parameter, i.e.
for fixed y € R? the field W (¢, z, ey) is stationary and ergodic. We are interested in a situation
when € < 1. Note that this argument changes slowly. Namely, it changes in the macroscopic
scale, while the microscopic time and space variables are scaled diffusively. We will study the
behavior of the tracer X(®)(¢), when ¢ — 0. The above model of the field is too general for us,
to say something about the asymptotic behavior of the tracer. To do so, we will study fields

constructed in Chapter 5.

Bibliografia

[1] Arnold, V., L., Instability of dynamical systems with several degrees of freedom, Soviet Mathe-
matics 5: 581-585, 1964.

[2] Avellaneda, M., Majda, A., Mathematical models with exact renormalization for turbulent trans-
port, Comm. Math. Phys. Volume 131, Number 2 (1990), 381-429.

[3] Bensoussan, A., Lions, J.L., Papanicolaou, G., Asymptotic analysis for periodic structures. Stud-
ies in Mathematics and its Applications, 5. North-Holland Publishing Co., Amsterdam-New
York, 1978.

[4] Carmona, R., Xu, L., Homogenization For Time Dependent 2-d Incompressible Gaussian Flows.
Preprint (1996).

[5] Chojecki, T., Komorowski, T., On positivity of the variance of a tracer moving in a divergence-
free Gaussian random field, Statistics & Probability Letters, 2014, vol. 91, issue C, pages 98-106

[6] Fannjiang, A., Komorowski, T., Turbulent Diffusion in Markovian Flows, Ann. of Appl. Prob.
9, 591-610, (1999).

[7] Frisch, U., Turbulence: The Legacy of A. N. Kolmogorov, Cambridge University Press 1995.

[8] Isichenko, M. B., Percolation, statistical topography, and transport in random media,
Rev.Mod.Phys. 64 (1992) 961-1043

[9] Kelly, D., Melbourne, 1., Deterministic homogenization for fast-slow systems with chaotic noise,
http://arxiv.org/abs/1409.5748, (2014)

[10] Kifer, Y., L? diffusion approzimation for slow motion in averaging Stoch. Dynam 01/2002;
03(02).

[11] Komorowski, T., Landim, C., Olla, S., Fluctuations in Markov Processes, Springer, 2012.

[12] Komorowski, T., Olla, S., On the Sector Condition and Homogenization of Diffusions with a
Gaussian Drift, Journ. of Funct. Anal. 197, 179-211, (2003).

4



D L
o L

Komorowski, T., Papanicolaou, G.. Motion in a Gaussian, Incompresible Flow, The Annals of
Applied Probability , pp. 229-264 (1997).

Koralov, L., Transport by time dependent stationary flow, Comm. Math. Phys. 199 (1999), no.
3, 649-681.

Kraichnan, R., Diffusion in a Random Velocity Field, Phys. Fluids 13, 22-31(1970).

Krengel, U., Brunel, A.,Ergodic Theorems, W. de Gruyter, 1985.

Landau, L.D., Lifszyc, E.M., Hydrdynamika, Wydawnictwo Naukowe PWN, Warszawa 1994.
Monin. A. S.. Yaglom A. M., Statistical Fluid Mechanics of Turbulence, Vols LI, MIT Press
Cambridge,(1971), (1975).

Olla, S.. Siri, P., Homogenization of a bond diffusion in a locally ergodic random environment,
Stochastic Processes and their Applications 109, pp. 317-326, 2004.

Port. S. C.. Stone, C., Random Measures And Their Application To Motion In An Incompress-
ible Fluid. J. Appl. Prob. 13, 1976 499-506.

Rhodes, R., Diffusion in a locally stationary random environment, Probab. Theory Related
Fields 143 (2009), no. 3-4, 545568.

Taylor, G. 1., Diffusions By Continuous Movements, Proc. London Math. Soc. Ser. 2, 20, 196-211
(1923).

?Ma/é%sl %%LA
Lidlon O (1 2017r



