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Nonlinear dynamical screening effects and strong local fluctuations of drag
forces in collective scattering of particle streams on impurity ensembles

Abstract

We study the effects of nonequilibrium correla-
tions and interactions between constituent parti-
cles of a bunch or pulsed beam, arising in course
of its motion through a medium, or under the
scattering of particle stream on a cluster or finite
cloud of impurities [1]. Formally, these correla-
tions are determined by the effect of dynamical
screening. Such induced correlations and dynam-
ical friction forces on impurities are manitested
most pronouncedly in the case of collective dy-
namical screening effect and are enhanced in the
case of a nonlinear medium when strong local fluc-
tuations of scattered field begin to act as addi-
tional scattering elements along with impurities.

In addition, collective scattering effects depend on

the degree of impurity cluster disorder [2]. We fo-
cus on effects provoked by the collective scatter-
ing on randomly inhomogeneous structures and

by the presence of local fluctuations. The pres-
ence of strong fluctuations of the scattered field is
shown to give rise to strong local fluctuations of
nonequilibrium forces acting on certain particles
within the impurity cluster that can be a precur-
sor of dynamical instability of the cluster, which
is manifested in the peculiar behavior of the tails
of probability distribution function for the drag
force [3]. The description of the impurity cluster
in terms of effective parameters breaks down due
to the presence of such fluctuations.

Motivation & Model

We focus on purely dissipative (diffusive) system and
make use of the minimal classical two-component lat-
tice gas model with hard-core repulsion: each lattice
site can be occupied by only one particle. Despite the
short range of inter-particle interaction it was shown
to give rise to peculiar nonlinear effects essentially
manifested at high gas concentrations: the dissipative
pairing effects |1, 4], the wake inversion and switching
of wake-mediated interaction [1], formation of non-
equilibrium structures [5] etc.

Kinetics of a two-component lattice gas is de-
scribed by the standard continuity equation, nj =
>, (J3—J3) + 08, where @ = 1,2 labels the
particle species and n{ = 0,1 are the local occu-

pation numbers of particles at the ith site. J7 =
ving (1 — .5 nf ) oives the average number of jumps
from site ¢ to a neighboring site 5 per time inter-
val, vj; is the mean frequency of these jumps. In
what follows, fluctuations of the number of jumps (the
term 0.J%) are neglected. To describe the scattering
of particle stream by an impurity cloud we assume,
see [1], that one of the two components u; = 0,1
describes the given distribution of impurities and is
static (v}, = 0), while another one n;(t) is mo-

bile. The presence of a weak driving field (force) G,
gl = (|G|/(2KT) < 1 (£ is the lattice constant),
leads to asymmetry of particle jumps for mobile com-
ponent: v;; ~ v[l +g - (r; —r;)/l]. We use the
mean-field approximation, 9y(n;) = > ({Jji) — (Jij)),
(Jji) = vji{n;) (1= (nj) —w;), where (n;) = (n(r;)) €
0, 1] describes the mean occupation numbers at sites
r; or the density distribution of flowing gas particles,
ny = n(|r| — oo) being the equilibrium gas concen-
tration (bath fraction). In what follows, we consider
the two-dimensional (2D) case.

The macroscopic kinetics of the mobile component n
is given by the equation

O.n = V%—V(an—nVu) —(g-V)[n(l—u—n),

where n = n(r,7) and u = u(r) are the average oc-
cupation numbers of the two components at the point
r 0<n<land0<wu<1)and g=/0G/(2kT).
We consider the properties of non-equilibrium forma-
tions resulting from scattering of gas stream by a cloud
of impurities and examine the role of collective eflects.
We examine the effects of inner structure of impurity
clusters, total drag (friction) force, accompanied by
the nonlinear blockade effect in a gas.

We show that the nonlinear blockade effect 6] con-
siderably affects collective scattering.
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Collective Scattering Effects

Two basic results are readily seen from Figs 2(a)—(e):
- Fragmentation of a solid obstacle into a cluster
of separate impurities considerably enhances the gas
stream scattering.

- Enhancement of scattering is provoked by inhomo-
geneity of impurity distribution within a cluster; the
scattering is less efficient for regularly ordered cluster,
Figs 2(c)—(e) and (f). This effect is analogous to that
of light scattering on inhomogeneities in distribution
of atoms (dipole moments) that is determined by the
fluctuation of their number density in a definite vol-
ume or by the two-point correlation function.

The magnitude of scattered field dn(r) can be char-
acterized by a quantity like total density dispersion
e = 0n? o< [ dn’(r)dr. Figure 2(i) shows that depen-
dence e(N) for impurity cluster can become power-law
and, in particular, for random cluster is oc N2 that sig-
nifies the intrinsically collective scattering.

As Fig. 2(g) suggests, the dependence of total drag
force, acting on impurity cluster, on its density ¢ is
qualitatively different for random and regular ones.
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Giant Density Deviations inside
Random Cluster of Impurities

Disordered distribution of impurities can provoke
strong local fluctuations of scattered field dn(r) inside
a cluster, compared to average density: dn*(r;) > n3.

5712 (xia yZ)/n(%

Figure 1:  Strong local fluctuations of scattered field dn(x;,y;)
inside a random impurity cluster. ¢ = 0.0569 (N = 362, R =
450) ny = 0.2, |g| = 0.5.
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Collective enhancement of scattering. Steady-state distributions of mean concentration (n(x;,y;)) [panels (a) to (e)]

illustrate enhanced scattering (blockade region growth) for heterogeneously fractured obstacle. Coordinates are in units of ¢ (lattice
constant). A close view of impurity cluster inner structure for each case is shown at the top: (a) solid obstacle, (b) and (¢) random
clusters, (d) regular cluster, (e) uniform cluster. R = 10.8¢ for (a), R = 20¢ for (b), and R = 40¢ for (c¢)—(e). Number of constituent
single-site impurities is N = 362, ny = 0.37, |g| = 0.5 (stream is directed along the z-axis) for all calculated distributions. Plots (f) and
(g) show dependencies of total drag force f = |f| (units of kT'/¢) and /¢ on cluster density ¢; R € (0o 10.8¢], N = 362, ny = 0.2.

Gradient (Wake-Mediated)
Interaction within a Cluster

In the linear approximation near equilibrium density
ng, so that n = ny + on, the Green function

Goi) = Q2<3>(|I' — 1'/|>€q'<r_r/>7 q=(1/2 —n)g,

is of the form of screened anisotropic Coulomb po-
tential with Qs(r) = e™7 /(4nr) in 3D and Qy(r) =
Ko(qr)/(2m) (asymptotically ~ ¢r= Y2 at gr > 1)
in 2D, see |6, 1]. This leads to anisotropic screening
length R, which behaves as Ry, ~ [q(1 — cos8)] !,
where ¢ = |q|, @ is the angle between g and r.
The effective dissipative (wake-mediated) interac-
tion between small and distant impurities, associ-
ated with this type potentials, belongs to the in-
duced dipole-dipole (generally, multipole) interaction
in the non-equilibrium steady state, and features the
non-Newtonian (non-reciprocal) character [1]. Wake-
mediated interaction is more pronounced when the
collective wake (common density perturbation “coat”
around impurities) is formed. These forces depend on
oas concentration, magnitude of external driving flow
and on mutual alignment of impurities [1].

Number Fluctuations in
Elementary Volume

The enhancement of scattering can be provoked by
inhomogeneity of scatterers distribution within an en-
semble. On the one hand, this effect is determined by
the fluctuation of number density of scatterers in a det-
inite volume or by the two-point correlation function
in analogy with light scattering on inhomogeneities in
the distribution of atoms |2].

On the other hand, the probability of meeting a sec-
ond impurity near the given one is higher than the
mean probability of meeting it anywhere else. Thus,
there appears another structural unit, a cluster or
a bunch (say, “cluster of galaxies” (8], in astrophysi-
cal context). Following Zeldovich [§], a different pro-
cedure can be exploited: The space is divided into
separate volumes V' and the number of impurities in
each volume is calculated. Then, as the quantitative
characteristics of distribution, the root-mean-square
deviation of the number of impurities in each volume

_ _\2
is used: 0N = \/% S (Nk — N) . In the same man-
ner, other associated quantities can be defined and
calculated.

Strong Local Variations of Forces

Expectedly, strong local variations of scattered field
(density fluctuations) illustrated by Fig. 1, lead to con-
siderable fluctuations of forces on impurities. As can
be seen from Fig. 3, a little over a dozen of impuri-
ties (see white spots) experiences the highest values of

drag force forag = fo
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Figure 3: Spatial distribution of force magnitude | f,(x;, ;)| cal-
culated numerically for disordered impurity cluster shown on
Fig. 2(c). The “lattice version” of the expression for the force
has been used, following the approach from [4].

Role of Heavy Tails

The heavy tails in the distribution of force values,
Fig. 4 reflects the presence of local and rare but strong
fluctuations of forces, acting on certain impurities in
the cluster.
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Figure 4: Probability density fitting. Kernel density estimator
developed in [7] has been exploited. The inset shows the spatial
distribution of impurities within the considered cluster.

Conclusions

Certain features of induced non-equilibrium correla-
tions and forces, acting on constituent particles of the
bunch or cluster of impurities in a gas are shown.
Those are determined by the properties of particle
bunch collective scattering in a medium. The charac-
teristics of collective scattering are determined by the
structure of the bunch itself, that is associated with
scattering on inhomogeneities, i.e., on fluctuations of
the number of particles (scatterers) in a correlation
volume. Inhomogeneity of the cluster also determines
the presence of giant local fluctuations of the scattered
field inside a cluster. This, in turn, lead to strong local
fluctuations of forces on impurities inside the cluster.
The fat-tailed distribution of forces can be attributed
to the presence of infrequent extreme deviations, as
opposed to frequent modestly sized deviations.
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