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Strongly coupled plasmas are the class of physical systems, where a pair-interaction potential
energy dominates the average kinetic energy of the particles [1]. To describe the properties of
such systems, the “one-component plasma” (OCP) model is often used. The important thing is
the choice of the interaction potential of the particles. The polarizable form of the interaction
potential is the Yukawa potential: ¢ (r) = %M

and Ap is the screening (Debye) length due to the electrons and ions. This Yukawa potential is

, where Q is the charge of the particles

widely used as the interaction potential of the micron-sized dust particles in dusty plasmas [2, 3].

The aim of this work is to study the simultaneous effect of the magnetic field and the friction
on the cage correlation functions and on the velocity autocorrelation functions (VACFs) and
Fourier transform of VACF in a wide region of parameters. Our studies are based on Langevin
dynamics (LD) simulation into which a proper description of the movement of the particles
under the influence of an external magnetic field is incorporated [4]. Our numerical integration
scheme of the particles’ equations of motion follows the approach of Ref. [5], which takes into
account the external magnetic field in the expansion of positions and velocities in the Taylor
series. In Ref. [6], we introduced the friction force into the Velocity Verlet scheme, which is
used in the present simulations.

Let the particles move in a two-dimensional (2D) Yukawa system in the (x,y) plane, and
the homogeneous magnetic field is directed perpendicularly to the layer of the particles, that
is B = (0,0,B). The equation of motion of the i - th particle (i = 1..N,N is a number of the
particles in a simulation cell) is:

mi;(1) = Y Fij(rij) + Q[vixB] — v mvi(t) + Fg, (1)

i#]
where the first term on the right hand side gives the sum of inter-particle interaction forces for
two particles separated by a distance r;;, the second is the Lorentz force. The friction force
(v is the friction coefficient of the dust particles in the background gaseous environment) is
represented by the third term, while the fourth term takes into account an additional randomly
fluctuating “Brownian” force due to the random kicks of the gas atoms on the dust particles.

Time scales are normalized by plasma frequency @, = \/nQ?/2&yma. Here m is the particle
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mass, a = (1/7n)~"/2 is the 2D Wigner—Seitz radius for a number density n.
The ratio of the inter-particle potential energy to the thermal energy is expressed by the

where T is temperature. The screening parameter is K = a/Ap.

. . 0?
coupling parameter I' = ;< — fcak T

The strength of the magnetic field is written as: 8 = Q/ @y, where Q = QB/m is the cyclotron
frequency of the dust particles. The strength of the friction is defined by the dimensionless
parameter @ = v/®,. So, the system is fully characterized by four parameters: I', k, 8 and 6.
We use a square simulation cell with N = 1024 and apply periodic boundary conditions. The
integration of the equations of motion is executed according to the modified Velocity Verlet
Scheme.

The localization of the particles characterized by the cage correlation function was investi-
gated via the method of Ref. [7, 8], which allows the tracking of the changes in the surroundings

of individual particles. The cage correlation function C{

cage (?) 1s Obtained by averaging the func-

tion ®(c — NP"!) over particles and initial times, that is,
Cgage(l) = <®(C_Niom(07l))>7 ()

where O is the Heaviside function, N*" the number of particles that have left the original cage of
particle i at time . We compute the cage correlation functions for ¢ = 3, and take the definition
of the “caging time” when fcae. is defined as Cgage(tcage) =0.1.

The VACFs [9, 10] is defined as: Ay () = (v(t)-v(0)), while its normalized value (giving
Ay (0) = 1) is expressed as:

3)

The velocity autocorrelation in the frequency domain is given by the Fourier transform of Ayy:

o)

An(@) = / A (1) dt, (4)
0

and is calculated by replacing the upper limit of the integration with a time t,,,,, for which
Ayy =0 att > t4,. The results of our simulations obtained for the cage correlation function and
VACFs under the conditions of the simultaneous presence of the external magnetic field and the
friction imposed by the background gaseous environment.

The results of our simulations obtained for the cage correlation functions and caging time
under the conditions of the simultaneous presence of the external magnetic field and the fric-
tion imposed by the background gaseous environment are presented in Figure 1. As a general

observation, we can note that the cage correlation functions decay to the 0.1 value on the time
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Figure 1: Cage correlation functions and dependence of the caging time on the friction parameter 6 at

given values of 3, in the highly magnetized domain.

scale of 2-5 plasma oscillations for the conditions of Figure 1, panel (a) and (b). Such a long
decay is characteristic for strongly-coupled plasmas. At small values of the magnetic field, the
caging time increases monotonically with increasing friction see Figure 1(c). At f > 0 however,
this dependence is non-monotonic. The effect, that the caging time first decreases as a function
of friction coefficient becomes more pronounced at higher magnetic fields. Thus, the interplay
of the magnetic field and the friction is non-trivial. Both mechanisms, when acting alone, are
known to increase the caging time. The magnetic field results in this by forcing the particles
to move on circular trajectories. When the Larmor radius is smaller than the inter-particle sep-
aration, diffusive motion across the field lines is significantly hindered, and the caging time is
enlarged. The effect of friction on the caging time is similar but results from a different physical
mechanism.

The results of the investigation the simultaneous effect of friction as well as a homogeneous
external magnetic field on the Fourier transform of VACF of the dust particles were presented in
Figure 2. The results of the normalized VACFs obtained for different values of system param-

eters, but in this paper we present the results of the Fourier transform of VACF. The increase
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Figure 2: Fourier transform of VACFs (a)-(c) for a wide range of system parameters.
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of the dominant frequency in the magnetized plasma was shown in the previous work [11], the
present data convey additional information about the damping of the oscillations in the mag-
netized plasma due to the friction force. For a fixed magnetic field, the increasing friction was
found to cause a decrease in the dominant peak, corresponding to the combined effect of mag-
netic field and strong correlations, and a complete disappearance of the peak, corresponding to
cyclotron oscillations, which was found at 8 = 0 Figure 2(a).

We have shown that at small friction, the amplification of the magnetic field leads to a
monotonous increase in the height of the dominant peak, and at a large value of friction, in
contrast, to its fall (Figure 2(b),(c)). We explain these observations based on the fact that the
attenuation of the ultrasonic waves in the medium increases with an increase in the frequency;
however, a more detailed description of this effect can be the topic of the further studies.

The simultaneous effect of friction as well as a homogeneous external magnetic field on the
quasi-localization, on the VACF and the Fourier transform of VACF of the dust particles in a 2-
dimensional layer was investigated. The Langevin dynamics computer simulation method was
used for this purpose. The corresponding conclusions were drawn on the basis of the obtained

results.
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