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AnHoTanus. [IpencraBieHs! pe3ynbTaThl IPOBOANMOTIO B paMKaX KHHETHYECKOTo noaxona BiacoBa — MakcBenia aHa-
JM3a CaMOCOITIaCOBaHHOTO aHOMAJIBHOTO TPAHCIIOPTA 3apsDKEHHBIX YacTHIl B OECCTOJIKHOBUTEIBHON IIa3Me ¢ MUKPOTYpOy-
JICHTHBIM KBa3UCTaTUYECKUM MAarHUTHBIM I0JIeM. B KBa3nIMHeHOM NpHOIMKEHUH OJTyYeHbl KOMIIOHEHTHI TeH30pa quddy-
3UH YaCTHI[ B IPOCTPAHCTBE CKOPOCTEH, YUUTHIBAIOIIIE KOJUIEKTUBHOE JEHCTBIE MPOOHOT0 aHCaMOIs YaCTUI] HA UX pacces-
Hue. [ HU3KOYaCTOTHOM KBa3MMarHUTOCTATHYECKOM M30TPOITHOM TypOyJIEHTHOCTH PACCMOTPEHO BIHsHHE AP dekTa IKpa-
HUPOBKH Ha IPOLECC CTOXACTHYECKOTO YCKOPEHHS HEPENIATUBUCTCKUX YAaCTHI[ U TOKAa3aHO, YTO JUIS OIPEISICHHOTO Kilacca
TypOyJICHTHBIX CHEKTPOB Hambojee >PPEKTUBHBIM OKa3bIBAETCS YCKOPEHHE MENKOMACIITAaOHBIMH (QIYKTyauusMH mois. B
3aKITI0OYEHHH KPATKO 00CYKIAIOTCSI BOSMOXKHBIC PHIIOXKEHHUS [TOTyYCHHBIX PE3yJIbTaTOB K ONMHCAHUIO KHHETHIECKHX MPOIec-
COB B KOPOHAJIBHOIT IU1a3Me, B YaCTHOCTH COJTHEYHBIX BCIIBIIIEK.

KuroueBrble cJioBa: aHOMAJIbHBIN TpaHCIIOPT, MarHuTHas Typ6y.]'[€HTHOCTI>, OKpaHUPOBKA, YCKOPEHHUE YaCTULI.

Abstract. The self-consistent anomalous transport of charged particles in plasma with microturbulent quasi-static magnetic
field is analyzed within the framework of Vlasov-Maxwell kinetic approach. In the quasi-linear approximation, the components
of the particle diffusion tensor in velocity space, which take into account the collective effect of the test particle ensemble on
their scattering, have been obtained. For the low-frequency quasi-magnetostatic and isotropic turbulence, the influence of
screening on the process of stochastic acceleration of nonrelativistic particles is considered; it is shown that acceleration by
small-scale field fluctuations is likely to be the most effective for a certain class of turbulent spectrum. In conclusion, possible
applications of the obtained results to the description of processes in coronal plasma (in particular, solar flares) are briefly
discussed.

Keywords: anomalous transport, magnetic turbulence, screen effect, particle acceleration.

INTRODUCTION [Medvedev, Loeb, 1999] in cosmic and astrophysical
plasmas, which is the result of the turbulent viscosity
appearance, as well as the associated with them sto-
chastic acceleration of particles [Benz, 2017;
Medvedev, Loeb, 1999; Shalchi, 2009].

A large number of articles and monographs (see, for
example, [Cytovich, Ter Haar ,1972]) is devoted to the
study of turbulence in cosmic and laboratory plasmas,
as well as the caused by it anomalous properties of the
medium. Also, in many works (see, for example, [Shal-
chi, 2009]), mainly devoted to the diffusion of cosmic
rays in galactic and interplanetary space, the motion of
charged particles in turbulent magnetic field has been
investigated. In this case, the propagation of test
charges is typically considered independently, and the
influence of collective effects, due to the high energy
and low density of cosmic rays, is neglected. However,
this approach generally is not feasible for the consider-
ation of the low-speed (the same order or less then ther-
mal velocity) particles transport in sufficiently dense
turbulent plasma, when particle scattering by magnetic
fluctuations cannot be treated independently. Taking
into account the finite density of the test particle ensem-
ble leads to the appearance of the polarization currents
influence, which can significantly reduce the value of

The development of various instabilities in plasma
and the resulting emergence of turbulent electric and
magnetic fields is one of the main factors determining
the transport characteristics of the medium, which is of-
ten leads to the appearance of plasma anomalous prop-
erties, such as viscosity, electrical and thermal conduc-
tivity, significantly different from the so called "classi-
cal" values determined by the interparticle collisions.
Turbulent state is commonly found in cosmic plasma
[Matthaeus, Velli, 2011], which is usually collisionless,
and therefore the development of a wide class of insta-
bilities in it is possible, in particular kinetic ones.
Therefore, there is not a surprise, that a great number of
phenomena in cosmic plasma is closely related to tur-
bulent processes, and their interpretation and analysis
involve consideration of turbulence properties itself
and interaction of charged particles with stochastic
electromagnetic fields. Examples of such phenomena
include magnetospheric substorms [Graham, 2025] and
solar flares [Benz, 2017], which are commonly be-
lieved to be a manifestation of anomalous electrical re-
sistance arising in current sheets during turbulent mag-
netic reconnection [Matthaeus, Velli, 2011; Graham,
2025], or the formation of collisionless shocks
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the effective scattering fields. In this case, the particle
transport process becomes, strictly speaking, nonlinear
and requires a self-consistent approach to the descrip-
tion, similar to that used in consideration of the
Balescu-Lenard collision integral [Lifshitz, Pitaevskii,
1995].

In this paper the results of the self-consistent analy-
sis of the test particles anomalous transport in plasma
with small-scale magnetic turbulence are presented.
With use of the Vlasov—Maxwell kinetic approach, the
influence of the collective effects on the formation of
particle anomalous angular diffusion caused by their
scattering on magnetic fluctuations and the process of
stochastic acceleration of particles was investigated.

ANOMALOUS ANGULAR DIFFUSION
PARTICLES

OF

The appearance of anomalous resistivity in plasma
is typically referred to the interaction of particles with
turbulent electric field fluctuations. However, the mo-
tion of charges in turbulent magnetic field also causes
stochasticity of their trajectories, leading to irreversibil-
ity and consequently the dissipation, which in particular
manifests as anomalous resistivity of the medium [Nu-
mata, 2025]. Laboratory plasma experiments [Ji et al.,
2004] and space observations [Graham, 2025] also in-
dicate that the occurrence of anomalous conductivity at
least in some cases is primary caused by the low-fre-
quency electromagnetic or quasi-magnetostatic turbu-
lent fields.

The fundamental quantity that determines transport
properties of any medium, including the electric con-
ductivity, is the effective scattering frequency. In pur-
pose of finding it, we consider the motion of a test en-
semble of charged particles in plasma with small-scale
magnetic turbulence, excited by some kinetic instabil-
ity (e.g., mirror, Weibel, or firehose [Hasegawa,
2012]). In the framework of the Vlasov—Maxwell ki-
netic approach the following system of equations can
be written

ErvZiifesioxn) L=0r2a-
Lo lu. Cwry

_ T ext . (1)

Here F(t,r,v) is a velocity distribution function of
test particles, g and m are their electric charge and
mass, j¢*Dis density of turbulent electric current sup-
ported by some external sources, £, is an integral oper-
ator of transverse permittivity, £ and B are turbulent
fluctuations of electric and magnetic fields, and the
value A is the corresponding vector potential, deter-
mined by the relations E = —(1/c)dA/dt, B=V X A.
We neglect the presence of potential disturbances, and
assume that the average values of the fields are absent,
i.e. (E), (B) = 0. We also assume, that the turbulence
is weak enough, so that the condition ry > 4,,, where

Acor 18 a characteristic correlation length of quasi-mag-
netostatic fluctuations, and r, is gyroradius of thermal

particles, related to the root-aean—square (rms) value of
the magnetic field By, is satisfied. In this case, particle
scattering is weak and represents the slow angular dif-
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fusion. This allows one to use the quasilinear approxi-
mation for the description of their motion, which leads
to an equation for the averaged particle distribution
function similar to the well-known Fokker—Planck
equation [Lifshitz, Pitaevskii, 1995].

Using the standard procedure for deriving a quasi-
linear equation and assuming that magnetic turbulence
is stationary and isotropic, the following expression for
the velocity diffusion tensor can be obtained:

~ 4mq S(kv) d3k
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where E = mw? /2 is the kinetic energy of test par-
ticles, u is their average drift velocity, k is the wave
number of turbulent fluctuations, and j2(k) is the cor-

responding spectral distribution of the external electric
current density. The A function in the denominator of
the equation (2) can be expressed through the trans-
verse permittivity by the relation A(w,k) =1 —
w?e,(w, k) /k*c? and is responsible for the account of
collective effects in the scattering process.

The presence of the finite drift velocity u of the test
particles ensemble, which determines the average cur-
rent in the plasma, leads to an effective anisotropy of
the medium, which is reflected in the appearance of the
scalar product k - u in the argument of the A - function.
In the case of the test particles ensemble with a Max-
wellian velocity distribution and sufficiently narrow
spectral distribution of magnetic fluctuations, the ex-
pression (2) can be significantly simplified and a simple
formula for the scalar value of the particle angular dif-
fusion coefficient can be written in the following form

H(E 9) ~ _w \]7 Acor
A 1+”s mr(g)

Here Q; is the square of the gyrofrequency of par-

3

ticles, determined from the rms value of the turbulent
1
magnetic field By, the parameter ¢, = (1r/2)*w,/

¢/ u/vr determines the magnitude of the screening ef-
fect of turbulent currents, which arises as a result of tak-
ing into account the collective effects in expression (2).
From the obtained formula (3) for the modified angular
diffusion coefficient, it is clearly evident that the col-
lective effect is mainly manifested in the suppression of
this diffusion and, accordingly, increase of the effective
mean free path, as well as the emergence of anisotropy
in particle scattering, expressed as the dependence of
the value of i on the angle 8, where 0 is the angle be-
tween the direction of the test particle velocity and the
direction of the average drift velocity.

Dividing the expression found by the square of the par-
ticle velocity and integrating over the 6 angle, the fol-
lowing formula for the effective scattering frequency,
accurate to a multiplier of the order of one, can be ob-
tained:

2
1 wgAcor Hs Acor

4914
morald G
ers = 3n v [1+x42%, 1+ ator/’

where K (...) is the complete elliptic integral of the first
kind.
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STOCHASTIC PARTICLE ACCELERATION

In the case of not strictly magnetostatic turbulence
with temporary field fluctuations, energy diffusion of
particles, manifesting as their stochastic acceleration,
occurs. The influence of collective effects for this pro-
cess can also play a significant role, in particular lead-
ing to the suppression of particle acceleration by large-
scale harmonics, which wavelengths exceeds the skin
scale, i.e. § = ¢/w,. As aresult, the acceleration by the
small-scale fluctuations turns out to be more signifi-
cant.

For a non-relativistic isotropic particle velocity dis-
tribution, the corresponding energy diffusion coeffi-
cient can be written as follows:

4mq

0, = (Y [ e B, (5)

where [ = v/c is the normalized particle velocity,
@ (k) is the wave number distribution of turbulent fluc-
tuations, and [1;(B) is a dimensionless function that
determines the efficiency of stochastic acceleration,
which depends on both the particle energy and the spe-
cific type of time correlation of the turbulent spectrum.
In particular, for the so-called "random sweep" model
[Shalchi, 2009] the function [1,(8) takes the form:

_ B xA1-a?
0k (B) = N fo |A(xB,k)|2

exp exp (—x2B2E3) dx. (6)

Here the quantity & © = kcteor(k) is imposed,
where the parameter 7., (k) determines the character-
istic correlation time of the field fluctuations with wave
number k.

In the absence of the screen effect, discussed above,
the function [, (B) has a characteristic maximum in the
vicinity of the point f~1/kct,,, (as it can be seen in
Figure 1), which determines the energy of the most ef-
ficiently accelerated particles (for the fixed wave num-
ber k). The decrease in the correlation time 7, lead to
the growth of its value, and at the same time to the
prominent shift of the maximum position to higher en-
ergies, which is approximately scales as E~1;2.. How-
ever, the presence of the screening factor can lead to a
significant depletion of the maximum value, primarily
for longwave fluctuations, i.e. k6 < 1 (see Figure 2),
but as well can produce additional move of the maxi-
mum position to the range of more energetic particles.

All the obtained results clearly shows that stochastic
particles acceleration can be considerably modified by
collective effects and rise the question about the ex-
plicit form of the correlation time 7,, dependency on
wavenumber, as if this quantity is a power function, i.e.
T.or~k™%, there can be different accelerating regimes
for different power indexes. Namely, if the value « is
less than unit, most effective acceleration is provided
by the large-scale perturbations, which are strongly
damped, when the screen effect is taken into account.
On contrary, for the indexes a > 1 charged particles
are mostly accelerated by small-scale fluctuations,
which are moderately tolerant to the screen depletion,
and in respect to this fact they seem to be more favora-
ble for the stochastic acceleration, at least for nonrela-
tivistic particles, which are under consideration in this
work.
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Figure 1. Dependency of the introduced function G (8) of
acceleration efficiency on particles velocity for different corre-
lation parameter &, in the neglecting screen eftects limit
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Figure 2. The same as in Figurel, but for different wave
numbers k and fixed correlation parameter &,

CONCLUSION

The obtained results are of interest for a wide range
of problems in space plasma physics, particularly for
the study of energetic phenomena in the solar corona,
such as solar flares, during which the occurrence of ki-
netic instabilities and the formation of small-scale mag-
netic turbulence, which is an important factor in both
the occurrence of anomalous coronal plasma conduc-
tivity and stochastic particle acceleration, appears
highly probable.

The work was supported by a grant from the Rus-
sian Science Foundation No. 22-12-00308-P.
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