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Abstract Understanding solar coronal heating has been one of the unresolved problems in solar physics
in spite of the many theories that have been developed to explain it. Past observational studies suggested
that kinetic Alfvén waves (KAWs) may be responsible for solar coronal heating by accelerating the charged
particles in solar plasma. In this paper, we investigated the transient dynamics of KAWs with modified back-
ground density due to ponderomotive force and Joule heating. A numerical simulation based on pseudo-
spectral method was applied to study the evolution of KAW magnetic coherent structures and generation of
magnetic turbulence. Using different initial conditions in simulations, the dependence of KAW dynamics
on the nature of inhomogeneous solar plasma was thoroughly investigated. The saturated magnetic power
spectra follow Kolmogorov scaling of k~°/2 in the inertial range, then followed by steep anisotropic scaling
in the dissipation range. The KAW has anisotropy of k| oc k923, ky o< k929, ky o< k9% and &y oc k93
depending on the kind of initial conditions of inhomogeneity. The power spectra of magnetic field fluctua-
tions showing the spectral anisotropy in wavenumber space indicate that the nonlinear interactions may be
redistributing the energy anisotropically among higher modes of the wavenumber. Therefore, anisotropic
turbulence can be considered as one of the candidates responsible for the particle energization and heating

of the solar plasmas.
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1 INTRODUCTION

One of the fundamental unsolved issues of astro-
physics is the solar coronal heating problem, where
the outer atmosphere of the Sun has a high temper-
ature corona of around 2 x 105K as compared to
the photosphere of around 6000K. In the past few
decades, many spacecraft observations from the Solar and
Heliospheric Observatory (SOHO), Transition Region and
Coronal Explorer (TRACE), Hinode and Solar Dynamics
Observatory (SDO) have revealed that the solar atmo-
sphere is in nature far from dynamical and thermal equilib-
rium. It has inhomogeneity in magnetic field and density.
Therefore, the nonuniform heating processes of magneto-
plasma fine structures play a very significant role in the
coronal heating. These coherent structures or filaments are
often identified as the manifestation of field aligned density
(or temperature) striations and their heating mechanisms
are closely related to solar magnetic fields.

The solar corona is generally divided into coronal
holes (open regions) and coronal loops (closed regions).
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The cooler and less dense coronal holes are the sources
of solar wind. The associated magnetic field lines are car-
ried away from these regions to space by the solar winds
through the escaping energetic particles. The first coronal
heating mechanism involving the role of solar magnetic
field lines was proposed by Alfvén (1942) using Alfvén
waves (AWs). Since then many theories were put forward
to explain the coronal heating and solar wind acceleration
(Marsch 2006; Sirenko et al. 2002; Cranmer et al. 2007,
Cranmer 2009). Among them, two prominent theories are:
heating by waves (Narain & Ulmschneider 1996; Hood
et al. 1997; Goossens 1994; Priest et al. 2000; Poedts et al.
1989; Ruderman 1999) and heating by flares or magnetic
reconnection (Jain et al. 2005; Hood et al. 2009; Sturrock
et al. 1999; Cassak & Shay 2012). However, there is still
no universally accepted self-consistent model to explain
the physical processes behind the coronal heating and so-
lar wind acceleration. Recently, there are many observa-
tional and theoretical evidences showing that AWs are the
main candidates for being able to transport sufficient en-
ergy in the solar atmosphere to reach the temperature of
million Kelvins in the coronal regions (Parker 1979; De
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Pontieu et al. 2007; Okamoto et al. 2007; Cirtain et al.
2007). However, since the perpendicular scale length of
pure AWs is very large, their dissipation is insufficient to
convert the wave energy to particle kinetic energy in the
range of coronal temperature of million Kelvins (Wu &
Chen 2013).

The AWs become dispersive and are called dispersive
AWs (DAWSs) when they have a short cross-field wave-
length comparable to the main kinetic length scale of the
plasma, A\, or p; or ps (whatever is longer) where ). is
the electron inertial length, p; is the ion gyroradius and
ps 18 the ion acoustic gyroradius. Subsequently the inertial
AW (IAW) can be defined as a DAW when A\, > p; or
ps and the kinetic AW (KAW) when p; > or p; > A..
Due to the dispersive nature of DAWSs, they are rapidly
damped and can play an important role in inhomogeneous
coronal heating (de Azevedo et al. 1994; Voitenko 1995;
Voitenko 1996; Elfimov et al. 1996; Asgari-Targhi & van
Ballegooijen 2012; Morton et al. 2015; Testa et al. 2014).

In the magnetohydrodynamics (MHD) regime, AWs
cannot develop field aligned electric fields which can ac-
celerate and heat the charged particles (Stéfant 1970).
If plasma is treated as a collection of charged particles
(kinetic regime) instead of as fluid in MHD, then the
field aligned electric fields are developed, thus producing
anisotropic and mass-dependent energization of heavy ions
(Voitenko & Goossens 2004; Wu & Yang 2006). When
DAWSs propagate in the transversely homogeneous plasma,
the parallel electric fields generated in the region of plasma
inhomogeneity can effectively accelerate the charge parti-
cles (Tsiklauri & Haruki 2008). Hasegawa & Chen (1975)
performed an experiment to convert the AW mode to KAW
by applying a resonant oscillating magnetic field of fre-
quency near 1 MHz. In space plasmas also, this kind of
resonant mode conversion to DAWSs is found when sur-
face waves are excited either by an MHD plasma instabil-
ity or an externally applied impulse (Tsiklauri 2011). The
physical mechanism for producing parallel electric fields in
DAWSs can be understood considering a two fluid model of
plasma. This can be supported by either a parallel electron
inertia term (as in the case of IAWs) or parallel electron
pressure gradient term (as in case the of KAWSs) appearing
in the electron equation of motion. For IAWs the Alfvén
speed is much greater than ion and electron thermal speeds,
thereby giving the plasma 3 much less than electron to
ion mass ratio m./m; where 3 = 8wnoT /B3 (thermal
to magnetic pressure ratio), ng is the unperturbed plasma
number density, T'(= T. & T;) is the plasma temperature
and By is the external ambient direct current (DC) mag-
netic field. For KAWs, the thermal speed is much grater
than the Alfvén speed, so the plasma 8 << m./m;.
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The mechanism of phase mixing, in which an AW
propagates across an inhomogenous density that is trans-
verse to the background ambient magnetic field, can trans-
fer the wave energy from large scales to small scales in the
transverse direction of the magnetic field. The phase mix-
ing effect leads to the formation of transverse magnetic
wavefronts (magnetic coherent structures or filaments).
This provides a fast dissipation mechanism for coronal
heating and solar wind acceleration. Tsiklauri et al. (2005)
studied the solar coronal plasma and found that phase mix-
ing of the KAWSs can effectively accelerate the electrons.
In the magnetospheric plasma regions, this kind of parti-
cle accelerations was also found (Génot et al. 1999; Génot
et al. 2004; Mottez et al. 2006). Mottez & Génot (2011)
studied numerically the interaction of an isolated IAW
packet with a plasma density cavity and formation of small
scale coherent electric structures.

Recently, the process of particle acceleration by polar-
ized DAWs in a transversely inhomogeneous plasma was
investigated by Tsiklauri (2011) and Tsiklauri (2012) us-
ing 2.5D and three-dimensional (3D) particle-in-cell simu-
lation. From many studies we can conclude that DAWSs of
low frequency (w < w.; where w.; = eB/m; is ion cy-
clotron frequency), propagating in a transversely inhomo-
geneous plasma when the transverse density (or/and tem-
perature) inhomogeneity scale is comparable to the micro-
scopic scales of particle motions (electron inertial or ion
gyroradius length), generate sufficient parallel and perpen-
dicular components of electric fields to efficiently accel-
erate the electrons and ions in parallel and perpendicular
directions of the ambient magnetic fields respectively.

The IAWs are applicable to plasmas to very low val-
ues of 3, 3 < m./m;. In the auroral zones of the ter-
restrial magnetosphere at heights below four Earth radii,
this condition is satisfied, but in the solar corona the com-
monly accepted typical values of 3 are between m./m;
and 1, both in active regions and coronal holes. However,
the condition 8 < m./m; is satisfied at the base of the
coronal hole or hole loop where the heavy particle den-
sity ng ~ (108 — 10'%) cm =2 and ambient magnetic field
By ~ (5 — 150) G (Champeaux et al. 1997). On compar-
ing the possible parameter values of the solar wind and
coronal loops, KAW is applicable in both the regions, i.e.
me/m; << (3 << 1, where the solar wind § = 0.121
at 1 AU (Cravens 2004) and the coronal loops 3 = 0.01
(Shukla et al. 1999a,b). The magnetic field of the solar
wind (Bg ~ 1 x 10~*G) is considerably less than that of
the coronal loop By ~ 100 G. Similarly, the density of the
coronal plasma (ng &~ 5 x 10% cm™2) is much higher than
that of solar wind (ng ~ 5cm™?). Temperatures of both
the regions are very much similar and they are of the orders
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of million Kelvins. Similarly, the ion to electron tempera-
ture ratios of both the regions are approximately same.

Wu & Chen (2013) also studied the instability of
KAWs driven by transverse density gradient and showed
that the instability has the maximal growth rate at the per-
pendicular wavelength close to the spatial characteristic
scale of the density gradient. The transverse density fluc-
tuations are always with KAWSs because of their strong
anisotropy (with the perpendicular wavelengths being
much shorter than parallel ones) and coupling with strong
electrostatic modes. Sahraoui et al. (2010) investigated
the spectrum of turbulence and demonstrated that highly
oblique KAWs are responsible for strong anisotropy.

The nonlinear evolution of turbulent saturated spectra
of KAWSs can only be studied by cascade process or fila-
mentation process. Voitenko (1996); Voitenko (1998) first
investigated excitation of KAWs by flare-producing ener-
getic proton beams and concluded that KAW instability is
an efficient energy conversion mechanism in coronal loops
and solar flares. Furthermore, many theoretical studies also
indicated that the dissipation of KAWs can efficiently pro-
vide inhomogeneous heating in bright coronal loops (Wu
& Fang 1999), bright coronal plumes (Wu & Fang 2003),
sunspot chromosphere (Wu & Fang 2007), and anisotropic
and mass dependent heating in the solar corona (Wu &
Yang 2006; Wu & Yang 2007). All these demonstrate that
KAWSs possibly play an important role in heating the solar
corona and accelerating the solar wind. Many authors (Wu
etal. 1997; Wang et al. 1998; Chen et al. 2000) have exam-
ined the solitary KAWSs having density solitons (dip, hump
and dipole) to account for observations from the Freja
satellite and found that it can lead to auroral particle ac-
celeration and coronal heating. Bellan & Stasiewicz (1998)
derived the analytical expression for ponderomotive force
associated with KAWs. Further, Shukla & Stenflo (2000b)
showed that the ponderomotive force of KAWs can gener-
ate magnetic field-aligned quasistationary density humps
and dips.

Many of the theories of AW turbulence (Goldreich &
Sridhar 1995; Goldreich & Sridhar 1997) predicted that
the turbulent process of AWs causes the wave energy to
cascade, predominantly in the transverse direction to the
field lines, i.e. ki >> k, where k. (k) is the wavenum-
ber perpendicular (parallel) to the ambient magnetic field.
As k, increases (i.e., the perpendicular wavelength de-
creases), the AWs become more and more anisotropic
(Howes et al. 2006; Schekochihin et al. 2009). Various
numerical studies (Maron & Goldreich 2001; Cho et al.
2002) and spacecraft data (Leamon et al. 1998; Luo &
Wu 2010; Luo et al. 2011) confirmed the anisotropically
cascading model of AW turbulence. The cross field den-
sity fluctuations are always with KAWs because of their
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strong anisotropy. Therefore, the effect of finite k ps,
ie. 9/0x >> 0/0z, (ambient magnetic field in the z-
direction) becomes significant in the dynamics of nonlinear
KAWsS.

The objective of the present work is to investigate
the transient KAW dynamics propagating in an inhomo-
geous plasma arising from the field aligned density fluctu-
ations because of ponderomotive force and Joule heating.
The dynamical field equation satisfies a modified nonlinear
Schrodinger equation (NLSE). The dynamical field equa-
tion couples with the field aligned density perturbations,
thereby the nonlinearity in the field equation leads to lo-
calization of KAW wave packet as envelope solitons. As
the wave propagates, the transverse collapse of the coher-
ent structures happens and the energy is dissipated from
large scale to small scale via small wavenumber to high
wavenumber space. The numerical simulation employing
the pseudo-spectral method was carried out with the pos-
sible parameters of coronal loop plasma to study the for-
mation of the coherent magnetic field structures, cascade
of energy at different wavenumbers and the effect of ini-
tial plasma inhomogeneities. Transverse collapse of the
field aligned magnetic coherent structures is one of the ef-
ficient mechanisms to transfer energy from large scale to
small scale, as asymptotically predicted by the NLSE for
the wave envelope (Champeaux et al. 1998; Laveder et al.
2001). Therefore, the magnetic coherent structures (fila-
ments) generated by KAWSs play an important role in ex-
plaining the dissipation range of the turbulent spectra of
solar coronal regions. Many authors have already exam-
ined the dynamics of KAW in the form of modified NLSE
to investigate the coronal heating and solar wind accel-
eration. Sharma et al. (2006); Singh & Sharma (2007);
Singh & Jatav (2019) studied the steady state dynamical
equations satisfied by KAWs leading to the intense mag-
netic filaments. However, these investigations were limited
to stationery states only and much about the anisotropic
nature of the magnetic fluctuations was not discussed. In
reality, waves are time dependent. Therefore, this paper
focuses on the transient propagation of two-dimensional
(2D)-KAWs in coronal plasma and the effect of changing
the initial perturbations on the formation of magnetic fil-
aments and the anisotropic wavenumber spectral indices.
The interactions of 3D-KAWSs and 3D-ion acoustic waves
and their role in the localization and heating of KAWSs in
solar plasma have been numerically addressed by Sharma
et al. (2014); Sharma et al. (2016). They proposed the evo-
lution of KAW vortices as a result of twisting the mag-
netic filaments as the main source of solar plasma heat-
ing. As the coronal loops are progressively twisted with
the evolution in time, the current flowing in the plasma
channel will increase. Once the current reaches the crit-
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ical value, the flares will occur. There is no single clear
physical mechanism which produces the small scale fluctu-
ations leading to plasma heating. It may be due to KAWs or
whistler waves, or the interactions between them (Gary &
Smith 2009; Salem et al. 2012; Boldyrev et al. 2013; Chen
et al. 2013a,b) or interactions of KAWSs with ion acoustic
or magnetosonic waves (Sharma et al. 2017). Therefore,
the KAW propagation in the modified background density
due to ponderomotive force and Joule heating, as we dis-
cussed here, leading to the transverse collapse of magnetic
coherent structures may be one of the possible physical
processes to explain the heating in coronal loops.

The sections of this paper are divided as follows. The
model equation satisfied by KAWs in the solar corona is
described in Section 2. The numerical results depicted as
magnetic field intensity profile and magnetic spectra are
presented in Section 3, comparing it with previous studies
and spacecraft observations. In Section 4, we discuss the
overall conclusions.

2 MODEL KAW DYNAMICS

Let us consider a low frequency KAW propagating in the
x-z plane (ko = ko.@ + ko.Z). We assume the ambient
DC magnetic field By along the z-axis (By = By2)
and the plasma 3 range as (m./m; << § << 1). The
momentum balance equation and field equations are
written in the two fluid model. To apply the procedure
of linearization in the equations, the parameters of the
medium (e.g. density, velocity and the electromagnetic
fields) are separated into an equilibrium (undisturbed)
part indicated by the subscript 0 and a superimposed
disturbance (perturbation) part indicated by the subscript
1.

n=ng+n,v=v9+v,E=Ey+FE,,B=By+ B,
ey
In the equilibrium plasma, the undisturbed density, veloc-
ity and fields are constant and uniform, i.e.
VnQZ'UQZEQ:O (2)
and
6n0 - 61)0 - EO
ot ot at
By applying the procedure of linearization, we neglect the
terms containing higher powers of the perturbating ampli-
tude factors and write the equations as:
Equation of motion:

=0. 3)

0vj j j 13:38)
8—91 ~ By 4+ (05 x Bo) - 2wy (4)
t m; CImg T0mM
Continuity equation:
s
IS TR (5)

ot
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Faraday’s law:

10B,
FE=— .
V< By c Ot

where the subscript j denotes e (electrons) and ¢ (ions), v
is the velocity, g is the charge, m is the mass, c is the speed
of light in a vacuum, 7 (¢p/c,) is the ratio of the specific
heats and kp is the Boltzmann constant. Here n denotes
the plasma number density with quasineutrality condition,
1.e. Neg =~ Mo =~ No and ne; >~ n;1 =~ ni. We take the
isothermal condition v, = v; = 1.

(6)

From the force Equation (4), the perpendicular com-
ponents of the electron and ion velocities under the KAW
low frequency approximation (w << we; and w << Wee
where w.; = eBy/m;c and w.. = eBy/mcc are the ion
and electron cyclotron frequencies respectively) are as fol-
lows:

kgT.
(Ver)L = iEu_ x5— —28 ZxVing (7)
BO MeWeeNo
and
€ k Tz R
(vi1) L ~ [Eu -z Vﬂn} X 2
WeilM eng ®
w e kgT;
T3 —[Eu -E VL”1:|
wci i no

The parallel electron velocity can be found from

a(vel)z o _eElz _ kBTe % (9)
ot me meng 0z
The current density is given by
~ eno(’l}ﬂ — 'Uel)- (10)

After this, we will not again use the subscript “1” in denot-
ing the varying (perturbing) parts of v, EZ and B except in
denoting the varying part of n.

The y-component of Faraday’s law is

10B, OE. OE,

c Ot Oz 0z
Taking the conservation of current density, V - J = 0, and
also by using J, ~ —engve, and J | =~ eng(vil — Vel ),
we get

(1)

0’E,  Bowei ((%ez)' (12)

oxot ¢ 0z
Taking the z-component of Ampere’s law and eliminating
the parallel component of current density and substituting
it in Equation (12), we obtain,

0B, ,_é(l_ﬂ)aBy

- 0z’

ot c (13)

no

where v (= /B3 /4mngm;) is the AW speed.
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Now we can find the time derivative of parallel elec-
tric field from the parallel component of Ampere’s law
and substituting therein the parallel electron fluid veloc-
ity given by Equation (9) and the continuity Equation (5),
we arrive at

oFE, vt 2 9 0°B,

= ¢ 14
ot c (996 822’ (14

where A.(= ¢/wy.) represents the electron inertial length

or collisionless skin depth, wp.(= +/4mngpe?/m.) sig-

nifies the frequency for electron plasma oscillation and

Ve = kpTe corresponds to the electron thermal
Me
speed.

Taking the time derivative of Equation (11) and sub-
stituting therein the z-derivative of Equation (13) and
the z-derivative of Equation (14), we get the following
dynamical equation (Hasegawa & Chen 1975; Bellan &
Stasiewicz 1998; Shukla et al. 1999a,b; Shukla & Stenflo
2000a,b; Sharma & Kumar 2011)

9°B, 2 0 0" , 1\ °B,
oz UAPsgy 262+”A(1 0) g2 (1Y

where ps (= Aevie/va = c¢s/we;) represents the ion
acoustic gyroradius at electron temperature and ¢y (=
kpT./m;) signifies the ion sound speed.

By applying a Fourier transform to Equation (15), the
dispersion relation of KAWs for m./m; << 8 << 1 can
be obtained (Shukla & Stenflo 2005) as

w2

—— =1+ k02 16
k?)zvi + 0xPs ( )

One of the possible solutions of Equation (15) is a
plane wave (linear polarization) modulated by a slowly

varying envelope Bj (z, z) which is expressed as
By = B)(x,z,t)¢!Fostho:zwt) (17)

where By (z, z,t) is the amplitude of the transverse KAW
magnetic field. It is varying slowly in spatial coordinates in
comparison to the exponential part e(Fos#+ko=z=wt) e
substitute it in Equation (15) to produce

2w OB, 2 9B, k% 0°B,
Ps7a
qukgz2 B/t "Fo- 0z kgz 0z2 (18)
B’ =0.
+p2 92 no Y

In a nonuniform, inhomogeneous plasma medium, if the
amplitudes of the waves are spatially varying, the nonlinear
magnetic gradient produces a force known as the pondero-
motive force. The plasma density can be modified by the
combined effects of ponderomotive force and Joule heating
generated from plasma currents (Shukla & Stenflo 1999).
When large amplitude KAWs propagate, the variations in
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plasma density in the form of field aligned density humps
and dips have been reported in the laboratory and space
plasmas (Gekelman et al. 1999). This variation in particle
density under adiabatic approximation (slowly varying in
time with respect to density fluctuations) was calculated as
(Shukla & Stenflo 2000a)

1 ~ ng (ef‘Bé‘2 _ 1), (19)

where & = {[1 — A(1 + 0)vikos]/16mnoT.w?}, A =
w?/w? and § = mekZ, /mikE,. In case of w (1 +0)Y/2 <
we; the density change is a hump. For plasma 3 >>
me/m;, we get v; and vge > v4. Therefore, the electrons
or ions can move fast enough to respond to any adiabatic
changes in density.
We can reduce Equation (18) in dimensionless form
with the substitution of Equation (19) and it becomes

0B, 0B, 0B, 28237’!
i tig PR
2 1o (20)
LOB L ( 29‘32‘2—1)3’ =0
Ox? 2g Y ’
where we represent the normalized transverse wavenum-
ber as K = kozps and the other normalizing parame-
ters are t, = 2w/vik3,, zn = 2/kos, T, = ps and
B, = [{1 — A(1 +6)}V3kZ, /16mnoT.w?) /2. The di-

mensionless parameter g was introduced for the sake of
generality. By varying the parameter g, we can control the
amplitude of the pump KAW. In other words, we can say
that this parameter controls the coupling between the den-
sity perturbation and magnetic field. In the case of g = 0,
the density profile becomes quadratic in magnetic field and
Equation (20) assumes the form of a modified cubic NLSE
type. If we increase g, the system behaves as chaotic. These
were studied earlier by one of the authors of this paper
(Sharma et al. 2006; Singh & Sharma 2007), but they were
limited to only steady states. The waves are actually tran-
sient in nature. Therefore, the time evolution of KAWSs ap-
plicable in solar plasma is studied numerically herewith.

To correlate the parameter g with KAW pump am-
plitude, we consider a simpler homogeneous solution of
Equation (20) with K = 0 as Byoe*” (Zhou et al. 1992;
Zhou & He 1994) and we get

In|1 — 2g¢]

B =
| y0| 2g

21

where 0 < g < 1/2 and By is the amplitude of the homo-
geneous pump KAW.

3 NUMERICAL SIMULATION AND RESULTS

The numerical simulation of Equation (20) was performed
by using a fully dealiased 2D pseudo-spectral method for
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spatial integration with periodic spatial domain of L, =
27 /oy and L, = 27/a, (where o, and ., are the per-
turbation wavenumbers in x and z directions respectively)
with 27 x 27 grid points and a modified version of the
Gazdag predictor corrector method for evolution in time
with a step size of dt = 5 x 10~°. First we wrote the algo-
rithm for the well-known 2D-cubic NLS equation. The lin-
ear terms were solved in Fourier space by applying the Fast
Fourier Transform (FFT). For the nonlinear term, the local
product in real space was taken first and then the FFT was
applied to transform it into Fourier space. Since the linear
evolution is exactly integrable, a plane wave is a possible
solution. Having the plane wave solution is an important
feature of the code and it helps in reproducing other fea-
tures like instabilities. Next, we modified the algorithm to
numerically solve our desired Equation (20).

To understand the role of the initial conditions of the
inhomogenous magnetic field in time evolution of KAWs
when the field aligned density perturbations are taken into
account, we implemented four kinds of initial conditions
in the simulations. First, we use a uniform plane KAW of
fixed amplitude superimposed by a sinusoidal periodic per-
turbation, which is denoted hereafter as IC-1.

By (x,2,t =0) = By [1 + ¢ cos(a,)]

X [1 +ecos(ayz)] (IC—1)

where ¢ is the magnitude of the perturbation. The
wavenumbers of the perturbations «, and v, are normal-
ized by z,;! and 2, ! respectively. The waves are really
much more complicated than the sinusoidal waves, but all
the waves can be represented as the sum of sinusoidal wave
components.

When a Gaussian perturbation is superimposed on a
uniform plane KAW, we denote it as IC-2.

By (x,2,t =0) = Byo [1 + & exp (—a/r§,)]
x (142 exp(=22/rd,)] (IC-2)

where r9; (normalized by x,,) and g2 (normalized by z,,)
are the transverse and longitudinal scale sizes of the per-
turbations respectively.

For the third initial condition (IC-3), we applied
a pump KAW of Gaussian wavefront and a sinusoidal
perturbation superimposed on it.

B (x,2,t = 0) = By [exp(—2°/r§) + € cos(az2)]

x [exp(—2z%/r}) + ecos(a.z)] (IC —3)
where r9 (normalized by z,) represents the transverse
scale size of the main KAW initial beam width.

The last initial condition (IC-4) is a random perturba-
tion superimposed on the Gaussian wavefront.
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B, (x,z,t = 0) = By [exp(—2”/r5) + € exp(2mif(x))]
x [exp(—2z%/r3) + € exp(2mif(z))]
(IC —4)
where 6(z) and 6(z) are the random variables uniformly
distributed on [0,1].

The parameter values we employed were € = 0.1 and
oy = a, = 0.5 so that all fields may be represented as
discrete Fourier series with integral wave vector compo-
nents. Furthermore, o = 1.0 and 797 = 192 = 5, yielding
L, =L, ~12.5 ~ 2.5rg1 ~ 2.5rg92. We have chosen a
fixed value of g = 0.01, giving the amplitude of the pump
wave B,o ~ 1.005. This produces the magnetic fluctuation
|0By/Byo| ~ 0.1.

The coronal plasma parameters applicable to the in-
termediate plasma [ are (Shukla et al. 1999a,b): By =~
100G, ng ~ 5 x 10%cm™3, T, ~ 6 x 105K and
T, ~ 2 x 105K. Accordingly, we found 5 = 0.01,
Ve 2 x 10%cms™ !, V4 =3 x 108 cms™!, p; = 22cm
and p; = (\/T;/T.)ps = 68 cm. By taking w/w.; ~ 0.02
and for kg,ps ~ 0.01 we get ko, ~ 1.9 X 10~ ecm™1,
ko ~ 1.5 x 107°cm~!. The normalized values are
Tn, = 22cm, z, = 1.3 x 10°cm, t,, = 1.4 x 10735
and B,, = 0.91 G. The parameters which have not been
defined earlier are: ion gyroradius p; (= v /w.;) and elec-
tron gyroradius p. (= vie/wee)-

Here, we present the numerical simulation results for
localization of KAWs and its dependence on initial con-
ditions of simulations. The 2D snapshots of the time evo-
lution of transverse KAW field intensity for various kinds
of initial conditions are shown in Figures 1(a)-1(c), 2(a)-
2(¢), 3(a)-3(c) and 4(a)-4(c) at three instants of time. Due
to ponderomotive force, which is exerted by the pump
wave, the background density changes. The background
density variations change the phase velocity of KAWS,
which results in localization of the KAWs. The perturba-
tion associated with the pump wave removes the energy
and the coherent magnetic structures collapse with the evo-
lution of time. Further, because of the nonlinear interac-
tions of density and magnetic fields, collapsed structures
try to regroup as time evolves. This process repeats until
the evolution is not fully chaotic. For IC-1, at t = 2, the
peak intensity of around 106 is formed at (z = 0.78, z =
3.04). Because of the perturbation superimposed on the
pump KAWs, ponderomotive force which is changing with
time modifies the background density. The nonlinear cou-
pling between the inhomogeneous density and the KAW
magnetic field leads to the localization of KAWs and the
perturbations of the magnetic field trigger the breakup of
filamentary structures once they reach sufficient energy.
This breakup is evident from Figure 1(b) of magnetic field
profile at ¢ = 3 forming the low and high intensity fil-
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Fig.1 Snapshots of normalized magnetic field intensity profiles (upper panels) and spectral contour plots of magnetic field intensity
(lower panels) at t = 2,3 and 4 for IC-1.
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Fig.2 Snapshots of normalized magnetic field intensity profiles (upper panels) and spectral contour plots of magnetic field intensity
(lower panels) att = 3,4 and 6 for IC-2.
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Fig.3 Snapshots of normalized magnetic field intensity profiles (upper panels) and spectral contour plots of magnetic field intensity
(lower panels) at t = 6.5, 8 and 9.5 for IC-3.
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Fig.4 Snapshots of normalized magnetic field intensity profiles (upper panels) and spectral contour plots of magnetic field intensity
(lower panels) at t = 5,6 and 10 for IC-4.
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Fig.6 Spectra of magnetic field fluctuations for IC-2 in k, space (upper panels) and k| space (lower panels) att = 3, 4 and 6.

aments at random locations in the (z, z) plane. Here the  and some filaments collapse to very low intensity fila-
highest filament intensity of around 12.3 is formed at the =~ ments. The distributions of magnetic field intensity pattern
location (0.98,1.57). At time ¢ = 4, some of the scat-  in Fourier modes (k,, k.) are displayed in Figure 1(d)-
tered filaments regroup to form high intensity filaments 1(f). Initially, the magnetic energy was confined to low
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Fig.8 Spectra of magnetic field fluctuations for IC-4 in k, space (upper panels) and k| space (lower panels) att = 5, 6 and 10.

wavenumber modes. As time evolves with the collapse of In Figure 2(a)-2(c), the simulation results for IC-2 are
localized structures, the magnetic energy is distributed to  represented as snapshots of the 2D spatial evolution of
higher wavenumber modes. KAWs at different times. Here nonuniformity in the KAWs

is produced by the superposition of a Gaussian perturba-
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Fig.9 Spectra of electric field fluctuations for IC-1 in k| space: perpendicular electric field (upper panels) and parallel electric field

(lower panels) att = 2,3 and 4.

tion (instead of cosine perturbation in IC-1) on a uniform
plane wave. Almost the same pattern of filament formation
is seen but at different times, locations and intensities. At
times ¢ = 3,4 and 6, the filaments with highest intensities
are around 30, 23 and 13 respectively. The contour plots
connecting the same magnetic field energies in the (k, k)
plane are depicted in Figure 2(d)-2(f). In Figure 3(a)-
3(c), the snapshots of magnetic field intensity profiles for
IC-3, a cosine perturbation to a Gaussian wavefront, are
displayed. At ¢ = 6.5,8 and 9.5, the highest intensity
magnetic filaments are around 1.30, 0.40 and 1.36, respec-
tively. From this we can conclude that although low in-
tensity filaments can be formed, higher intensity filaments
cannot be formed in case of IC-3. From Figure 3(d)-3(f),
it is evident that the energy cannot be distributed much to
other higher wavenumbers. Therefore, this kind of nonuni-
formity (IC-3) in magnetic field may not be appropriate to
sufficiently heat the solar corona. The simulation results
for IC-4, a random perturbation to a Gaussian wavefront,
manifest almost similar results with those of IC-3, as dis-
played in Figure 4. From these results we can conclude
that the magnetic intensity profile is mainly dependent on
the nature of the pump KAW. For the same pump KAW
wavefront with different perturbing waveforms, there is lit-
tle variation in the intensity profile in terms of magnetic
intensity and its locations and the evolution time of fila-

ment formation. If we compare the evolution times when
the proper filaments start forming, they start at earlier times
for IC-1 (i.e. t = 2) and IC-2 (¢t = 3), but at later times for
IC-3 (t = 6.5) and IC-4 (t = 5). Since for all initial con-
ditions, the intensities of filaments are different, we expect
non-similarities in the distribution of energies in different
wavenumbers, which are exemplified in the depictions ap-
pearing on the lower panels of Figure 1-4. This will be
more reflected in the spectral scaling of the wavenumber
spectra that we are going to discuss below.

From the simulation results of localization, it has been
found that the transverse scale size of the localized struc-
tures or filaments of KAWSs are localized in space covering
all scales from the energy injection scale (when the size
of a filament is comparable to ion gyroradius/ion inertial
length) to dissipation scale (when the size of a filament is
comparable to electron gyroradius/electron inertial length).
Let us make an analogy between the the generation of mag-
netic coherent structures and the phenomenon of laser fo-
cusing (Kruer 2013). If there are variations in the density
of a medium, the dielectric constant of the medium will
also be varied. It will produce changes in the refractive
index. When a laser beam propagates through a medium
of varying refractive index, the medium will behave like a
focusing lens. Therefore a focused laser beam will be pro-
duced. In a similar way, the parallel ponderomotive force
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in the solar plasma will generate perturbations in the den-
sity. When the KAWs propagate through the plasma, their
phase velocity will change and it will lead to the localiza-
tion of KAWs.

When the nonlinearities arising from inhomogeneities
in the field and density are combined with the imbalance
in the number of particles moving faster than the wave,
plasma heating occurs (Gershman et al. 2017). If the par-
allel fluctuations in fields and current density are large
enough, the charged particles (electrons) can be trapped
in between the wave packets. As the wave propagates,
the wave’s kinetic energy is transferred to particle energy
leading to the magnetic analog of Landau damping. The
ion motions decouple from the electron motions when the
wave packet (filament) sizes are smaller than that of ion
acoustic gyroradius ps. From the snapshots of magnetic
field profile, at the early evolution times the transverse fil-
ament sizes are of the order of ion gyroradius ~ 6p; =
188.50km at half of the peak intensity. At later evolution
times, when the transverse collapse happens, this filamen-
tary size becomes much smaller, leading to kinetic scales
of KAWs, thereby heating the plasma particles. Many au-
thors (Lion et al. 2016; Chmyrev et al. 1988) found the
KAW filamentary size of the order of p,. In our present dy-
namical equation, if we increase the pump wave amplitude
by increasing the parameter g as carried out by Sharma
et al. (2006) in the steady state model, the filamentary size
becomes less than ps. When the microscale kinetic scales
of the particles such as ps are comparable to the short per-
pendicular wavelength of the KAWs, wave-particle energy
exchange happens to effectively heat the plasma.

Further along with the localization of KAWs, we have
studied the transfer of energy in wavenumber spectra by
plotting | B,|? against k (k1) and k. (k). The saturated
power spectra of KAWs at different times were plotted
by averaging over all parallel wavenumbers when the sys-
tem reaches quasi-steady state. It is clearly shown from
Figures 5-8 that for all the initial conditions up to k ps <
Land k) ps < 1 (inertial range), the energy cascade follows
the Kolmogorov scaling with spectral index —5/3 as ob-
served by many authors (Champeaux et al. 1998; Laveder
et al. 2001; Sulem & Sulem 1999). There are observations
from solar flares (Dennis 1985; Hudson 1991) which man-
ifest power law spectral index of —1.6. Hollweg (1984)
suggested that the dissipation of AWs via a turbulent en-
ergy cascade to high wavenumbers with Kolmogorov scal-
ing may be responsible for heating of the coronal loops.
The energy flux density in the coronal loops was calculated
using the Kolmogorov scale of turbulence and it was found
to be consistent with observations. Although this energy
flux was sufficient to heat the coronal loops, the physical
processes responsible for turbulence are not as yet fully un-
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derstood. The transverse collapse of the magnetic filaments
of KAWs has been proposed here as one of the candidates
to explain the Kolmogorov turbulence as well as the dissi-
pation of coronal loop energy via high wavenumbers that
can heat the corona.

From the power spectra, the first spectral break was
found at k, ps ~ 1 and k) ps ~ 1 showing no fixed spec-
tral slopes for the initial conditions of magnetic field inho-
mogeneity. This break is the transition region from inertial
range (ion scale) to kinetic range (electron scale). In our
case, we found the spectral indices in k; to be —3.2 and
—4 for IC-1, —4 for IC-2, —10 for IC-3 and —2.7 for IC-4.
The spectral indices in k) are —6 and —8 for IC-1, —8 for
1C-2, —12 for IC-3 and —9 for IC-4. For sufficient heat-
ing of the solar corona by small scale bursts such as solar
flares, Hudson (1991) pointed out the spectral slope needs
to be more negative than —2. By analyzing the data from
many spacecrafts such as Yohkoh with SXT, SOHO and
TRACE, the spectral power index of small-scale brighten-
ings in the quiet-Sun and active regions was steeper than
—2 (e.g. Aschwanden & Parnell 2002). In our case, it is
evident from Figures 5-8 that the spectral slope is deeper
in k) in comparison to the slope in & . This means less en-
ergy is cascading in parallel wavenumber space. Such kind
of fluctuations in the power spectra play a very important
role in transferring energy and heating the solar corona,
indicating the distribution of energy among intermediate
and high wavenumbers. Early studies of weak MHD tur-
bulence predicted the non-cascade of energy in parallel
wavenumber space (Kraichnan 1965; Shebalin et al. 1983).
Later, cascade of energy in the parallel wavenumber space
was evident from many studies in the strong MHD turbu-
lence regime (Goldreich & Sridhar 1995). So, the magnetic
field direction can induce anisotropy in the solar plasma
turbulence. By utilizing numerical simulations in 2D and
3D, many authors (Shebalin et al. 1983; Oughton et al.
1994; Milano et al. 2001) have demonstrated the wavevec-
tor anisotropy in plasma turbulence resultingin k. >> k.
As is also evident from our Figures 5-8 by comparing the
upper and lower panels, the spectral anisotropy is present
for the parameters applied in the simulation for coronal
loops. The anisotropic magnetic fluctuations with respect
to the mean magnetic field in the kinetic small scale regime
were reported by many authors (Chen et al. 2010; Sahraoui
et al. 2010; Narita et al. 2011). The anisotropic turbulence
is more significant at large wavenumbers. The energy is
cascaded more in the transverse wavenumber, i.e. when
k1 > k. In our results, by examining Figures 5-8, it was
found that the magnetic spectral slope in the kinetic small
scale is deeper along k| in comparison to that along £ .
This indicates that more intensity of energy is cascaded
along the perpendicular wavenumber space in compari-
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son to the energy cascaded along the parallel wavenumber
space. Out of the four initial conditions, IC-3 results in the
least cascade of energy to higher wavenumbers. Therefore,
the shape of the power spectra in perpendicular and par-
allel wavenumber space will not be same. Various numer-
ical studies (Maron & Goldreich 2001; Cho et al. 2002)
and spacecraft data (Leamon et al. 1998; Luo & Wu 2010;
Luo et al. 2011) confirmed the anisotropically cascading
model of KAW turbulence. Many authors have found the
anisotropic scaling of KAWs as k| o B3 (= k033)
(Schekochihin et al. 2009; Cho & Lazarian 2004; Cho &
Lazarian 2009). Our wavenumber spectra also show the
anisotropic scaling as nearly as k| oc k9-°% and &y oc k970
for IC-1 and IC-2; k| o< k©-** for IC-3 and kj o k9%° for
IC-4. Considering the effects of anisotropic dispersion and
turbulence, the KAW turbulence cascades in parallel and
perpendicular wavenumber space need to be investigated
properly to understand the coronal heating problem.

Because of the transverse collapse of magnetic co-
herent structures, the nonlinear energy transfer is maxi-
mized for the transverse directions, thereby characterizing
the extension or elongation of the energy spectrum pref-
erentially across the ambient magnetic field. The energy
is preferentially cascading towards smaller scales across
the mean field direction rather than in the parallel direc-
tion. So, the perpendicular wavevector component of the
fluctuations increases, resulting in wavevector anisotropy.
Here we have taken the initial conditions of the simula-
tions as a perturbation superimposed on a main KAW. The
perturbation associated with the pump wave takes the en-
ergy away from the main KAW and after having sufficient
energy, the coherent magnetic structures collapse with the
evolution of time. From the numerical simulations we see
that the localized structures are strongly dependent on the
form of the main KAW. In case of IC-1 and IC-2, the main
KAW is a uniform plane wavefront with a fixed initial
amplitude. This plane wavefront superimposed with peri-
odic/Gaussian waveforms may be able to give intense fila-
ments to heat the plasma more in the transverse direction.
On the other hand, for IC-3 and IC-4, the main KAW is a
Gaussian wavefront whereas it may not be able to give in-
tense filaments in comparison to IC-1 and IC-2, so the heat-
ing across the magnetic field is relatively low. One can also
consider the semi-analytical solutions with pre-assumed
trial inhomogenous fields in the form of four initial con-
ditions studied here and calculate the growth rate of KAW
instability and its dependence on wavevectors. Such analy-
sis will shed light on the role of different initial conditions
in the wavevector anisotropy. In addition, the filamentation
process can create conditions favorable for other instabili-
ties. Since it has the lowest instability thresholds, it can in-
crease the growth rate of other instabilities which may be
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responsible for transfer of energies. However, we do not
observe a single unique spectral slope for different initial
conditions. This suggests that the evolution of the turbu-
lent fluctuations presented here does not represent a state
of fully developed turbulence. Moreover, the exact nature
of spectral slopes, the generation of anisotropic turbulence
with different fluctuation power in parallel and perpendic-
ular wavenumber spaces, is a tedious problem which re-
quires more studies for better understanding.

Finally, we study the spectral structures of perpendic-
ular and parallel electric field fluctuations resulting from
KAW turbulence cascading in the perpendicular wavenum-
ber space. From Equations (13) and (14), the normalized
E, and E, are E, = (2 — ¢/B/")B, and E. = B,/Q,
respectively, where Q@ = v%/(vAA2koyko.) is a dimen-
sionless constant and the electric field is normalized by
En = Bnko:v%/(wc). In Figure 9, we can see that both
the spectra have spectral indices of k£ ~5/3 for inertial range
and k—* for dissipation range. The spectral indices for the
electric field are quite similar to those of magnetic spec-
tral indices except that the spectral intensity for the parallel
electric field is smaller than that of the perpendicular elec-
tric field, so we are showing it only for IC-1. Zhao et al.
(2016) have developed a semi-phenomenological model
of Alfvénic turbulence and found the turbulent scaling
of kf/ % and kll/ % for perpendicular electric spectra in
the intermediate (kinetic) beta regime, while they found
ki/ % and kll/ ® for parallel electric spectra. For scales
smaller than the ion kinetic scales kp; > 1, many authors
(Schekochihin et al. 2009; Zhao et al. 2013; Bian & Kontar
2010) have also predicted a scaling of kll/ % and by con-
sidering the strong intermittency, Boldyrev & Perez (2012)
predicted the scaling of —2/3. For a parallel electric spec-
trum, Zhao et al. (2016) identified the spectral indices of
ki/ ® and kll/ ® in the inertial and kinetic scales respec-
tively. The parallel electric energy increases with the per-
pendicular wavenumber in the inertial range (Zhao et al.
2013; Bian & Kontar 2011) as the turbulence cascades to
smaller scales. However, they did not find a proper definite
spectral shape for kinetic scales. Mozer & Chen (2013)
showed from the THEMIS and Cluster data that the per-
pendicular and parallel electric spectra have similar shapes
and amplitudes with power laws with exponents near —5/3
below the ion scales and flat spectra at the vicinity of this
scale. At small scales, the spectra manifested steep spec-
tral indices ranging from —2.1 to —2.8. However, many
other authors (Zhao et al. 2013; Bian & Kontar 2010; Bian
& Kontar 2011; Mozer & Chen 2013) have shown that the
spectral amplitudes of the parallel electric field are much
lower than those of perpendicular electric field spectral en-
ergy. Therefore, the main contribution to the total electric
field spectrum is due to the perpendicular electric field.
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From Figure 9, we see that the parallel electric field en-
ergy is smaller by an order of 3 than the perpendicular
electric field energy. However, it should be noted that the
parallel electric field is the actual force which mediates the
wave-particle interaction and can play an important role
in electron energization (Wu & Fang 1999; Fletcher &
Hudson 2008; McClements & Fletcher 2009) via Landau
resonance. It happens when the electric thermal speeds are
comparable to the wave phase velocity v,, = w/kj and
hence increasing the process of turbulence cascading to
smaller scales. This resonant acceleration process is a dif-
fusion in velocity space and can be treated under stochastic
resonant heating with quasilinear theory. The parallel elec-
tric field spectrum we generate can be effectively used to
model the stochastic resonant acceleration with quasilinear
theory.

In our case, the parallel and perpendicular electric field
spectra at dissipative range are steeper than some predic-
tions (Bian & Kontar 2010; Bian et al. 2010; Mozer &
Chen 2013) but agree qualitatively with results from hy-
brid Vlasov-Maxwell simulations (Valentini et al. 2017)
by imposing Alfvénic perturbations on an initial pressure-
balanced magnetic shear equilibrium and gyrokinetic con-
tinuum simulations (Howes et al. 2008; Howes et al. 2011).

From the magnetic spectra, we see that at the scale
length of electron inertial length, i.e. k1 ps ~ 5, and
kjps ~ 5, there is a second break point in the spectral
index. It should be mentioned here that the present study is
not valid in this region because our KAW dynamics were
developed for w < w,;. On the other hand, at scales close
to ps/pe, wave particle interactions lead to Landau damp-
ing (Gary & Nishimura 2004; Sahraoui et al. 2009). In
the electron scale region, whistler mode w > w,; is more
relevant. From the cluster spacecraft data of solar wind,
Sahraoui et al. (2009) demonstrated that the cascade of en-
ergy is carried by KAWs with w < w,; downto kj p; ~ 10,
corresponding to a frequency of around 5 Hz. The region
beyond this was limited by the noise level of the instru-
ment. Dwivedi & Sharma (2013) studied the anisotropic
scaling in wavenumber power spectra by considering the
presence of both KAW mode and whistler mode. However,
the origin of small scale fluctuations is not understood
well, which may be due to whistler waves or KAWSs, or
the interactions between them (Gary & Smith 2009; Salem
et al. 2012; Boldyrev et al. 2013; Chen et al. 2013a,b) or
interactions of KAWSs with ion acoustic and magnetosonic
waves. Sharma et al. (2017) also studied coronal heating by
considering the localization of slow magnetosonic waves
due to the background density perturbation. In spite of all
these mechanisms, there is still no consensus theory to
explain the coronal heating by turbulence. Therefore, our
transient KAW dynamics with modified background den-
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sity due to ponderomotive force and Joule heating, leading
to the transverse collapse of magnetic coherent structures
may be one of the possible physical process to explain the
heating in coronal loops.

4 CONCLUSIONS

In summary, we have presented the numerical simulation
results of modified NLSE satisfying the transient KAWs
propagating in an inhomogenous coronal loop plasma. The
dynamical field equation couples with the field aligned
density perturbations arising because of ponderomotive
force and Joule heating. The nonlinearity in the field equa-
tion leads to the localization of KAW wave packet as enve-
lope solitons. As the wave propagates, the transverse col-
lapse of the coherent structures happens, giving rise to tur-
bulence. The spectral power indices are deeper in kj in
comparison to the indices in &k . This means less energy is
cascading in parallel wavenumber space. Such kind of fluc-
tuations in the power spectra plays a very important role in
transferring the energy and heating the solar corona, indi-
cating the distribution of energy among intermediate and
high wavenumbers. The saturated magnetic power spectra
follow Kolmogorov scaling of k~°/3 in the inertial range,
then followed by steep anisotropic scaling in the dissi-
pation range. The KAW has anisotropy of k| oc k{52,
ky o k920, Ky o k9% and k) oc k930 depending on
the kind of initial conditions of inhomogeneity. The power
spectra of magnetic field fluctuations showing the spectral
anisotropy in wavenumber space indicate that the nonlin-
ear interactions may be redistributing the energy anisotrop-
ically among higher modes of the wavenumber. Therefore,
anisotropic turbulence can be considered as one of the can-
didates responsible for the particle energization and heat-
ing of the solar plasmas.
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