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Abstract. In the present work, turbulence generation due to the dynamic evolution of magnetic islands is
investigated. The role of ambient magnetic field in the evolution of magnetic islands and turbulence generation is also investigated. The origin of magnetic islands lies in the fact that reconnection takes place in
thin current sheets which becomes unstable and leads to the formation of magnetic islands. The model is
developed using basic fluid equations and Maxwell’s equations to study the dynamics of magnetic islands.
The dynamical equation has been solved numerically for two different cases: (a) background field consisting
of Harris equilibrium field component only and (b) background field comprising of both axial and Harris
equilibrium field. It is evident from our investigation that the evolution of magnetic islands establishes the
presence of turbulence in reconnection sites. Using the simulation data, we have also examined the associated power spectrum which displays the distribution of energy in different wave modes. This spectral index
has consistency with THEMIS observations (Chaston et al. 2008, Nat. Phys. 4, 19). In this way, the present
approach may be helpful to understand the interplay between magnetic reconnection and turbulence in
magnetopause region.
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1. Introduction
Turbulence is a natural state of space plasmas and
described as an admixture of random fluctuations on
many different scales. It is an energy transfer process
in a medium by which energy is injected at large
scales and converted into motions at smaller scales. In
general, magnetic field lines play an important role in
many astrophysical and space plasmas, to develop
theoretical explanations of dynamical processes such
as magnetic reconnection (Parker 1979). The reconfiguration in magnetic field lines and resulting rapid
transfer of energy from fields to particles, has been
observed by Magnetospheric Multiscale misson
(MMS) in the Earth’s magnetosphere (Burch et al.

2016; Eastwood et al. 2009). The breaking and
reforming of magnetic fields are broadly used in
describing mechanisms for particle acceleration and
transport of energetic particles.
When oppositely directed magnetic field lines
approach each other and reconnect in a current sheet,
where magnetic X-line configuration is formed, the
magnetic island is formed between two X-lines (Parker 1957; Sweet 1958). Thus the reconfiguration of
magnetic field lines leads to the generation of magnetic islands (Wang et al. 2010; Daughton et al. 2011;
Dong et al. 2012). It plays a key role in electron
acceleration in reconnection sites. In literature, various mechanisms have been suggested to explain the
electron acceleration during the evolution of magnetic
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reconnection such as the contributions of the parallel
electric field, Fermi and betatron mechanisms. One of
the important mechanism is the interaction between
magnetic islands (Ambrosiano et al. 1988). Chen et al.
(2008) have suggested the link between energetic
electrons and magnetic islands during reconnection in
the Earth’s magnetosphere. Magnetic islands can
support in enhancing the reconnection rate and the
efficiency of particle acceleration (Daughton et al.
2006; Bhattacharjee et al. 2009; Matthaeus & Lamkin
1985; Fu et al. 2006; Chen et al. 2008; Takasao et al.
2016).
In the present work, we have developed a model
using EMHD model, to examine the effect of guide
field and thickness of Harris sheet on the evolution of
magnetic islands and turbulence generation. The
model equation is solved numerically for magnetopause region parameters using pseudo spectral
method and finite difference method.
In the present work, we are investigating the role of
the background magnetic field in the evolution of
magnetic islands. The model equations for island
evolution have been obtained using two-fluid model
and solved numerically for magnetopause region
parameters.
The contents of the paper are organized as follows:
Section 2 presents the dynamics of basic equations.
Numerical simulation results have been discussed in
Section 3. The paper concludes with Section 4 by
providing the summary and discussion.

2. Basic formulations
The model equations are developed in 3D using twofluid equations and Maxwell’s equations and their
evolution in time has been studied. In this analysis, we
have assumed that background magnetic field ~
Bis
along z direction.
One can obtain model equations in the following
steps: electron momentum equation is written as
 k B Te
~e
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e
e 
~ n:
~
E
ve  ~
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Here, n0 is the background density, n is the density
perturbation in the background density, Te is the
electron temperature, kB is the Boltzmann constant
and ~
ve is electron velocity. Taking parallel component
of electron equation of motion and using
~
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tion (2) can be re-written as
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Using the Ampere’s law, the current density (jez )
can be written as
c
~
jez ¼  r2? w:
ð4Þ
4p
~ ~
Using quasi neutrality condition r
j ¼ 0 (here
~
j ¼ n0 eð~
ve  ~
vi Þ is the current density, ve and vi
are the electron and ion velocities respectively), we
get
1
~?  ~
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The perpendicular component of ion velocity can be
given as


c
c
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Here, xci ¼ eB=mi c is the ion gyrofrequency. Taking
the divergence of the above equation, it can be written
as
c d 2 
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By using the relation dtd ¼ oto þ v  r in Equation (7),
it can be written as
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Using Equation (8) in Equation (5), it can be written
as
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From electron continuity equation, we get
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The density modification is written in terms of
scalar potential with the help of Equations (9) and (10)
as
n0 c 2
r /:
ð11Þ
n¼
Bxci ?

J. Astrophys. Astr. (2021)42:1

Page 3 of 6

Equation (3) can be written by using Equation (4) in
(11) as
2
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By using a small field perturbation ~
b (where
~
~
~
~¼~
b ¼ r  w) in the background magnetic field (B
B0 )
~
^ 0 tanhðx=LÞ
and accounting the shear field B ¼ yB
0y

along the y^ direction, Equation (12) can be written as
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Equation (14) can be re-written as
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dynamical evolution of the magnetic island. Therefore, we proceed as follows: Now if consider linear
case, we get the relation between the scalar potential
and vector potential as given below:
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Eliminating / in Equation (15) by using Equation (17), we get
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Here,


1=2
ke ¼ me c2 4pn0 e2
is the electron inertial length, qs ¼ cs =xci is ion gyroradius andcs ¼ ðkB Te =mi Þ1=2 is the ion sound velocity.
After the normalization, Equation (18) can be written
as
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The scalar potential and vector potential are related
as (using Equations (4) and (7) in (6))
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Equations (15) and (16) are similar to Equations (6.77) and (6.78) of Biskamp (2000) with g ¼ 0
and l ¼ 0 by substituting n ¼ di wi =B from Equation (6.79). One can get linear growth rate of tearing
instability using Equations (6.92) and (6.93) which are
derived using Equations (6.77) and (6.78) in Biskamp
(2000). But our main purpose here is to study the


Here c1 ¼ k2e q2s . The normalization constants are


xn ¼ qs ; yn ¼ 1 ky ; tn ¼ 1 ky vA
and the normalized profile for Harris equilibrium field
B0y B0 ¼ tanhð0:2xÞ (Harris 1962).
Next, to investigate the effect of background field
on the evolution of magnetic islands, we have divided
our study in two different cases. In Case I, we ignore
the axial magnetic field and consider only the Harris
equilibrium field. Whereas, in Case II, we take both
the fields which is a more generalized case when
studying the magnetopause reconnection as magnetic
fields involved in magnetopause reconnection are
from different origins but can still have a parallel field
component or axial background field.
Case I. If axial field is neglected, then Equation (19)
can be written as
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In order to get the dynamical equation we used the
solution i.e., island profile, since magnetic reconnection is visualized within the framework of magnetic
islands, as mentioned by Fitzpatrick and Waelbroeck

~ ¼ w00 ðx2 2 þ b0 ðx; tÞ cosðyÞÞ in
(2005), i.e., w
0
Equation (20). It can be written as (b0 is the width of
the magnetic island)


o2 b0
o4 b0
o2
 c1 2 2 þ 1  2 ððtanhð0:2xÞÞ2 Þb0 ¼ 0:
2
ot
ox ot
ox
ð21Þ
Case II. Using the solution of vector potential
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w
0
in Equation (19), we get the following equation:
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For simulation purpose, taking the magnetopause
parameters (Chaston et al. 2008) B0 ¼ 31  105 G,
Te ¼ 37 eV, n0 ¼ 21 cm3 . Using these values, one
finds that xci ¼ 3:1 rad s1 , xpe ¼ 2:5  105 rad s1 ,
ke ¼ 1:2  105 cm, vA ¼ 1:1  107 cm s1 , qs  2:0 
106 cm, ky ¼ kz ¼ 1:0  107 cm1 , and the normalizing parameters are c1 ¼ 0:05xn ¼ 2  106 cm; yn ¼
1  107 and tn ¼ 1:10 s.

3. Numerical simulation and results
To solve the resulting dynamical equations numerically, we have used the finite difference method
including a predictor corrector scheme for temporal
evolution with time step Dt ¼ 105 and pseudo
spectral method for space integration. Before
embarking on the numerical solution of our present set
of equations, we have tested the accuracy of our
numerical code by monitoring the conservation of
P
2
plasmon number viz. N ¼ k wzk for the wellknown nonlinear Schrödinger equation. We found that
the plasmon number remains constant up to the sixth
decimal place showing an accuracy of 10-6 throughout our computation. The code was then modified for
solving the present dynamical equations (21) and (22)
for both the cases I and II, respectively as described in
the Section 2. Numerical simulation of Equations (21)

and (22) is performed by using the constant initial
condition for the initial width parameter b0 ðx; tÞ ¼ 5,
having a size 2p=a with 128 grid points (herea is the
normalized perturbation wave number).
Figure 1(a)–(d) display the contour plot of vector
potential in x–y plane due to the sole presence of Harris
field (absence of axial field) at different times, viz. (a) t
= 0, (b) t = 1, (c) t = 15 and (d) t = 45. Here we can see
that initially, there was a chain of magnetic islands
which gets elongated along the x-axis with the
advancement of time. Also, there is distortion in
structures at a later time. Figure 2(a)–(d) are the contour plots of vector potential (w) in the x–y plane due to
the simultaneous presence of axial field as well as
Harris field at different times viz. (a) t = 0, (b) t = 1, (c)
t = 15 and (d) t = 45. Here we can see that modified
structures with high intensity are formed at the
advancement in time. The resulting structures are the
indication of turbulence generation and hence the
resulting power spectrum (Fig. 3). From these
obtained results, it can be concluded that when the
axial field is taken into account, electron dynamics
come into the picture. Localization of the field gives
rise to coherent structures and the reconnection process
becomes faster when both the fields are present which
can be seen in these figures. In the present work, the
term ððtanhð0:2xÞÞ2 b0 ðx; tÞÞ gives the interaction in the
modes just like in nonlinear case. This product term is
responsible for the evolution of island width to be
irregular in space and time and ultimately in generation
of turbulence. Similar type of situation where magnetic
field fluctuations are observed experimentally solely
due to inhomogeneity, has been reported by Scime
et al. (2007) and numerical simulation (Goyal et al.
2015) work has also been analysed. Moreover, Finn
and Kaw (1977) have also discussed closeness of
islands due to inhomogeneity only. Therefore, the
turbulence generation in the present work is solely due
to inhomogeneity in the magnetic field (Harris field).
In Fig. 3, we have presented the power spectrum
(spectral index k3=2 line is for only the reference and not
the fit) for the second case when both axial field and Harris
field are present. Chaston et al. (2008) have presented the
power spectrum using the THEMIS data for the magnetopause region. Daughton et al. (2011) have done
numerical simulation to discuss the turbulence generation
in magnetopause plasma. Therefore, the present power
spectrum has also demonstrated the signature of turbulence in the magnetopause reconnection site.
This steepening in the power spectrum will lead to
the formation of thermal tail as a result of turbulence,

J. Astrophys. Astr. (2021)42:1

Page 5 of 6

1

Figure 1. (a)–(d) The contour plot of vector potential (w) in the x–y plane due to the sole presence of Harris equilibrium
field (absence of axial field) at different times viz. (a) t = 0, (b) t = 1, (c) t = 15 and (d) t = 45.

Figure 2. (a)–(d) The contour plot of vector potential (w) in the x–y plane due to the simultaneous presence of axial field
as well as Harris field at different times viz. (a) t = 0, (b) t = 1, (c) t = 15 and (d) t = 45.
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