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ABSTRACT

Separators are important topological features of magnetic configuration for magnetic reconnection, commonly found in the solar plasma.
They are located at the boundary shared among four distinctive flux domains; therefore, current layers easily build up around them. This
paper aims to explore non-driven magnetic reconnection at multiple separators since little information is available about it. We have done
two sets of experiments: non-resistive magnetohydrodynamic (MHD) relaxation and resistive MHD reconnection of a magnetic configuration
consisting of two null points alongside their associated spines and three non-potential separators, which connect the same two null points.
We used the LARE3D code for this purpose. The main current layers are formed along these separators where reconnection takes place. The
reconnection occurs in two distinct phases: fast–strong and slow–weak. Most of the current dissipates at a fast rate, through Ohmic heating,
during the fast–strong phase. The short-lived impulsive bursty reconnection events occur randomly in the slow–weak phase, while viscous
heating exceeds Ohmic heating in this phase. The electric field component is parallel to field lines along the separators; likewise, the rate
of reconnection along each of them evolved over time. However, work on separator reconnection has a strong potential to understand the
underlying physics.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0065957

Magnetic reconnection is considered a fundamental process in
plasma that helps release energy stored in a magnetic field in
the plasma. During magnetic reconnection, the magnetic topol-
ogy changes due to the breaking and rejoining of field lines,
which are initially occurring in opposite directions. Our main
focus is to create a model of magnetic field configurations involv-
ing multiple separators with appropriate conditions for separator
reconnection, investigate how the reconnection rate varies and
how long the reconnection lasts as the magnetic configurations
change, and find the validity of the above analytical models by
comparison with a numerical reconnection model.

I. INTRODUCTION

Solar flares and substorms are trending topics of interest in
the field of astrophysics. They are considered significantly dynamic
phenomena that release a large amount of energy (up to 1032 ergs)
in a matter of minutes due to magnetic reconnection.1 Magnetic

reconnection is considered to be one of the key processes in plasma
physics that help to understand the energy release, stored in the
solar plasma magnetic fields.2 Many other processes occur in plasma
associated with energy release, but reconnection seems to be the
most significant one in unfolding the dynamic release of magnetic
energy on a massive scale. The evolution of the magnetic field in
the plasma follows an ideal progression where all topological fea-
tures of the field stay unaltered over a long period as observed
many times in the Sun’s corona and Earth’s magnetosphere.3 This
unchanging attribute gives the inspiration to examine topological
properties of the magnetic field, e.g., magnetic null points, mag-
netic field lines, and magnetic flux surfaces. From these features,
magnetic null points, in particular, are found to be stable and con-
served under both ideal and non-ideal plasma. It is consistent with
an index theorem that permits just a few bifurcation processes to
either produce or destroy magnetic null points.3

An important aspect of the conservation of topological fea-
tures for plasma evolution is to keep the magnetic field structure
and the stored free magnetic energy unaltered within the magnetic
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configuration. Such a type of conservation is referred to as the
frozen-in condition,3,7 although this condition, even for predomi-
nantly ideal plasmas, can get violated in certain localized regions,
where the non-ideal effects become significant. Such localized
regions are usually associated with the current sheets. A non-zero
value of the electric field component parallel to the magnetic field
is a vital prerequisite for the reconnection process, which brings a
change within the topology of a magnetic configuration.4 This allows
a change in the connectivity of the magnetic field lines, which in turn
changes the topology, the process being known as magnetic recon-
nection. During this process of reconnection, a significant amount
of magnetic energy is released both locally and globally in the vicin-
ity of the reconnection site. A significant content of the literature
on reconnection focuses on the understanding of 2D reconnec-
tion problems due to theoretical and computational ease. Thus,
most of the models of magnetic reconnection were entirely two-
dimensional. Reconnection in 2D was first proposed to describe an
underlying reason for solar flares in the 1940s.5,6 This process has
been investigated in detail since the 1950s.7–12 It has been found
that 2D reconnection can only occur at (X-type) null points of
the field.13 Such (X-type) null points that lie at the intersection
of four flux domains (topologically distinguishable) are the most
probable sites of formation of current sheets, following the collapse
of 2D null points. This has been studied in detail under different
parameters.14–17

However, in three-dimensional situations such as astrophysi-
cal plasmas, there are no limitations on where reconnection occurs,
and the only required condition is the existence of a non-ideal
(localized) term in Ohm’s law.4,18 Thus, wherever this non-ideal
(localized) term of Ohm’s law becomes significant, reconnection is
likely to take place there. Due to this reason, the possibility of a
large number of reconnection sites and different kinds of recon-
nections are available in 3D plasmas. Most recently, various forms
of reconnections that have been explored are (i) 3D null point
reconnection,19–22,24,25 (ii) quasi-separatrix layer reconnection,26–28

and (iii) separator reconnection, where a separator is a mag-
netic field line that lies at the intersection of four distinct flux
domains.29,30 This is the main characteristic of a separator, which
in turn allows current sheet formation.31–35 There are a number
of papers in which current sheet formation and reconnection at
separators have been examined in numerous numerical simulation
experiments.36–40

The ultimate goal of our experiments is to study sponta-
neous reconnection in the vicinity of multiple separators joining
the same two null points. Previous studies have considered sponta-
neous reconnection in the vicinity of a single separator,35 and others
have studied driven reconnection occurring at multiple separators.38

For the first time, we have looked at non-driven (spontaneous)
reconnection at multiple separators.

We have designed an experiment to study the phenomenon
of reconnection along multiple separators that connect the same
two magnetic null points. In order to clearly focus on the specific
type of reconnection, we first create a magnetohydrostatic (MHS)
equilibrium involving one or more localized regions of enhanced
current, anticipating that it will be localized about one or more of the
separators. Reconnection is then initiated in this MHS equilibrium
via an anomalous resistivity.

In Sec. II, a three-dimensional (3D) magnetohydrodynamic
(MHD) code is discussed briefly. We first set resistivity equal to zero
to create the MHS equilibrium. Then, for initiating reconnection,
we take non-zero resistivity within the enhanced current regions of
the MHS equilibrium. Section III deals with the initial plasma con-
ditions used to create the MHS equilibrium, while Sec. IV explains
the nature of the MHS equilibrium and its formation, with partic-
ular attention paid to the locations of enhanced current. Section V
describes the results of the reconnection experiment including the
rate of reconnection at different separators, integral of an electric
field component parallel to field lines, Ohmic and viscous heat-
ing, and the energy profile of the system after reconnection. Finally,
Sec. VI summarizes the paper.

II. MAGNETOHYDRODYNAMIC CODE

The 3D numerical magnetohydrodynamic code LARE3D23 is
used to first create a suitable initial configuration involving a 3D
current layer that is in magnetohydrostatic (MHS) equilibrium. For
this, we start with a non-potential and non-equilibrium magnetic
field configuration, as shown in Fig. 1. The form of the initial non-
equilibrium field was motivated by the results from earlier modeling
of magnetic fields that contained separators,36,38–40,47 and in all, it is
found that the electric current density accumulates along separators.
The specific form of the initial electric current was chosen for a num-
ber of reasons, namely, (i) it dropped to zero at the boundaries of the
domain to try and avoid the unphysical buildup of current in these
areas (something that can be a problem if an initial constant cur-
rent is added across the whole domain) and (ii) the electric current
is known to align parallel to a separator with its peak current located
on the separator itself. LARE3D is run with zero resistivity to allow
the plasma to reach the desired equilibrium state. This configuration
is then allowed to reconnect with the 3D reconnection experiments.
It solves a set of normalized magnetohydrodynamic (MHD) equa-
tions advancing in time via a Lagrangian step followed by a re-map
step.23 The length, magnetic field, and plasma density are normalized
by the scale factors Ln, Bn, and ρn, respectively, given by

x̂ = Lnx, B̂ = BnB, and ρ̂ = ρnρ,

where the terms with hats denote the dimensional quantities of posi-
tion x, magnetic field B, and density ρ. These three-scale factors
can then be used to normalize all the other physical quantities and
coefficients in the MHD equations, following the below schemes:

pn = B2
n

µ0

,

jn = Bn

µ0Ln

,

vn = Bn√
µ0ρn

,

εn = B2
n

µ0ρn

,

tn = Ln
√

µ0ρn

Bn

,
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with pressure p, electric current j, velocity v, internal energy per unit
mass ε, and time t, with µ0 representing the magnetic permeability,

Dρ

Dt
= −∇ · (ρv), (1)

Dv

Dt
= 1

ρ
(∇ × B) × B − 1

ρ
∇p + 1

ρ
Fν , (2)

DB

Dt
= (B.∇)v − B(∇ · v) − ∇ × (η∇ × B), (3)

Dε

Dt
= − p

ρ
∇ · v + 1

ρ
Hν + η

ρ
j2, (4)

where D/Dt is the convective derivative, and in the above equations,
η is the normalized magnetic diffusivity, is equal to the magnetic
resistivity, 1/σ , where σ is the electrical conductivity. Thus, the
dimensional magnetic diffusivity is

η̂ = η

µ0

= 1

µ0σ
.

Fν and Hν represent the viscous force and viscous heating, respec-
tively. The viscous force, Fν , and the viscous heating term Hν are
defined as

Fν = ρν

(

∇2v + 1

3
∇(∇ · v)

)

,

Hν = ρν

(

1

2
εijεij −

2

3
(∇ · v)2

)

,

where

εij =
(

∂vi

∂xj

+ ∂vj

∂xi

)

,

which is the rate of the strain tensor. The viscosity is fixed at
ν = 0.01 in all the relaxation and reconnection experiments.

In a normalized form, the plasma beta is given by

β = 2p

B2
.

The selected domain is a 3D rectangular box with dimen-
sions of −1 ≤ x, y ≤ 1 and −1 ≤ z ≤ 5 and a grid resolution of
256 × 256 × 768.

The magnetic field is a line tied at the boundaries of the exper-
imental domain. Line tied boundary conditions are used to prevent
the outflow of waves and thus energy from the system during relax-
ation. Our aim is to achieve a system that has energy greater than
that of a potential field, and it is equivalent to that found in the
solar atmosphere where the excess energy injected through photo-
spheric footpoint motions forms magnetic configurations that are
essentially in equilibrium (potential or force-free) but have cur-
rent accumulations at the boundaries between topologically distinct
magnetic regions (such as separators and separatrix surfaces). There
is no mass or energy loss or gain across the boundaries in order to
conserve the total mass and energy in the system.41,43,44 As already
mentioned, two different sets of experiments are run. The first is a
non-resistive MHD relaxation experiment in which the resistivity,

η, is set to zero so that currents may be accumulated and an MHS
equilibrium is created. The second set of experiments is designed
to investigate reconnection starting from an MHS equilibrium. In
these, the resistivity η is non-zero, with full details given in Sec. V.

III. INITIAL SETUP

In order to create an MHS equilibrium with multiple sep-
arators, we choose a specific non-potential magnetic field con-
figuration involving two null points located at rl = (0, 0, 0) and
ru = (0, 0, 4) and a localized electric current, which reaches a maxi-
mum at (0, 0, z0). The specific form for the initial magnetic field is

Bx(x, y, z) = −8x + xz − 3yf(x, y, z), (5)

By(x, y, z) = 4y + yz + 3xf(x, y, z), (6)

Bz(x, y, z) = 4z + 1

2
x2 + 1

2
y2 − z2, (7)

where f(x, y, z) = exp

(

−
(x

a

)2

−
( y

a

)2

−
(

z − z0

b

)2
)

.

The electric current associated with this magnetic field is

jx(x, y, z) = 6x(z − z0)

b2
f(x, y, z), (8)

jy(x, y, z) = 6y(z − z0)

b2
f(x, y, z), (9)

jz(x, y, z) = 3

(

2 − x2 + y2

a2

)

f(x, y, z). (10)

Thus, the electric current for this magnetic field is purely verti-
cal along the z axis and falls off exponentially like a Gaussian.The
rate of fall off in the x and y directions is different from that in
the z-direction provided a 6= b. The values a = 1/2 and b = 1 are
chosen such that the electric current is small on the boundaries of
the domain and at both null points but covers an extended region
between the two nulls, which lie at a length of 4 apart. The peak cur-
rent is set to be midway between the two nulls by fixing z0 = 2. These
values mean that at the two null points, |j| = 0.11. On the bound-
aries of our domain (−1 ≤ x, y ≤ 1 and −1 ≤ z ≤ 5), the maximum
magnitude of |j| = 0.22 [compared to |j| = 6 at (0, 0, z0)] and arises
at the edge of the z = z0-plane. An analysis of the magnetic skeleton
of this magnetic field reveals that the two 3D null points are con-
nected by three separators, each of which is, by definition, created by
the intersection of the separatrix surfaces from the nulls as shown in
Fig. 1.

To characterize the null points in our analytical magnetic field,
the local (linear) magnetic field about each null point and the
eigenvalues and eigenvectors associated with the local fields are
determined.45
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FIG. 1. The magnetic skeleton for our analytical non-potential magnetic field,
which has two null points (red/blue spheres representing positive/negative nulls)
joined by three separators (thick green lines). The pink/light-blue lines show the
separatrix-surface field lines of positive/negative nulls, while the spines of these
nulls are shown by thick red/blue lines, respectively.

The local field about the lower null, located at (0, 0, 0), is
equal to

Blnull =
(

−8x, 4y, 4z
)

.

The eigenvalues and eigenvectors of this local field are

λsl = −8 and esl =
[

1 0 0
]T

,

λf1l, λf2l = 4 and ef1l =
[

0 1 0
]T

, ef2l =
[

0 0 1
]T

,

where λ represents an eigenvalue and e represents its corresponding
eigenvector. The subscripts indicate the spine, s, minor and major
fans, f1 and f2, respectively, while l signifies that these values are for
lower null. Hence, the lower null is a positive radial null whose spine
lies locally along the x axis and its fan plane (local separatrix surface)
is x = 0.

Linearizing about the upper null, located at (0, 0, 4), we find
that its local field is of the form

Bunull =
(

8x, −4y, −4z
)

.

Here, the associated eigenvalues and eigenvectors are

λsu = 8 and esu =
[

0 1 0
]T

,

λf1u, λf2u = −4 and ef1u =
[

1 0 0
]T

, ef2u =
[

0 0 1
]T

.

Here, the notation is as above except that the subscript u is used to
signify that these values are for the upper null.

Thus, the upper null is a negative radial null whose spine lies
locally along the y axis and its fan plane is y = 0. The three separa-
tors lie in between these two nulls between 0 ≤ z ≤ 4. One of the
separatrix surfaces is aligned with the z axis and the other two are
twisted about the z axis.

The plasma associated with this initial analytical magnetic field
has zero velocity (v = 0), and a density is of the form

ρ = 0.4 + 2

[(

exp

(−x2 − y2 − z2

2(0.3)2

)

+ exp

(−x2 − y2 − (z − 4)2

2(0.3)2

)]

.

(11)

An enhanced density is located about the null points such that when
the initial non-equilibrium field starts to relax, the strong pertur-
bations that propagate about the field do not “disrupt” the null
points—that is to say, the waves are damped so that each null point
remains as a single null point and does not bifurcate and become a
null cluster. Such bifurcations would mean that the evolution had
not been purely ideal, but that “numerical dissipation” would have
occurred: something we wanted to avoid. Such a density peaks at
each of the null points in our field with a value of 2.4 and reaches a
minimum value of 0.4 both in the middle of our separator as well as
on the boundaries of our domain.

The initial plasma pressure is defined as

P = ρε(γ − 1). (12)

The initial internal energy is uniform and set to 1.5, and the ratio of
specific heats γ is 5/3. The initial pressure comes out just equal to
the initial density.

IV. MAGNETOHYDROSTATIC EQUILIBRIUM

The MHS equilibrium is created through the non-resistive
MHD relaxation process of our initial symmetric non-potential
magnetic field configuration involving three separators linking the
same two 3D nulls, as discussed in Sec. III. For this purpose, a
numerical code LARE3D (3D non-resistive MHD code), as men-
tioned in Sec. II, is used. Initially, the system is not in equilibrium
due to a non-zero Lorentz force. The total force in our experiment
[from Eq. (2)] is the sum of the plasma pressure force, the Lorentz
force, and the viscous force and is written as

Ftotal = −∇p + j × B + Fν .

As our system starts relaxing while using this LARE3D code,
certain waves will be produced, which then get damped due to the
viscosity in the system as selected in our initial setup. An initial in
balance Lorentz force, existing perpendicular to the z-axis, will cause
the separatrix surfaces to fold toward each other. Finally, the system
evolves under non-resistive MHD. The system relaxes ideally and
waves get damped via viscous effects. This relaxation causes the cur-
rent to accumulate along the separators. Thus, our system for which
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initial current along z axis jo = 3.0 evolves to what appears to be an
equilibrium state.

Now, we will begin by discussing the skeleton of the model
with the current layer in an equilibrium state and then analyze
the accumulation and growth of current as well as twisting of
the current layer, plasma beta, the energetics after achieving an
equilibrium state. Finally, we will examine B · ∇P to verify if the
system has reached an equilibrium. Figure 1 represents an initial
non-equilibrium magnetic field domain, while Fig. 2 represents a
magnetic field domain after achieving equilibrium.

(a) (b)

(c) (d)

FIG. 2. Initial, non-equilibriummagnetic skeleton with field lines showing the nulls
(red and blue spheres), field lines (thin red and blue lines), spines (thick red and
blue lines), and separators (green lines). (b) The magnetic skeleton (after achiev-
ing equilibrium), (c) isosurfaces of plasma beta equal to 1 (gold spheres) (after
achieving equilibrium) , and (d) an isosurface of current density for |j| = 47 (pink)
(after achieving equilibrium).

A. Magnetic field skeleton

By using the defined values of different magnetic field parame-
ters as discussed in Sec. II, MHS equilibrium has been achieved. The
following figures display the effect of this relaxation process on the
topology of a magnetic skeleton and the accumulation of current.
They also display the plasma beta for the designated domain.

Figure 2(b) displays the magnetic skeleton of the magnetic field
after reaching the MHS equilibrium state, which in comparison with
the initial magnetic skeleton [Fig. 2(a)] shows few salient changes
that appear in the structure of the magnetic skeleton after the relax-
ation process: It can be seen that the separator on either side (left
or right) is stretched out and away from the middle separator. The
magnetic field lines (thin blue and red lines) move away from the z
axis/nulls and are gathered around the separators. Also, the increase
of twisting of field lines around the middle separators is very obvi-
ous. Figure 2(c) shows the magnetic skeleton in an equilibrium state
with isosurfaces of the plasma beta β = 1. This highlights the fact
that the plasma beta is high only around the null points as indi-
cated by gold spheres but is less than one elsewhere in the whole
domain. This satisfies the condition (low beta as in solar corona) of
having beta less than one, around and in the vicinity of separators.
Figure 2(d) displays the isosurface of the current sheet along the sep-
arators in the z-direction. The current sheets can be seen along all
three separators. A large amount of current accumulation is along
the middle separator as compared to the other two, and twisting of
the current sheet along the same is quite significant. Figure 3 shows
designed experimental domain with separatrix surfaces in compar-
ison with Fig. 2, which shows selected domain with magnetic field
lines. It shows how the separatrix surfaces of two nulls appear within
the domain. It can be seen that they are perpendicular to each other
and all three separators appear to have intersected with each other.

B. Current collection during an MHS equilibrium

After achieving equilibrium, changes occur in a magnetic field,
and in separatrix surfaces, they are incorporated in Fig. 4. This
describes the contours of magnetic field BProjection plots in different
planes along the z axis (in between lower null to upper null).

The red and blue lines in these plots represent the projection of
separatrix surfaces of lower and upper nulls, respectively, while black
arrows show the direction of the magnetic field in the respective z-
cut plane. The length of these arrow lines represents the comparative
strength of the magnetic field strength in different regions of each
plot. The green stars show the position of three separators in each
plane.

The magnetic field contour (BProj) plot for z-plane = −0.5
shows a red line, a separatrix-surface projection of lower null while
the plot for z = 0.0, both red and blue lines projecting separatrix
surfaces for both lower and upper null as well as the bending and
folding of upper null separatrix surface (blue line) is very clear in
this plot. This folding seems to divide the domain into four regions
in the vicinity of the lower null. Each region shows a specific direc-
tion of a magnetic field within that region. It can be easily observed
that in each pair of the opposite region, the direction of a magnetic
field is also opposite, as indicated by the arrows.

Furthermore, it can be seen that magnetic field strength
decreases (black arrow lines get shorter) inside and in the vicinity
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FIG. 3. (a) The magnetic skeleton of the equilibrium field showing the nulls (red
and blue spheres), separatrix surfaces (shown by red and blue rings), spines (thick
red and blue lines), and separators (green lines). (b) The same as (a) but with
isosurfaces of plasma beta equal to 1 (gold spheres). (c) The same as (a) but
with an isosurface of current density for |j| = 47 (pink).

of two regions (contours located in between the three separators)
situated in the middle of the domain. For the z = 2.0 plane, curl of B
is very obvious inside the two middle regions (located between the
three separators). Hence, this is a specified location where current
gets collected and accumulated. The curl of B also provides twist-
ing in the current layer, halfway along the middle separator, which
can also be seen in the last plot (current density isosurface) of Fig. 2.
The folding of an upper null separatrix surface is observed in plots
for z = 0.25, 0.5, and this folding gets broadened for z = 0.75 plot.
In all these plots, along with un-localized folding, the division of the
whole domain into six regions is very obvious, and in each pair of the
opposite regions, the magnetic field directions are opposite as well.
For planes z = 0.75, 1.0, 1.5, 1.75, and 2.0, the folding of separatrix

surfaces for both nulls becomes more and more localized, and six
different regions of the whole domain can be seen having different
magnetic field directions. These contours confirm current collection
in the vicinity of three separators and twisting of the current layer
halfway along the middle separator. It can also be seen that most of
the current accumulation is along the middle separator.

C. Current density contour plots

In order to verify the arguments of Sec. IV B, the following cur-
rent density contours shown in Fig. 5 are plotted for some (z = 0.5,
1.0, 1.5, 2.0, 2.5, 3.0, 4.0, and 4.5) planes, shown in Fig. 4. Most of the
current accumulation is along separators and within the neighbor-
ing region between them. The large current layer is along the middle
separator (separator 1), while thin layers are along other separators.
These plots clearly identify the sites for reconnection in our designed
experiment. A video clip for current accumulation in the designed
domain is included in the supplementary material.

D. Energy change

During this relaxation process, we normalize time to the time it
takes a fast-magnetoacoustic pulse to travel from −1 ≤ x, y ≤ 1 and
is calculated as follows:

t1f =
∫

1
√

c2
s + c2

A

dx,

t2f =
∫

1
√

c2
s + c2

A

dy,

which gives

tf = 〈t1f, t2f〉,
where

cs =
√

εγ (γ − 1)

and

cA =
√

B2

ρ
,

where cs and cA are initial sound wave and Alfven wave speed,
respectively. Using the magnetic field parameters listed in Sec. III,
we obtain the magnitude for tf = 0.315 while relaxing the system.
To calculate t1f and t2f, integration is performed along the z-axis
from lower null to upper null within the domain with boundaries
−1 ≤ x, y ≤ 1.

Figure 6 displays the energy evolution with respect to time t/tf

and is integrated over a selected domain. In energy plots (a) and (b),
all energies (magnetic, kinetic, and internal energies) are normalized
by the initial magnetic and the initial internal energy, while the total
energy is also displayed as total normalized energy. The energy plot
(a) shows that the experiment has been run for t = 10tf, and approx-
imately near t = 6tf, the system has finally achieved equilibrium and
is relaxed. It can be clearly seen that all losses of magnetic energy
are converted to the internal energy of the system at the end of an
experiment. In the energy curve plot (b), the oscillatory behavior in
magnetic, kinetic as well as internal energy means that relaxation
of the system occurs due to the viscous damping of waves, which are
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

(m) (n) (o)

FIG. 4. Arrows showing the direction of the magnetic field lying in given z-planes: (a) −0.5, (b) 0.0, (c) 0.25, (d) 0.5, (e) 0.75, (f) 1.0, (g) 1.5, (h) 1.75, (i) 2.0, (j) 2.5, (k) 3.0,
(l) 3.5, (m) 3.75, (n) 4.0, and (o) 4.5.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

FIG. 5. Contour plots showing the magnitude of current in z-planes: (a) 0.5, (b) 1.0, (c) 1.5, (d) 2.0, (e) 2.5, (f) 3.0, (g) 3.5, (h) 4.0, and (i) 4.5.

caused by the sudden collapse of the initial (imbalance force) state of
the system. It can be inferred that magnetic energy is first converted
into kinetic energy, which in turn is converted into internal energy.
Finally, oscillations in the different energies are completely damped,
and all energy curves reach certain constant values, indicating the
equilibrium state of the system. The total energy (sum of kinetic,
magnetic, and internal energies) remains conserved throughout the
experiment. Furthermore, it is obvious from Fig. 6(a) that as the sys-
tem reaches its equilibrium state, total energy and internal energy

curves coincide, indicating the transfer of all magnetic and kinetic
energies into internal energy.

E. Condition for equilibrium: B · ∇p = 0

To verify that the system has achieved an MHS equilibrium,
we need to calculate the quantity B · ∇p, and for an equilibrium, it
must be equal to zero everywhere depicting that the plasma pressure
remains constant along field lines. Figure 7 shows a contour plot
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(a)

(b)

FIG. 6. Plots of the magnetic (orange), internal (red), and kinetic (blue) ener-
gies normalized by initial magnetic energy and initial internal energy. The (black)
dashed horizontal line represents the total normalized energy. (a) Energy evolution
for a time duration 0–10 and (b) the energy evolution for a time duration 0–2.5.

of B · ∇p for plane z = L/2 (where L is the distance between the
two null points). The condition B · ∇p =0 holds everywhere except
along and in the close vicinity of three separators. These regions of
non-equilibrium are the ones where current accumulation has taken
place. However, even in these regions, B · ∇p is of the order of 10−3,
which is a very small number and is taken as zero. Hence, it can be
said that all the unbalanced forces existing in this region are so small
that the net force in this region can also be considered zero. In highly

FIG. 7. Plot of the B.Grad P when equilibrium is established.

localized regions such as these, small residual forces remain existent
and cause continuous strengthening of the current. This continual
gradual development suggests that the system is approaching an
infinite-time singularity, similar to what happens when 2D and 3D
nulls collapse.24,41 Thus, a perfect equilibrium cannot be established
in finite time.

V. RECONNECTION AT MULTIPLE SEPARATORS

A. Nature of reconnection

So far, we have looked at the MHD relaxation of non-resistive
nature for a three-separator system. The initial imbalanced force sys-
tem leads to MHS equilibrium with a twisted current layer lying
along the separators. The free magnetic energy stored in an MHS
equilibrium is released through magnetic reconnection and changes
into different forms of energy. Now, we will look at the features
of 3D magnetic reconnection at a current layer in a low plasma-
beta region in Secs. V B–V E. The LARE3D code is employed again
but with an anomalous non-zero resistivity to achieve magnetic
reconnection,

η = 0 | j| < jcrit,

η = ηd | j| ≥ jcrit.

Beginning with MHS equilibrium with twisted current layers along
the three separators and keeping the parameters of the selected
domain (box length, grid resolution, etc.) the same as in Sec. II
will serve as a starting point for subsequent reconnection experi-
ment. The derivatives of internal energy per unit mass (ε), density
(ρ), and magnetic field components (Bx, By, Bz) perpendicular to
each boundary as well as the velocity components (vx, vy, vz) at the
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boundaries are set to zero in order to implement the line-tied bound-
ary conditions. A value of mean plasma beta (β) is maintained at
less than 1, while the viscosity (ν) is set as 0.01. An anomalous
non-zero resistivity ηd = 0.001 is used for activating the reconnec-
tion process, which becomes active when the current is larger than
the preset value of jcrit = 47 while leaving all other parameters the
same as previously mentioned in Sec. II. Now, the experiment for
reconnection is ready to run to analyze its impact on the energetics,
plasma heating, and reconnection rate.

B. Energetics during reconnection

To investigate the response of the initial MHS equilibrium
magnetic field to the applied resistivity, the energetics of the sys-
tem are taken into consideration. The energy evolution during the
reconnection experiment is observed. Energy vs time t/tf plots are
shown in Fig. 8 for the selected domain. In both energy plots, all
energies (magnetic, kinetic, and internal energies) are normalized by
initial magnetic and initial internal energies, while the total energy is
also displayed as total normalized energy. The normalized energy is
the percentage of “free energy” released. Free energy means the dif-
ference between the initial energy and the minimum energy of the
system (minimum energy = potential energy and minimum mag-
netic energy = energy of the potential magnetic field). The magnetic
field system will always have some minimum magnetic energy (it
can never be zero).

Figure 8(a) shows that the experiment has been run for
t = 3t/tf; approximately near t = 2.5t/tf, all the stored magnetic
energies are converted mostly to internal energy and only a little into
kinetic energy, while the total energy remains conserved through-
out the experiment (i.e., there is no gain or loss of energy across the
boundaries). It can be seen that during the first 0.1t/tf (let us call it
phase I) of the experiment, there is an abrupt change of magnetic
energy into internal plus kinetic energy and almost 50 percent loss
of magnetic energy occurs here. Later, for time 0.1t/tf to 2.5t/tf (let
us call it phase II) of the experiment, the loss of magnetic energy is
very slow but at a constant rate throughout this phase. In Fig. 8(b),
energy is plotted on a logarithmic scale, which provides a clear pic-
ture of kinetic energy evolution during the experiment. It seems that
kinetic energy is slowly building up during phase I. This plot shows
that the amount of magnetic energy that is converted into kinetic
energy is significant during phase II, even though the reconnection
rate is small from 0.1t/tf to 2.5t/tf and is associated with the speed of
the waves launched at the onset of the reconnection experiment.44

C. Heating phenomena during reconnection

Figure 9 shows the Ohmic heating and viscous heating evo-
lution during the reconnection process. In Fig. 9(a), Ohmic and
viscous heatings are plotted on a logarithmic scale vs linear time t/tf.
It shows that as soon as the reconnection experiment started, there
is a decrease in Ohmic heating at a very fast rate, while viscous heat-
ing is minimal as compared to Ohmic heating but builds up with
time [Fig. 9(b)] until time t = 0.1t/tf. Since it has been observed in
energetics of the experiment (Fig. 8) that for the same time dura-
tion 0.0t/tf to 0.1t/tf, there is a phase of fast reconnection, named
phase I. This resemblance demonstrates that the conversion of the
available free magnetic energy into internal energy at a high rate

(a)

(b)

FIG. 8. Energy evolution during reconnection: (a) linear time scale along the
x axis and a linear energy scale along the y axis. (b) Linear time scale along
the x axis and logarithmic energy scale along the y axis.

occurs mostly through Ohmic dissipation, although kinetic energy
continues to develop throughout this phase. After phase I, the rate
of Ohmic heating reduces, implying that the majority of the current
(more than jcrit) in current layers along the separators is dissipated.

The heating evolution during the slow reconnection phase
(0.1t/tf to 2.5t/tf), i.e., phase II, can also be observed through
Fig. 9(a). During this phase, Ohmic heating is very weak and shows
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(a)

(b)

FIG. 9. Ohmic and viscous heating during reconnection: (a) linear time scale
along the x axis and logarithmic heating scale along the y axis. (b) Logarithmic
time scale along the x axis and logarithmic heating scale along the y axis.

impulsive and bursty type of behavior, which means that reconnec-
tion is very slow and is in the form of different individual weak
reconnection events occurring via Ohmic dissipation. On the con-
trary, viscous heating has some significant value during this phase,
which in turn is associated with the increase in kinetic energy dur-
ing phase II, showing similarity with energetics plots (Fig. 8). The
impulsive burst events of reconnection take place in a random way

in very small and localized regions along the separators far away
from null points, all such events being weak and existing for very
short periods. These events start only when the first phase ends. Dur-
ing this time, the system is presumably attempting to re-establish
equilibrium, causing the current to build up along the separators.
When the current surpasses jcrit, it is dissipated by a brief burst of
reconnection. Viscous heating exceeds Ohmic heating during this
phase. Thus, in addition to weak Ohmic dissipation, there is sig-
nificant viscous heating, which seems to be due to the damping of
magnetoacoustic waves and flows occurring during phase II.

D. The integral of E-parallel along a field line

In 3D, the location and magnitude of reconnection are iden-
tified by the presence and magnitude of the parallel component of
an electric field along a field line, respectively.18,39,43 When there
is a substantial diffusion region, there is always the highest value
of the parallel component electric field (E||), which in turn indi-
cates both the major site and the highest rate of reconnection.42

(a) (b)

(c) (d)

(e)

FIG. 10. Electric field parallel to separators in a plane z = 2.0: for t/tf = (a) 0.000,
(b) 0.0828, (c) 0.2488, (d) 0.6644, and (e) 0.7473.
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In our experiment, we determine E||.dl along the field lines that
interweave a plane z = 0.5. As the reconnection progresses in our
experiment, electric field E|| along the separators is evolved over
time. The contour plot of E|| for plane z = 0.5 (Fig. 10) displays a
close-up of the contour around three separators, showing the mag-
nitude of E||, which is localized along them. E|| has been noticed to
be the strongest near the middle separator (separator 1), while weak
non-zero E|| exists along the separatrix surfaces in nearby regions
between the three separators.

As expected, strong reconnection occurs near the middle of
the plot, where the current is the highest. The strongest values of
E|| are found in the middle region of the designed domain that is
far from null points, reflecting that separator reconnection does not
involve nulls.39 The highest value of E|| exists only in the middle
region along the middle separator (separator 1) at the start of the
reconnection experiment (Fig. 10) and diminishes to nearly nothing
during the next t = 0.75t/tf. Figure 10 shows patches of impulsive
bursty reconnection occurrences roughly after t = 0.08t/tf. These
are the locations where |j| > jcrit lasts just a short period because
the current more than jcrit is immediately dissipated owing to the
condition applied on resistivity η. The bursty nature of the recon-
nection is not just due to switch on the nature of the resistivity η but
is combined with the fact that after each “burst” of reconnection,
the system is no longer in equilibrium. This means that the system
starts to relax again, thus building up the current again until it once
more reaches the threshold required for the resistivity to “switch-on”
and reconnection to occur again. This extended period of recon-
nection, and thus energy release, is important. If all the energies
were released simultaneously, then the magnetic heating associated
with the event would be very short lived and would not be able to
explain the extended heating of coronal loops or the quiet-Sun. This
frequent on-going injection of energy could be an explanation for
such features. [A video clip for change in (E||) during reconnection
within the designed domain in the z = 0.5 plane is included in the
supplementary material.]

FIG. 11. Reconnection rate along different separators.

E. Reconnection rate along different separators

The rate of reconnection (Fig. 11) along each of the three
separators is likewise calculated, and the results are as expected.
The middle separator (separator 1) has the highest reconnection
rate, followed by the left separator (separator 2), and finally, the
right separator (separator 3). Comparatively, the reconnection rate
for separator 1 decreases more slowly than for separators 2 and
3. Furthermore, Fig. 11 clearly distinguishes between fast–strong
reconnection (phase I roughly until 0.1t/tf) and slow–weak recon-
nection (phase II almost after 0.1t/tf). The short-lived reconnection
events do not appear in phase I, but they occur only in phase II.
There are enough occurrences in phase II because the overall electric
flux (in phase II) along all the separators grows slowly. These occur-
rences of bursty reconnection are more prominent for the middle
separator (separator 1).

VI. CONCLUSIONS

In this paper, a system having the magnetic configuration of
two null points along their associated spines, their separatrix sur-
faces, and three separators, which are connected with the same
nulls, has initially a non-equilibrium magnetic field with a uni-
form current scattered within the domain, has been relaxed through
non-resistive MHD. This in turn allows the system to evolve into
an equilibrium state. After achieving equilibrium, the separator on
either side (left or right) stretches out and away from the mid-
dle one [Fig. 2(b)]. The magnetic field lines move away from nulls
and gather around the separators. Also, the increase of twisting of
field lines around the middle separator is seen [Fig. 2(b)]. The main
current layers form and get localized along the separators. The iso-
surface of the current density [Fig. 2(d)] reveals that the current layer
is essentially a flat twisted band around the middle separator (sepa-
rator 1), while such twisting cannot be seen around the left and right
separator (separator 2 and 3). This is because the current layers on
these two separators are very thin. This current accumulation is fur-
ther depicted through the z-plane contour plots of projection of the
magnetic line of forces (Fig. 4) where curl of B is prominent inside
the middle regions (located between the three separators). For 3D
magnetic reconnection to take place, short-length scales are essen-
tial. Thus, the current layers at the separators, such as those formed
in our case, are natural sites for 3D magnetic reconnection. Using
a MHD resistive code, the non-driven reconnection is achieved at
separator current layers. It starts immediately unlike the driven sep-
arator reconnection. Thus, the rate of reconnection is not influenced
by any external driver but is only determined by the value of anoma-
lous resistivity ηd, which will act when the current is greater than a
given amount,jcrit.

As reconnection progresses, the electric field component E||
parallel to field lines along the separators evolves over time.
Figure 10 shows some contour plots of E|| for plane z = 0.5 depict-
ing the strength of the localized E|| along three separators. The E||
is the strongest near the middle separator (separator 1), whereas it
has small values along the separatrix surfaces of neighboring areas
between the three separators.

The reconnection occurs in two stages: a brief phase of rapid
reconnection, followed by a prolonged phase of slow, impulsive,
bursting reconnection. The heating evolution (Fig. 9) shows energy
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dissipation in these phases. In phase I, it occurs via Ohmic heating
at a very fast rate, whereas viscous heating is minimal but builds
up with time. This is analogous to the results for energetics during
reconnection (Fig. 8). By this analogy, the conversion of available
free magnetic energy into internal energy at a high rate mainly
occurs via Ohmic dissipation while kinetic energy keeps on build-
ing itself. The rate of Ohmic heating decreases at the end of phase
I, which means that most of the current (greater than jcrit) in cur-
rent layers along the separators dissipates in this phase. The slow
reconnection occurs in phase II (Fig. 9). Viscous heating has some
significant value during this phase, which in turn is associated with
the increase in kinetic energy, showing analogy with energetics plots
(Fig. 8). The impulsive burst events of reconnection takes place ran-
domly in very small and localized regions along the separators, and
far from null points, all such events are weak and exist for very
short periods. These events do not start until the end of the first
phase. Presumably, during this time, the system tries again to regain
equilibrium, thus building up the current along the separator. The
moment the current separator (separator current) exceeds jcrit, a
little burst of reconnection makes it dissipate.

The rate of reconnection is computed along each of the three
separators (Fig. 11), and the findings are as follows: The recon-
nection rate of the middle separator (separator 1) is the highest as
expected, followed by the left separator (separator 2), and the low-
est for the right separator (separator 3). The decrease in the rate of
reconnection for separator 1 is slower compared to separators 2 and
3. Fast–strong reconnection (phase I) and slow–weak reconnection
(phase II) are clearly distinguishable. There are no short-term recon-
nection events in phase I; while in phase II, we observed numerous
short-term reconnection events. These occurrences of bursty recon-
nection events are more prominent for the middle separator as
compared to the other two.

An experiment is run for a non-driven (spontaneous) recon-
nection in a multiple separator regime because many evidences
of the existence of multiple separators are available in recent
research work,36,38–40,46,47 but spontaneous reconnection was not
studied before. Also, results of this experiment provide evidence for
the validity of facts used in explaining reconnection process in recent
research.24,25,28,43,45,48 A new feature that is observed in our experi-
ment is that most of the current accumulation is observed along the
middle separator as compared to other two; similarly, this is also the
case for a reconnection rate, which is higher for the middle separator
as compared to other ones lying on its either side.

SUPPLEMENTARY MATERIAL

See the supplementary material for the current accumulation
along the z-plane and the parallel component of the electric field
along the separators for the z = 0.5 plane.

ACKNOWLEDGMENTS

We are thankful to the Higher Education Commission (HEC,
Pakistan) for their financial support to one of the authors (Zarqa
Zahid) under the IRSP program. We are also thankful to the School
of Mathematics and Statistics, University of St. Andrews, North
Haugh, St. Andrews, Scotland, UK, for accommodating one of the

authors (Zarqa Zahid) in providing full support for the completion
of this project.

AUTHOR DECLARATIONS

Conflict of Interest

The authors have no conflicts to disclose.

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

REFERENCES
1E. Hanssen and A. Emslie, Physics of Solar Flares (Cambridge University Press,
1988).
2T. Cowling, “Solar electrodynamics,” in The Sun, edited by G. P. Kuiper (Univer-
sity of Chicago Press, Chicago, 1953).
3M. S. Chance, J. M. Greene, and T. H. Jensen, Geophys. Astrophys. Fluid Dyn.
65(1–4), 203 (2006).
4M. S. Chance, J. M. Greene, and T. H. Jensen, Geophys. Astrophys. Fluid Dyn.
65(1–4), 203 (2006).
5R. G. Giovanelli, Nature 158, 81 (1946).
6F. Hoyle, Some Recent Researches in Solar Physics (Cambridge University Press,
1949).
7E. N. Parker, J. Geophys. Res. 62, 509, https://doi.org/10.1029/JZ062i004p00509
(1957).
8P. A. Sweet, in Electromagnetic Phenomena in Cosmical Physics, IAU Symposium,
edited by B. Lehnert (Cambridge University Press, 1958), p. 123.
9D. Biskamp, Phys. Lett. A 87, 357 (1982).
10D. Biskamp, Magnetic Reconnection in Plasmas (Cambridge University Press,
Cambridge, 2000).
11E. R. Priest and T. G. Forbes, J. Geophys. Res. 91, 5579, https://doi.org/10.1029/
JA091iA05p05579 (1986).
12E. R. Priest and T. G. Forbes, Magnetic Reconnection: MHD Theory and
Applications (Cambridge University Press, New York, 2000).
13Reconnection of Magnetic Fields: Magnetohydrodynamics and Collisionless
Theory and Observations, edited by J. Birn and E. R. Priest (Cambridge University
Press, 2007).
14I. J. D. Craig and R. B. Fabling, Astrophys. J. 462, 969–976 (1996).
15T. N. Bungey and E. R. Priest, Astron. Astrophys. 293, 215 (1995), see
https://ui.adsabs.harvard.edu/abs/1995A&A...293..215B.
16D. I. Pontin and I. J. D. Craig, Phys. Plasmas 12, 072112 (2005).
17J. Fuentes-Fernández, C. E. Parnell, and A. W. Hood, Astron. Astrophys. 536,
A32 (2011).
18K. Schindler, M. Hesse, and J. Birn, J. Geophys. Res. 93, 5547, https://doi.org/
10.1029/JA093iA06p05547 (1988).
19I. Klapper, A. Rado, and M. Tabor, Phys. Plasmas 3, 4281 (1996).
20D. I. Pontin, G. Hornig, and E. R. Priest, Geophys. Astrophys. Fluid Dyn. 98,
407 (2004).
21D. I. Pontin, G. Hornig, and E. R. Priest, Geophys. Astrophys. Fluid Dyn. 99, 77
(2005).
22K. Galsgaard and D. I. Pontin, Astron. Astrophys. 529, A20 (2011).
23A. W. Longbottom, C. L. Gerrard, and A. M. Milne, J. Comput. Phys. 171,
151–181 (2001).
24J. Fuentes-Fernández and C. E. Parnell, Astron. Astrophys. 544, A77 (2012).
25J. Fuentes-Fernández and C. E. Parnell, Astron. Astrophys. 554, A145 (2013).
26K. Galsgaard, V. S. Titov, and T. Neukirch, Astrophys. J. 595, 506 (2003).
27V. S. Titov, K. Galsgaard, and T. Neukirch, Astrophys. J. 582, 1172 (2003).
28A. L. Wilmot-Smith, G. Hornig, and D. I. Pontin, Astrophys. J. 704, 1288
(2009).
29E. R. Priest and V. S. Titov, Philos. Trans. R. Soc. London, Ser. A 354(1721),
2951 (1997).
30A. L. Haynes and C. E. Parnell, Phys. Plasmas 14, 082107 (2007).

Chaos 31, 123123 (2021); doi: 10.1063/5.0065957 31, 123123-13

Published under an exclusive license by AIP Publishing

https://aip.scitation.org/journal/cha
https://www.scitation.org/doi/suppl/10.1063/5.0065957
https://doi.org/10.1080/03091929208225247
https://doi.org/10.1080/03091929208225247
https://doi.org/10.1038/158081a0
https://doi.org/10.1029/JZ062i004p00509
https://doi.org/10.1016/0375-9601(82)90844-1
https://doi.org/10.1029/JA091iA05p05579
https://doi.org/10.1086/177210
https://ui.adsabs.harvard.edu/abs/1995A&A...293..215B
https://doi.org/10.1063/1.1987379
https://doi.org/10.1051/0004-6361/201117156
https://doi.org/10.1029/JA093iA06p05547
https://doi.org/10.1063/1.871559
https://doi.org/10.1080/0309192042000272324
https://doi.org/10.1080/03091920512331328071
https://doi.org/10.1051/0004-6361/201014359
https://doi.org/10.1006/jcph.2001.6780
https://doi.org/10.1051/0004-6361/201219190
https://doi.org/10.1051/0004-6361/201220346
https://doi.org/10.1086/377258
https://doi.org/10.1086/344799
https://doi.org/10.1088/0004-637X/704/2/1288
https://doi.org/10.1098/rsta.1996.0136
https://doi.org/10.1063/1.2756751


Chaos ARTICLE scitation.org/journal/cha

31Y. T. Lau and J. M. Finn, Astrophys. J. 350, 672 (1990).
32V. S. Titov, G. Hornig, and P. Demoulin, J. Geophys. Res. 107(8), 1164,
https://doi.org/10.1029/2001JA000278 (2002).
33D. W. Longcope and S. C. Cowley, Phys. Plasmas 3, 2885 (1996).
34D. W. Longcope, Phys. Plasmas 8, 5277 (2001).
35E. Corsaro and J. De Ridder, Astron. Astrophys. 571, 1303 (2014).
36K. Galsgaard and A. Nordlund, J. Geophys. Res. 102, 231, https://doi.org/
10.1029/96JA02680 (1997).
37K. Galsgaard and C. E. Parnell, Astron. Astrophys. 428, 595–612 (2004).
38A. L. Haynes, C. E. Parnell, K. Galsgaard, and E. R. Priest, Proc. R. Soc. A
463(2080), 1097 (2007).
39C. E. Parnell, A. L. Haynes, and K. Galsgaard, Phys. Plasmas 17, 092903 (2010).
40C. E. Parnell, R. C. Maclean, and A. L. Haynes, Astrophys. J. Lett. 725(2), L214
(2010).

41J. Fuentes-Fernández and C. E. Parnell Astron. Astrophys. 554, A145 (2013).
42J. Birn, M. Hesse, and K. Schindler, Adv. Space Res. 19(12), 1763–1771
(1993).
43J. E. H. Stevenson, C. E. Parnell, E. R. Priest, and A. L. Haynes, Astron.
Astrophys. 573, A44 (2015).
44J. E. H. Stevenson and C. E. Parnell, J. Geophys. Res.: Space Phys. 120,
10,353–10,369, https://doi.org/10.1002/2015JA021736 (2015).
45C. E. Parnell, J. M. Smith, T. Neukirch, and E. R. Priest, Phys. Plasmas 3, 759
(1996).
46D. W. Longcope, D. E. McKenzie, J. Cirtain, and J. Scott, Astrophys. J. 630,
596–614 (2005).
47J. C. Dorelli, A. Bhattacharjee, and J. Raeder, J. Geophys. Res. 12, A02202,
https://doi.org/10.1029/2006JA011877 (2007).
48M. Karlický, M. Bárta, and D. Nickeler, Astron. Astrophys. 541, A86 (2012).

Chaos 31, 123123 (2021); doi: 10.1063/5.0065957 31, 123123-14

Published under an exclusive license by AIP Publishing

https://aip.scitation.org/journal/cha
https://doi.org/10.1086/168419
https://doi.org/10.1029/2001JA000278
https://doi.org/10.1063/1.871627
https://doi.org/10.1063/1.1418431
https://doi.org/10.1051/0004-6361/201424181
https://doi.org/10.1029/96JA02680
https://doi.org/10.1051/0004-6361:20034350
https://doi.org/10.1098/rspa.2007.1815
https://doi.org/10.1063/1.3467499
https://doi.org/10.1088/2041-8205/725/2/L214
https://doi.org/10.1051/0004-6361/201220346
https://doi.org/10.1016/S0273-1177(97)00072-0
https://doi.org/10.1051/0004-6361/201424348
https://doi.org/10.1002/2015JA021736
https://doi.org/10.1063/1.871810
https://doi.org/10.1086/432039
https://doi.org/10.1029/2006JA011877
https://doi.org/10.1051/0004-6361/201218781

	I. INTRODUCTION
	II. MAGNETOHYDRODYNAMIC CODE
	III. INITIAL SETUP
	IV. MAGNETOHYDROSTATIC EQUILIBRIUM
	A. Magnetic field skeleton
	B. Current collection during an MHS equilibrium
	C. Current density contour plots
	D. Energy change
	E. Condition for equilibrium: Bbold0mu mumu  p bold0mu mumu ====== 0

	V. RECONNECTION AT MULTIPLE SEPARATORS
	A. Nature of reconnection
	B. Energetics during reconnection
	C. Heating phenomena during reconnection
	D. The integral of E-parallel along a field line
	E. Reconnection rate along different separators

	VI. CONCLUSIONS
	ACKNOWLEDGMENTS

