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Abstract

Magnetic reconnection is a topological restructuring of magnetic field lines, lead-
ing to a conversion of magnetic energy into kinetic energy and a heating of the plasma.
It takes place in regions with strong magnetic gradients: the Earth’s magnetopause and
the plasma sheet in the magnetotail, during solar and stellar flare events, and in labora-
tory plasmas on the Earth. It is also involved in astrophysical phenomena like the gen-
eration of relativistic jets and processes in accretion disks. The Earth’s magnetosphere
is the only region where signatures of magnetic reconnection can be measured in-situ
by satellites. Based on the method developed by Semenov et al. [1], we solve the
direct problem of magnetic reconnection and calculate the magnetic field and plasma
flow disturbances in a compressible plasma caused by transient reconnection. In order
to get the reconnection rate from measured data, we invert the problem. Since the in-
verse problem is ill–posed, it is treated with the method of regularization. Application
of this method to Cluster measurements from September 8 th, 2002, where a series of
Earth-ward propagating 1–minute scale magnetic field and plasma flow variations were
observed outside of the plasma sheet, showed good agreement for the z-component of
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the reconstructed magnetic field. The reconnection rate is about 1 mV/m and the re-
connection region is located at about 24–25 Earth radii in the magnetotail.

Keywords: Magnetic reconnection, Magnetotail, Cluster, Magnetohydrodynamics

1. Introduction

Magnetic reconnection is a fundamental plasma process allowing the conversion of mag-
netic energy into kinetic and thermal energy of the plasma. The occurrence of thin current
layers associated with a plasma flow and the presence of magnetic fields inevitably leads to
the process of magnetic reconnection. In fact, magnetic reconnection is caused by a change
in the plasma resistivity leading to the release of stored magnetic energy.
On scales larger than the characteristic length of the plasma (e.g., the gyroradius), the mo-
tion of the plasma is coupled with the magnetic field. This is called the frozen–in condition,
which implies that plasma and magnetic fields from distinct regions do not intermix and
stay separated. In the upper panel of Fig. 1, this situation is displayed for the simple con-
figuration of two antiparallel magnetic fields, which are kept apart by a thin current layer.
If magnetic flux is added to the current sheet from both sides, free energy is accumulated
in the current sheet. After some time, the gradients across the current sheet become too
strong, resulting in a violation of the frozen–in condition. If such a violation takes place,
reconnection is initiated.

Because of the highly non–uniform structure of the current sheet, it is very likely that
a local breakdown of the frozen–in condition takes place, leading to the formation of the
so–called diffusion region. Early models of magnetic field annihilation as proposed by
Sweet [2] and Parker [3] assumed a diffusion region with a size comparable to the whole
current sheet. It was quickly realized that this process is much too slow to account for
rapid energy release expected in many astrophysical processes. A way to avoid this prob-
lem was proposed by Petschek in 1964 [4]. In contrast to the Sweet–Parker model, where
homogeneous resistivity is assumed, Petschek proposed a localized enhancement of the re-
sistivity in a highly conducting fluid. Thus, the diffusion region, where the assumption of
an ideal conducting plasma does not hold, becomes much smaller than the scale size of the
system (the black area in the middle panel of Fig. 1). Petschek showed that the diffusion
region is the source for large amplitude MHD waves. In this model, most of the inflowing
plasma crosses the shock waves and not the diffusion region anymore. From this point of
view, the shock waves transport information into a wide region of ideal plasma, allowing
for much higher reconnection rates than in the Sweet–Parker model. It was also shown by
simulations using resistive MHD equations that the Sweet–Parker configuration appears for
a spatially constant plasma resistivity, while Petschek–type structures arise for a strongly
localized plasma resistivity [5, 6]. This insight is also supported by numerical simulations
[7]. The newly formed region bounded by the shock waves is called outflow region, where
the inflowing plasma is heated and accelerated, leading to the formation of bi–directional
jets [8] and fast plasma flows, which are important features indicating the occurrence of
magnetic reconnection. Also the connection of the magnetic field lines takes places over
the outflow region (lower panel of Fig. 1).
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Figure 1. Different stages during the process of magnetic reconnection. The upper panel
shows the initial configuration of antiparallel magnetic fields separated by a thin current
sheet (dashed area). If the magnetic fields are convected towards each other, strong gradi-
ents occur, leading to the formation of a diffusion region (black area), where the frozen–in
condition is not valid anymore (middle panel). In this region, the magnetic field lines can be
broken and reconnected (lower panel). This leads to a connection between plasma regions
which were previously separated.

In the last century, many sites were discovered where magnetic reconnection plays a crucial
role [9]. It is observed in laboratory fusion machines like tokamaks [10, 11]. In order to
investigate the fundamental physics involved in magnetic reconnection in laboratory set-
tings, different devices like the Magnetic Reconnection Experiment (MRX) device were
constructed [12]. It revealed the appearance of different shapes of the diffusion region as
well as the importance of the shear angle between the magnetic field lines and the influence
of boundary effects.
Moving away from the Earth, other plasma environments suitable for reconnection can be
found. The first environment where magnetic reconnection was expected is the Sun. The
earliest models [13, 2] have aimed at explaining the large amount of energy released in so-
lar flares. Reconnection on the Sun is inferred from different observations, including high
speed flows of X–ray and EUV features, and energetic particle events in hard X–ray im-
ages [14, 15], which have been observed by several spacecrafts like Yohkoh, SOHO, and
TRACE. The application of Petschek–like reconnection to solar flares gives typical recon-



290 T. Penz, V. V. Ivanova, V. S. Semenov et al.

nection times consistent with observations [16]. Reconnection has also been proposed as a
mechanism for the heating of solar and stellar coronae to extremely high temperatures of
more than 106 K [17]. The importance of reconnection in plasma environments outside of
our solar system is still under debate. The two astrophysical topics to which reconnection
theory has been extensively applied are stellar flares [18] and accretion disks [19]. Recon-
nection theory also enters into models of protostellar collapse, extragalactic jets, galactic
magnetic fields, and even galactic clusters [9].
However, the only place in space were magnetic reconnection can be observed in–situ is
the terrestrial magnetosphere. At the dayside magnetopause, energy and plasma from the
solar wind can enter the terrestrial magnetosphere because of the reconnection of the inter-
planetary magnetic field (IMF) and the Earth’s magnetic field [20]. Of particular interest
is the transient feature of magnetic reconnection, leading to the formation of so–called flux
transfer events (FTEs), which are flux tubes connecting the solar wind plasma with the
magnetospheric plasma. The first in-situ measurements of flux transfer events caused by
transient reconnection were reported by Russell and Elphic in 1978 [21] for the dayside
magnetopause. They defined FTEs as signatures with a bipolar variation of the magnetic
field component perpendicular to the current sheet, a deflection of the tangential component,
and an increase in the magnetic field strength. In the same year, Haerendel et al. [22] found
indications for reconnection processes also at the high–latitude dayside magnetopause. In
the following years, a collection of studies supported the interpretation that FTEs are burst
of magnetic reconnection at the magnetopause appearing most frequently during intervals
of southward directed IMF [23, 24]. However, newer observations with the Cluster satel-
lites show that for a northward–orientated IMF, reconnection can appear tailward of the
cusp [25]. There are also strong indications that reconnection at the dayside magnetopause
can be continuous over an extended period of time [26].
Magnetic flux reconnected at the dayside is convected into the tail lobes, where recon-
nection is initiated in a region between 15 and 30 R e in the magnetotail [27, 28]. It was
proposed by Sergeev et al. [29] that FTE–like structures appear also in the Earth’s mag-
netotail. They performed a qualitative comparison between measurements of ISEE–1 and
model predictions from a transient reconnection model, which showed a general agreement.
In later work, these events were referred to as nightside flux transfer events (NFTEs) [30].
These are short–term events in the substorm–time plasma sheet, which can be described by
impulsive variations of the reconnection rate in models of transient reconnection. They are
characterized, similar to FTEs, as a bipolar variation of the Bz–component and a deflection
of the x–component of the magnetic field. Additionally, the velocity shows an upward flow
of plasma in the beginning, followed by a strong flow directed downward to the current
sheet. Such structures noticed in the tail plasma sheet are often referred to as individual
bursts of BBF, as transient plasma sheet expansions, as plasmoids or flux ropes, as well as
NFTEs [30, 31, 32]. The appearance of reconnection structures in the magnetotail was also
confirmed by several other satellite missions, like Geotail [33] or Cluster [34, 35].
The aim of this paper is to show recent evidence for magnetic reconnection from Cluster
measurements and introduce a model for the reconstruction of the reconnection rate from
satellite measurements. In Section 2, multi–spacecraft measurements of the Cluster mission
are discussed with emphasize to the implications for magnetic reconnection. The theoretical
model used to analyze NFTEs in the terrestrial magnetotail is described in Section 3. Sec-
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tion 4 is devoted to the reconstruction of the reconnection rate from Cluster measurements.
Also the site of reconnection with respect to the satellite is estimated.

2. Observational Features of Magnetotail Reconnection

Whereas the dayside magnetosphere is compressed by the solar wind, the nightside mag-
netosphere is stretched out into a long magnetotail. When the interplanetary magnetic field
(IMF) is southward, the merged field lines at the dayside are transported towards the night-
side, reconnected in the distant tail and then transported back towards the dayside, creating
inward and Earthward flows in the central plasma sheet. The flux transport rates at the day-
side and at the nightside are, however, balanced only in an average sense and the unbalanced
transport is the ultimate cause of a substorm when magnetic reconnection takes place closer
to the Earth, at radial distance of 15 - 30 RE in the tail. The processes associated with this
near-Earth reconnection determine different scales of magnetotail dynamics.
Cluster traversed the magnetotail covering regions Earthward of 19 RE during the past
summer seasons since July 2001. The tetrahedron scale was between 250 km and 4000
km, which was changed every year, so that characteristics at different scales could be iden-
tified. The four spacecraft observations enable us for the first time to differentiate spatial
from temporal disturbances. In this section, we highlight several Cluster observations when
Cluster was located near the X-line and more remote observations showing the effects of
the processes in the ion diffusion region.

2.1. Observation near the X-line

The four spacecraft observations enable us to obtain spatial gradients of different parameters
continuously. For example, the current density obtained from the gradient in the magnetic
field is an essential parameter for magnetotail diagnostics. Using the gradient information
obtained from the four Cluster spacecraft during current sheet crossings, current sheet struc-
tures in the vicinity of X-line were reconstructed by Runov et al. [34] as illustrated in Fig.
2. A thin current sheet with a half-thickness of about one ion gyro radius was found for
the crossing closest to the X-line, whereas the outer crossings showed bifurcated current
sheet profiles. Changes in the curvature of the field for the different current sheet crossings
illustrated in the figure were consistent with a X-line motion from Earthward and tailward
of the spacecraft. Furthermore, consistent features of the field disturbance associated with
Hall-current at both side of X-line were identified, confirming that the spacecraft traversed
the ion diffusion region.

The importance of multi-scale processes from heavy ions to electron kinetics in the
reconnection processes have been identified by several Cluster observations. During thin
current sheet intervals associated with crossings of the X-line during storm-time substorms,
the O+ pressure and density were observed to be dominated compared to those of H + [36].
In such current sheets, the O+ were observed to execute Speiser-type serpentine orbits
across the tail and were found to carry about 5-10% of the cross-tail current [36]. The
O+ in the reconnection region was suggested to experience a ballistic acceleration [37]
based on the observation of a large amplitude bipolar electric field. These large-amplitude
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Figure 2. Sketch of Cluster observations of Hall magnetic fields and current sheet structure
around the reconnection region; the red dashed line indicates the trajectory of Cluster (after
Runov et al. [34]).

(up to 50 mV/m) solitary waves, identified as electron holes, have been observed during
several plasma sheet encounters that have been identified as the passage of a magnetotail
reconnection X-line [38]. The electron holes were seen near the outer edge of the plasma
sheet, within and on the edge of a density cavity, at distances in the order of a few ion
inertial lengths from the center of the current sheet. Based on a detailed comparison with
simulations, Cattell et al.[38] suggested that the observed nonlinear wave modes, electron
holes, may play an important role in reconnection by scattering and energizing electrons.

2.2. Observations Away from the Reconnection Site

Whereas in situ observations of the ion diffusion region depend on the rare chance that the
spacecraft being located at the right place at the right time, different effects of reconnection
can be detected remotely from the reconnection site and can still contain useful information
on temporal and spatial characteristics of reconnection. For example, the limited area of
the Hall currents flowing in the ion diffusion region indicates that the current has to be
closed including regions outside of the ion diffusion region. At the lobe side, the closure of
the Hall current takes place via cold electron flowing into the ion diffusion region. At the
outflow region, on the other hand, the accelerated electrons can carry the current into the ion
diffusion region. Cluster observed such field-aligned electrons related to the Hall current
system consistent with previous observations, but also obtained fine structures indicating
multiple temporal or spatial properties of reconnection [39, 40, 41]. Fig. 3 illustrates multi-
point observations by Cluster in the northern hemisphere and by Geotail in the southern
hemisphere detecting these field aligned currents possibly connected to the ion diffusion
region from Nakamura et al. [39]. The four Cluster satellites also allowed to determine
the scale size of these field aligned currents, suggesting that the scale size of the downward
current was at maximum comparable to the ion inertia length so that it plausibly connects
to the near-Earth X-line and is driven by Hall effects in the reconnection region. This
interhemispheric observation supported the theoretical prediction [42] that the downward
current region is thin because on the lobe side, the ions may travel a substantial fraction of
the ion inertia length until their motion separates from that of the electrons.

Using multi-composition plasma observation by Cluster, slow-mode shocks connected
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Figure 3. Summary of observations by Cluster and Geotail during a transient entry into the
plasma sheetd during a substorm event and illustration of the possible relationship to the
reconnection region. For Cluster observations field signatures are showing in the northern
hemisphere, while particle signatures are illustrated in the southern hemisphere; adapted
from [39].

to the ion diffusion region have been analyzed by Eriksson et al. [43] taking into account
also the contribution from oxygen ions during a substorm X-line event when Cluster ob-
served fast tailward and Earthward flows. The successful joint Walén and slow shock anal-
yses on the tailward flows within the plasma sheet presented further evidence in favor of
Petschek-type reconnection at distances XGSM > -19 RE of the near-Earth magnetotail.
Cluster succeeded to obtain detailed characteristics of Earthward propagating southward
then northward magnetic field disturbances related to plasmoids/flux ropes [44, 45], trav-
elling compression regions [46, 47], and nightside flux transfer events [48, 49, 35]. Multi-
point analysis by Cluster were used to measure the current density and check the force-
free model [46] and energetic particle boundaries [45] to show the structures of the plas-
moid/flux rope. Yet, since the plasma flows jetting towards the Earth are significantly in-
fluenced by the strong dipolar field and pressure gradient, it still remains unknown to what
extent these structures can be treated as motions of a stable structure in the analysis. As
described in the later sections, similar magnetic features were rather interpreted as transient
profiles of a remote X-line due to its change in the reconnection rate and used to determine
the location of the X-line [48, 49, 35]. Observationally, the determination of the field topol-
ogy would be a key to differentiate whether these structure are coming from a single X-line
or are signatures of multiple X-lines.
In the plasma sheet, bursty bulk flows (BBF) are the most clear signatures of the conse-
quence of reconnection and have been intensively studied using Cluster spacecraft measure-
ments based on multi-pointdata analysis. A statistical analysis was performed by Nakamura
et al. [50] to estimate the typical scale size of BBF. Different types of magnetic field distur-
bances accompanied by the BBF were studied such as dipolarization [51], low frequency
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wave activity [52], and turbulence [53]. Using Cluster, together with the other spacecraft
and ground-based observations, BBF-associated field-aligned and ionospheric current sys-
tem have been obtained [54, 55].

3. The Petschek–Type Model of Magnetic Reconnection

In the following, we present a model to reconstruct the reconnection rate developed by
Semenov et al. [67] for an incompressible plasma extended to a compressible one. First
we show the solution of the direct problem, giving the behavior of NFTEs for a prescribed
reconnection rate. To reconstruct the reconnection rate, we solve the inverse problem. This
enables us to achieve the reconnection rate from magnetic field measurements.

3.1. Basic Configuration

In order to describe the temporal evolution of FTEs, time–dependent Petschek–type models
of reconnection were developed [1, 56, 57, 58, 59]. For our purpose, we consider the struc-
ture of the Earth’s magnetotail as oppositely directed magnetic fields, which are separated
by a current sheet, the so–called plasma sheet. In terms of ideal MHD, this current sheet can
be described as an infinitely thin tangential discontinuity. The normal components of the
magnetic field and plasma velocity are zero (Bn = 0, vn = 0) across a tangential discon-
tinuity, while the density and the tangential components of the magnetic field and velocity
can change arbitrarily, subject only to the requirement that the total pressure, which is the
sum of the thermal and the magnetic pressure, p + B2/(8π), stays constant [60]. Due to
these requirements, there is no mass flow and no magnetic connection across a tangential
discontinuity. As a result, there will be no electric field component along the discontinuity
(Et = 0).
Due to the local enhancement of the plasma resistivity, a tangential electric field is gener-
ated, causing a normal component of the magnetic field. Thus, the conservation laws for a
tangential discontinuity are violated, and the surface gets non–linearly unstable, decaying
into a system of MHD wave modes according to the general Riemann problem [61, 60].
The most general scheme of a decay looks like S+(R+)AS−(R−)C(T)S−(R−)AS+(R+),
where S+, S− are fast and slow shocks, R+, R− are fast and slow rarefaction waves, and A,
C, T are Alfvén, contact, and tangential discontinuities, respectively. If we assume that the
total pressure is conserved in lowest order, no strong fast shocks are present in the system.
For symmetric conditions, no contact discontinuity and no rarefaction waves will appear.
Due to this process, reconnection–associated disturbances start to propagated along the cur-
rent sheet in the form of pairs of shocks. Until the reconnection electric field ceases, the
shocks are detached to the reconnection site forming a teardrop–shaped region of heated
and accelerated plasma, the so–called outflow regions (shaded areas in Fig. 4).

After the electric field has dropped to zero, the shocks detach from the reconnection
site and continue to propagate along the current sheet (Fig. 4). These propagating shocks
are causing disturbances in the ambient plasma environment, which can be measured by a
satellite. In the following, we will show how these measured disturbances can be calculated
by using a time–dependent Petschek–type model of transient magnetic reconnection.
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Figure 4. Shocks propagating away from the reconnection site with local Alfv én velocity.
The small figure shows the internal structure of the shocks according to the general Riemann
problem, where the tangential discontinuity decays into a slow shock S and an Alfvén wave
A. The shaded areas are the so–called outflow regions.

3.2. MHD Treatment of the Problem for a Compressible Plasma

After the local reconnection of magnetic flux according to the Petschek-type model of mag-
netic reconnection, the plasma and magnetic field behavior in the outer regions can be
described within the frame of ideal magnetohydrodynamics [1, 61],

∂ρ

∂t
+ ∇ · (ρv) = 0 , (1)

∂ (ρv)
∂t

+ ∇ ·
[
ρvv + p I− 1

4 π

(
BB− B2

2
I
)]

= 0 , (2)

∂

∂t

(
ρ v2

2
+ ρ e +

B2

8 π

)
+ ∇ ·

[
ρv

(
v2

2
+ e +

p

ρ

)
+

1
4 π

B× (v ×B)
]

= 0 , (3)

∂B
∂t

+ ∇ · (Bv − vB) = 0 . (4)

These equations describe the conservation of mass (Eq. 1), momentum (Eq. 2), energy
(Eq. 3), and magnetic flux (Eq. 4), respectively. ρ, v, B, p, and e are the mass density, the
plasma velocity, the magnetic field, the isotropic pressure, and the internal energy, respec-
tively, and I is the unit dyadic.
These ideal MHD equations can be linearized with respect to constant background quanti-
ties, in the following denoted by superscript (0). The linearization allows for the description
of all first order quantities (indicates by superscript (1)) in terms of a displacement vector
ξ,

v(1) =
(

∂

∂t
+ v(0) · ∇

)
ξ , (5)



296 T. Penz, V. V. Ivanova, V. S. Semenov et al.

B(1) = B(0) · ∇ ξ − B(0)∇ · ξ , (6)

ρ(1) = −ρ(0)∇ · ξ , (7)

p(1) = c2
Sρ(1) , (8)

P (1) = −ρ(0)
[
u2∇ · ξ + (vA · ∇)vA · ξ] . (9)

Here, P (1) is the first order total pressure, while vA and cS are the Alfvén velocity and
the sound speed, respectively, and u2 = v2

A + c2
S .

Substituting these expressions (Eq. 5–9) into the linearized MHD equations, applying a
Laplace transformation with respect to time t, and a Fourier transformation with respect to
the spatial coordinate x, the z–component of the displacement vector ζ(p, k, z) fulfills the
ordinary differential equation

∂2

∂z2
ζ − q2(p, k)ζ = 0 , (10)

with

q2 =
p4 + u2k2p2 + v2

Ac2
sk

4

p2u2 + v2
Ac2

sk
2

. (11)

The solutions of Eq. 10 which satisfy the first order total pressure balance at z = 0 and
vanish at infinity are

ζ(p, k, z) =
L̃

L + L̃
Q(p, k)e−qz z > 0 , (12)

ζ̃(p, k, z) = − L

L + L̃
Q(p, k)eqz z < 0 , (13)

where

L(p, k) = −ρ(0)p
2 + v2

Ak2

q(p, k)
. (14)

Tilde indicates the same function evaluated for the lower half space. Because of the
finite boundary layer at z = 0, the source function Q(p, k) = ζ(p, k, 0) − ζ̃(p, k, 0) is
non–zero and can be found from the solution of the Riemann problem [1].
The expression for the displacement vector in the coordinate–time space can be found by
using the so–called Cagniard–deHoop method [62, 63, 64, 59]. This method allows an an-
alytical solution of the inverse Fourier transformation. The inverse Laplace transformation
can be rewritten leading to an expression for the displacement vector as a convolution inte-
gral of the reconnection rate and an integration kernel in time, which can be solved numeri-
cally. After this procedure, the z–component of the displacement vector in coordinate–time
space is found as

ζ(x, z, t) =
B

π

∫
C
� L̃

L + L̃
Q(s)F (t − τ(s))dτ , (15)

where F (t) is the reconnected flux, s = k/p and the integration is performed in the complex
plane along a path C where the integration variable τ is real. From Eqs. 5–9 it is possible to
derive the coordinate–time expressions for all relevant MHD parameters, like the pressure,
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Figure 5. Variations of the total pressure (upper left panel), the plasma density (upper right
panel), the z–component of the magnetic field (lower left panel), and the z–component of
the flow velocity (lower right panel) for the upper half plane. The magnetic fields are B = 1
and B̃ = −1, t = 3, and β = 0.1.

the plasma density, the magnetic field and the flow velocity for a given reconnection rate.
The variation of the z–component of the magnetic field, which is used in the following for
the reconstruction method, is given as

B(1)
z (x, z, t) =

B2

π

∫
C
� L̃

L + L̃
i s Q(s) E(t− τ(s)) dτ . (16)

The expressions for the other quantities have a similar mathematical structure. In Fig.
5, the variations of the main MHD parameters are shown for fixed time ( t = 3) in the
x–z–plane. The reconnection rate is assumed to be

E(t) =
b2e2

20
t2e−b t ,

where b = 4.
It is possible to simulate magnetic field measurements along a satellite trajectory by using
Eq. 16. Fig. 6 shows a time series of B

(1)
z measured by a satellite fixed in space. The char-

acteristic asymmetric bipolar variation expected for the Bz–component is clearly visible,
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per panel) and the plasma flow velocity normal to the current sheet (vz ; lower panel). All
characteristic features expected for NFTEs, like the bipolar variation of Bz and the anticor-
related behavior of vz can be seen.

and also the deflection of the x–component of the magnetic field. Additionally, the velocity
behaves as proposed for NFTEs, with a upward flow of plasma followed by a strong flow
directed downward to the plasma sheet.

4. Solution of the Inverse Problem

Since we are interested to reconstruct the reconnection rate E(t) from satellite measure-
ments of the magnetic field components, e.g., Bz(t), we have to solve an inverse problem.
An inverse problem can be seen as a model of a phenomenon characterized by ϕ, which be-
longs to a certain space of models P . Furthermore, let u be the observed indirect attributes
of the phenomenon with u ∈ U . An operator A relates the two values by

Aϕ = u . (17)

As a rule, the ϕ attributes cannot be directly observed.
The main job when solving an inverse problem is to find out, whether the chosen model is
compatible with the experimental data. The mathematical difficulty of solving such prob-
lems is that the inverse operator A−1 defined throughout its domain AP ⊂ U is not contin-
uous. Hence there is the conventional division into the classes of well–posed and ill–posed
problems. A well–posed problem, as defined by Hadamard [65], must meet the require-
ments that:

1. for each data set u, Eq. 17 is solvable in the entire space U ,

2. the solution is unique,
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3. the solution is stable, meaning that small perturbations of u result in small perturba-
tions of the solution ϕ.

If a problem does not meet one or more of these criteria, the problem is considered to
be ill–posed. These kind of problems can be solved by using the theory of regularization,
which we apply in the following.
To reconstruct the reconnection electric field from the magnetic field, we apply a Laplace
transformation to the convolution integral (16) giving

B(1)
z (p) = K(p)E(p) , (18)

where K(p) represents the kernel of the convolution integral (for convenience, the factor
B2/π in front of the integral in Eq. 16 is put into K(p)). Thus, the reconnection electric

field is given as E(p) = B
(1)
z (p)/K(p). From this expression it is obvious that we are

faced with an ill–posed inverse problem. If K(p) → 0, requirement 1 is not fulfilled.

Additionally, if K(p) ∼ 0, small perturbations in the measured data B
(1)
z (p) will cause

large perturbations in the result E(p).
To avoid this problem, we introduce a regularization parameter M(p) [66] so that

E(p) =
B

(1)
z (p)

K(p) + M(p)
. (19)

The regularization operator M(p) is defined as [67]

M(p) =
{

0 |p| < Rmax

∞ |p| > Rmax
. (20)

This operator does not influence the electric field for small values of p, but when the
functions tend to zero for large p (p > Rmax), the denominator goes to infinity, so that the
reconnection electric field is zero in Laplace space and large oscillations are suppressed.
The value of Rmax is found from internal parameters of the numerical Laplace transforma-
tion.

5. Reconstruction of the Reconnection Rate and Site

After the observation of FTE signatures, several attempts were made to reconstruct and
analyze different features of the reconnection process involved in the generation of FTEs.
Southwood [68] predicted that FTE signatures would be observed by a satellite regardless
of whether or not it actually penetrates the FTE. This suggestion was verified by Farrugia et
al. [69], who reproduced the magnetic field signatures outside the flux tube by considering
the flow of an inviscid, incompressible plasma over a semi-circular cylinder. In a new ap-
proach, Walthour et al. [70, 71] used a method based on integral transforms for inferring the
cross–sectional size, shape, and the speed of propagation of a thin, infinitely long obstacle
corresponding to a flux tube.
Another approach to this topic was used by several authors [72, 73, 74] who developed
a method based on the Grad–Shafranov equation to reconstruct two-dimensional space
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plasma structures in magnetohydrostatic equilibrium. Hu and Sonnerup [74] applied this
model to two magnetopause crossings by the spacecraft AMPTE/IRM, and reconstructed
magnetic field structures. Sonnerup et al. [75] used this method to give a rough estimation
of the reconnection rate. However, the propagation of a reconnected flux tube can rather
be described by the inertia force of the plasma and the Maxwellian tension, which is essen-
tially a time–dependent process, and therefore this process can be hardly understood in a
magnetohydrostatic approach.
Recently, different models based on multi–spacecraft measurements were developed to de-
termine the position of the reconnection site with respect to the satellite. Wild et al. [76]
used data from Cluster and Geotail positioned at the high– and the low–latitude dayside
magnetopause. They consider the motion of reconnected flux tubes away from a user–
defined location and compare the flux tube motion with the observed FTE–like signatures.
In another approach, Fuselier et al. [77] determine the reconnection inflow velocity into the
magnetosphere, and use Cluster and IMAGE data to estimate the approximate reconnection
site. A third approach to reconstruct the reconnection rate, which was discussed above, was
developed by Semenov et al. [67] for an incompressible plasma. It was applied to Clus-
ter measurements in the magnetotail by Semenov et al. [48] and Penz et al. [49]. In the
following, three applications of this method are presented.

5.1. Cluster Observations on September 8th, 2002

On September 8th, 2002, a favorable constellation of multiple spacecraft and ground–based
observations allowed to reconstruct the time sequence of a substorm and to model the near-
Earth magnetic configuration [35]. Between 20 and 23 UT, an isolated substorm with a
peak AE of about 400 nT occurred. A clear growth phase was observed after the arrival
of a southward–orientated IMF after 20 UT. The auroral breakup, the intensification of a
westward electrojet, and Pi2 pulsations consistently indicated the expansion phase onset at
21:18 UT in the 22–24 MLT sector. The Cluster tetrahedron was centered in the middle of
the magnetotail at [−16.7; 0.2; 4.5] Re GSM. The satellites exited from the thinning plasma
sheet shortly after 21:00 UT. Therefore, they were located outside of the plasma sheet at the
time of interest. After 21:17 UT, a series of Earthward propagating 1 minute scale variations
of the magnetic field and plasma flow components consistent with the picture of multiple
NFTEs/flux ropes were observed (Fig. 7). The first NFTE appeared at about 21:17 UT and
propagated Earthward at a speed vx=625 km/s; vy=-72 km/s (determined from timing of
magnetic variations, [35]). After this NFTE, the plasma sheet continued to be thin for some
20 min until the transient plasma sheet expansions start to be observed. This is a favorable
situation, because if the plasma sheet is thin, the approximation of a tangential discontinuity
as an initial state is better justified.

Fig. 7 shows the measured Bx, Bz , and vz from the four Cluster satellites during the
time interval from 21:16 to 21:26 UT. The GSM magnetic field data are obtained from
the fluxgate magnetometer (FGM) experiment [78] with 1 s time resolution. The O + mo-
ments with 4 s time resolution were measured by the Composition and DistributionFunction
Analyser (CODIF) of the Cluster Ion Spectrometry (CIS) experiment [79] observed at the
Cluster spacecrafts. The O+ data was only used if the O+ density exceeded 0.005 cm−3.
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Figure 7. Cluster measurements of Bx (upper panel), Bz (middle panel), and vz (lower
panel). We analyze the NFTEs occurring at 21:21 UT, 21:22:30 UT, and 21:24 UT (shaded
areas) [48].

We applied our model to the NFTEs starting at 21:21 UT, 21:22:30 UT, and 21:24 UT, ig-
noring the first NFTE at 21:17 UT (in which the interaction of reconnected flux tube with
previously closed plasma sheet flux tubes should be more pronounced than in the following
development). A comparison with the results of the theoretical model (Fig. 6) shows that
the expected features for the perturbations are indeed found in the observations : the asym-
metric bipolar variation of Bz , a compression of Bx, as well as a plasma flow vz of cold
O+ ions directed to the plasma sheet are clearly visible.

5.1.1. Reconstruction of the Events on September 8th, 2002

To evaluate the integration kernel K(p) we also need to know the spacecraft location with
respect to the reconnection site (Fig. 8). Fortunately, the actual z–position of the neutral
sheet (about +1 Re in z–direction) is known from the modeling made in [35]. Therefore,
the z–distance between the satellite and the reconnection site is approximately 3.5 R e.

The determination of the x–distance is done by using a global minimization routine. In
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NFTE

z

x
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Reconnection
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Figure 8. The position of the Cluster satellites with respect to the reconnection site. The
z–distance is found from the modeling done by Sergeev et al. [35], while the x–distance is
reconstructed by using a minimization routine.

our time–dependent model this is possible, because the shape of the shock is changing if the
x–distance from the reconnection site is increasing. We use the measured Bz component as
an input data, calculate the electric field in Laplace space, which should be strictly positive,
but since we do not know the x–distance it can appear negative somewhere. Therefore, we
take the module of the electric field and recalculate B̃z out of it. This procedure can be
summarized as

Bz(t) ⇒ Bz(p) ⇒ E(p) ⇒ E(t) ⇒ |E(t)| ⇒ B̃z(t) .

Then we minimize the difference between Bz(t) and B̃z (t) with a least square approach
in order to find the x–distance as the value of x where the difference between the initial
and the reconstructed magnetic field has a minimum. We limit the search to distances less
than 35 Re, which corresponds to the region of the near Earth neutral line (NENL), where
reconnection most likely takes place. The local velocity of the disturbances is determined by
using multipoint timing analysis [80], giving about 700 km/s. We assume that this velocity
is approximately the Alfvén velocity. Additionally, this analysis shows that the propagation
velocity is directed mainly Earthward in x–direction with a small y–component, which is
a preferable configuration for our 2-D model. Now we know all quantities used for the
normalization. Thus, we are able to analyze the events by using the method presented in
the previous sections.
The reconnection electric field reconstructed for the NFTE starting at 21:21 UT in Fig. 7 is
1.1 mV/m over a time period of about 50 s from C1. C2 and C3 give a reconnection rate of
1.0 mV/m, while C4 gives 1.1 mV/m (Fig. 9).

The distance x between C1 and the reconnection site is 8.6 Re, so that the reconnection
site is located at 24.7 Re in the magnetotail (Fig. 10). For C2, x = 8.6, giving 24.9 Re as
the location of the reconnection site. From C3 x is found to be 8.4, giving the reconnection
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Figure 9. The lower panel shows the reconstructed reconnection rate from the four Cluster
satellites, which has an amplitude of 1–1.1 mV/m and a duration of about 50 s. The up-
per panel shows a comparison between the measured B
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z and the restored B
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z from the

reconstructed reconnection rate for C4.

site at 24.6 Re. C4 gives x = 7.6, corresponding to a reconnection site at 24.3 Re. One can
see that the reconstructed amplitude of the reconnection electric field and the reconnection
site are consistent among the four satellites. For example, C3 is located about 0.5 Re lower
than C2, therefore the observed amplitude in the magnetic field perturbation at C3 is 1.7
nT compared with 1.3 nT at C2. Yet, the reconstructed amplitude of the electric field
is quite similar, i.e., 1.0 mV/m from C3 and from C2. The same can be found for the
x–distance, where C4 is located closest to the reconnection site, and therefore the model
gives the smallest distance between the satellite and the reconnection site. Therefore our
model shows that the observed features at all four satellites are associated with the same
reconnection event.

Analysis of the event starting at 21:22:30 UT was done only with C2 and C4, since the
other two satellites did not observe pronounced NFTE–like signatures. The reconnection
rates are found to be 0.95 and 1.0 mV/m for C2 and C4, respectively. C2 gives x = 8.6,
leading to a distance of 24.9 Re for the reconnection site. From C4, x is found to be 8.25
Re, giving a distance of 24.8 Re in the magnetotail. For the event starting at 21:24 UT, data
from C2, C3, and C4 are used. The reconnection rate is found to be 0.95 mV/m (C2), 0.91
mV/m (C3), and 0.9 mV/m (C4). According to these data, the reconnection site is located
at 24.9 Re (C2), 23.9 Re (C3), and 24.5 Re (C4) in the magnetotail.
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Figure 10. Location of the reconnection site reconstructed for the NFTE starting at 21:21
UT (squares), 21:22:30 UT (triangles), and 21:24 UT (diamonds) from the Cluster satellites.

6. Conclusion

We present a model to reconstruct the reconnection rate and the reconnection site from
satellite measurements in a compressible plasma. As already predicted [48], the reconnec-
tion rate is smaller than inferred from the incompressible model. Also the distance between
the reconnection site and the satellite decreased, while the duration of the pulses increase.
All these features are consistent with the qualitative estimates done by Semenov et al. [48].
However, a significant reduction of the noise resulting from the solution of the inverse prob-
lem is achieved compared with the incompressible model [48]. Also the variations of the
reconstructed reconnection rate and site between the satellites decreased.
Several simplifying assumptions were made to allow a treatment of the problem within an
analytical model:

• x-distance: The x–distance between the satellite and the reconnection site is deter-
mined by using a minimization routine. There exists the possibility that more that one
minimum occurs, meaning that there is no single solution for the problem considered.
To avoid this problem, we applied our method only to the range of x–distances, where
reconnection most likely takes place, namely to distances less than 35 R e, and run it
with different starting points.

• Homogeneous background density : We assume that there is a homogeneous back-
ground density in the magnetotail. If the density changes significantly between the
point of observation and the starting point of the disturbances, this will influence the
propagation speed of the perturbations and may modify the results.
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• Alfvén velocity: We assume that the perturbations in the magnetic field are moving
approximately with Alfvén velocity. If the Alfvén velocity is not constant between
the satellite and the reconnection site, the results will change. Since the Alfv én ve-
locity is used for the normalization of the length scales, a variation of the Alfv én
velocity will also give a variation of the spatial distances. If the Alfv én velocity
decreases, also the length scales will decrease.

However, we found that the variations observed by the Cluster spacecrafts outside of the
plasma sheet boundary are consistent with the impulsive model of magnetic reconnection
used in this work. The characteristic bipolar variation of the Bz–component and the anti-
correlated behavior of the perpendicular plasma flow velocity are reproduced. Application
to NFTEs occurring on September 8th, 2002, gives an amplitude of the reconnection elec-
tric field in the range of 0.9–1.2 mV/m. This amplitude of the reconnection electric field
is consistent with estimations of the magnetotail reconnection rate obtained from ground–
based measurements [81, 82]. The time duration of the reconnection pulse is in the order of
50 s, while the reconnection site is located at about 23.9–24.9 R e tailwards.

Acknowledgements

The authors thank A. Runov for fruitful discussions. This work is supported by the RFBR
grants No. 04–05–64935 and No. 03–05–20012 BNTS, by the Austrian “Fonds zur
Förderung der wissenschaftlichen Forschung” under project P17099–N08, by project No.
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