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Modeled Propagation of DF

A self-similar DF B1(x-ut,z) propagating from the tail towards Earth, is superimposed 
on the ambient magnetic field B0(x,y,z), slowly varying in the x direction.
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Analytical Model of DFs 



Equatorial Proton Motion

Bz(ξ,z=0)

ξvy=-uω0t

F=vyBz

⇠ = x� ut; v
x

= ⇠̇ + u

Motion along y: If a particle is trapped by the front, i.e. travels in the +x direction without 
significantly changing its ξ position relative to the front (dξ/dt≈0), it gets linearly accelerated in 
the -y direction in the E-field -uB0 due to the Lorentz transformation of the background B-field.

Motion along ξ: Can be described in terms of a 1D Hamiltonian: H=K+U

Bz(x, t) = B0 +B1(x� ut)

(
⇠̈ = (B0 +B1(⇠))vy

v̇y = �uB0 � (B0 +B1(⇠))⇠̇

vy = �uB0t

⇠̈ = � @

@⇠
UM (⇠, ⇠0, t)

UM (⇠, ⇠0, t) = uB0t[B0(⇠ � ⇠0) +A1(⇠)�A1(⇠0)]

e = m = c = 1



Total Magnetic Field

In the tail regions where the magnetic field is the weakest, the depletion ahead of the 
front can be greater than the ambient magnetic field. The total Bz, in this case, is 
negative ahead of the front, being separated from positive Bz values by a 
reconnection point moving earthward with the front.

X=-16 RE



Time-Dependent Effective Potential

Local maximum of U at the unstable fixed point enables particle trapping ahead of 
the front. The concave profile of U(ξ>0) is steepening with time pushing trapped 
particle population towards the stable fixed point. Trapping does not require 
particles to be in resonance with the front (Vξ=0), suggesting that this acceleration 
mechanism can affect a substantial region of proton phase space.

X=-16 RE



Acceleration in Idealized 2D Case

In idealized 2D case of a constant background magnetic field and a front unbounded 
in the y direction, particles are stably trapped ahead of the front and their 
acceleration is limited only by relativistic effects.

Initial Conditions: B0=3.35 nT;  Vξ=600 km/s; ξ=0.61 RE



Total Magnetic Field

Closer to Earth, where ambient Bz is stronger, field depletion ahead of the front 
causes weakening of the field without changing its sign. 

X=-12 RE



Time-Dependent Effective Potential

Effective potential in this case does not have a local maximum ahead of the front. 
Consequently particles cannot be stably trapped. With each oscillation particle 
penetrate deeper and deeper behind the front, eventually falling behind and resuming 
gyromotion in the background magnetic field.

X=-12 RE



Acceleration in Idealized 2D Case

Particle energization in the -y direction is limited to the time while the particle is 
quasi-trapped by the front.

Initial Conditions: B0=6.28 nT;  Vξ=600 km/s; ξ=0.2 RE



3D Numerical Simulations

In the magnetotail energetic (>1 keV) protons exhibit complex quasi-adiabatic 
motion. Initially equatorial particles get eventually scattered to lower pitch-angles 
due to coupling of the gyro- and the bounce motions. It is therefore necessary to 
understand how this complexity affects particle interaction with DFs.  

K=100 keV
r0=(-16, -5,0)
T96@Pdyn=4 nPa



magnetized particle

trapped particle

Case I: x0=-16 RE



Case II: x0=-12 RE

As expected from 2D simplified considerations particle acceleration is not as strong in the absence 
of negative Bz ahead of the front, when stable trapping is no longer possible. Nonetheless, quasi-
trapped particles can still be accelerated to up to 20 keV (by order of magnitude).

scatteering into 3D
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Can Protons be Stably Trapped 
without a Negative Bz?



Kinetic Structure of DFs

Cluster spacecraft that are located at [!17.5, !1.8, 2.8] RE in
GSM coordinates. This DF was one of the events selected by
Schmid et al. [2011] for investigating the statistical properties
of DFs. We can see that, before 1353:10 UT, the magnetic field
and plasma parameters are very stable. The Bx component is
small (Figure 1b), and the plasma beta is larger than 0.5
(Figure 1d, blue dashed line). According to the criteria given by
Cao et al. [2006], Cluster is located in the plasma sheet during
this period. At 1353:15 UT, a sudden jump of Bz from 2 nT to

14 nT is observed (shadow region), indicating the arrival of a
DF. Associated with this DF, there is an increase of ion bulk
velocity from 50 to 200 km/s (Figure 1c). The electric field is
also elevated at the DF; it has an earthward component up to
6 mV/m (C4, Figure 1f) and a dawnward component up to
6 mV/m (C4, Figure 1g). Since PEACE and CIS have low
resolution (4 s) for the measurement of particles, we use the
spacecraft potential measured by EFW that has a resolution of
0.2 s to deduce the plasma density [e.g., Pedersen et al., 2008].
In Figure 1h, we see that the plasma density derived from the
SC potential (solid lines) is consistent with the C2-PEACE
measurement (dots). This density drops from 0.3 to 0.2 cm!3 at
the DF. The parallel and perpendicular electron temperatures
measured by C2 have a low resolution (4 s; see the dots in
Figure 1i) during this period. We interpolate them to the time
line of the density measurement to obtain the high-resolution
temperature data (dashed lines in Figure 1i), which are then
used to calculate the electron pressure Pe " nk 1
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based on the fact that the off-diagonal terms of the electron
pressure tensor are close to zero during this period (not shown).
The derived electron pressure drops from 0.1 to 0.06 nPa at the
DF (Figure 1j). As there are no measurements of the electron
temperature at C1, C3 and C4 during this period, we assume
the electron temperatures at these locations to be the same as at
C2. This assumption is reasonable since during this period the
separation between the four spacecraft is very small
(Figure 1d), and the electron temperature is relatively steady
compared to the density (Figure 1h), so that the changes in the
pressure are coming mainly from the changes in the density.
[6] Detailed observations of the DF from 1353:10 UT to

1353:20 UT are shown in Figure 2. The DF (change in Bz,
Figure 2a) is observed sequentially by C3, C2, C4 and C1. The
magnetic field profiles observed by the four spacecraft are very
similar, meaning we can do the timing unambiguously. By
time-shifting the Bz data from the various spacecraft
(Figure 2b), we determine the normal velocity of the DF as
VDF = 197 * [0.61 !0.70 0.36] km/s in the GSM coordinates,
with an uncertainty of dVDFj j

VDFj j ≈ 0:32. Considering that the DF
lasts for $2.1 s (from 1353:13.3 to 1353:15.4 UT at C4), its
thickness is about 420 km, which is very close to one ion
inertial length (see Figure 1e). VDF defines the n direction for
the local lmn coordinate system, the m direction is obtained
from m̂ " n̂ % B̂0, where B0 is the average magnetic field over
the DF, and the l completes the right-handed system.
[7] Now we compute the current density j and the electron

pressure gradient rPe using the single-spacecraft and multi-
spacecraft methods in the local lmn coordinates. The gradient
of the pressure scalar rPe is a good proxy for the divergence
of the pressure tensor r ⋅ Pe at the DF, as the off-diagonal

Figure 1. A dipolarization front structure observed by Cluster
on 29 August 2003. From top to bottom, the parameters are
(a) magnetic field Bz and (b) Bx, (c) ion bulk velocity Vx,
(d) plasma beta, (e) ion and electron inertial length, electric
field (j) Ex and (k) Ey measured by EFW, (h) plasma density,
(i) electron parallel and perpendicular temperature, and (j) the
electron thermal pressure. Color lines describe the measure-
ments of C1 (black), C2 (red), C3 (green) and C4 (blue).
The dots in Figures 1h–1j represent the measurements of
PEACE on C2. All the quantities in Figure 1 are shown in
the GSM coordinates. See text for details.
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Figure 1. A dipolarization front structure observed by Cluster
on 29 August 2003. From top to bottom, the parameters are
(a) magnetic field Bz and (b) Bx, (c) ion bulk velocity Vx,
(d) plasma beta, (e) ion and electron inertial length, electric
field (j) Ex and (k) Ey measured by EFW, (h) plasma density,
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electron thermal pressure. Color lines describe the measure-
ments of C1 (black), C2 (red), C3 (green) and C4 (blue).
The dots in Figures 1h–1j represent the measurements of
PEACE on C2. All the quantities in Figure 1 are shown in
the GSM coordinates. See text for details.

FU ET AL.: ELECTRIC STRUCTURE OF DF L06105L06105

2 of 6

PIC Simulations of Reconnection Onset Cluster Observations of DFs

[Fu et al., 2012]

Kinetic simulations supported by in situ spacecraft measurements show that the 
difference in electron and proton motion in DFs produces large electrostatic fields in 
the direction of front propagation. 



Bz

ξ

UB

ξ

Stable Trapping due to Ex

⇠̈ = � @

@⇠
U(⇠, ⇠0, t); U = UM (⇠, ⇠0, t) + '

Ex

ξ ξ

φ

UB+ φ

ξ

stable trap

Trapping Limit:
e

c
v
y

B
z

� eE
x

Maximum Energy: K[keV] =
mv2

y

2
' 5

✓
E

x

[mV/m]

B
z

[nT]

◆2

>100 keV



Electrostatic Field Across DF

E
x

(⇠, z = 0) = �@'
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Electrostatic field across the front is produced by the 
separation of electron and ion motion 

in the equatorial plane



2D Analysis of Stable Trapping

Stable point 
(t=1s)

In 2D with homogeneous ambient magnetic field particles launched from the vicinity 
of stable point of the effective potential U stay trapped ahead of the front for >10 s
and are accelerated by >120 keV.

Ex=10 mV/m



3D Electrostatic Field
separation of electron and ion motion across the front
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3D Analysis of Ion Acceleration at DFs

Stable Trapping (Eφ≠0) Quasi-Trapping (Eφ=0)

In the absence of E-field across the front, quasi-trapping is efficient only at near perpendicular 
equatorial pitch angles.

Electrostatic E-field enables stable trapping over the entire pitch-angel distribution up to the 
atmospheric loss cone. At chosen simulation parameters, protons at large (>75o) pitch-angles are 
accelerated up to 95 keV, and up to 60 keV at smaller pitch angle values. 
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3D Trajectories at DFs

Stable Trapping (Eφ≠0) Quasi-Trapping (Eφ=0)


