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IMF southward: Dungey Cycle
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Baumjohann&Treumann

James Dungey, British
physicist, 1923–2015
proposed the theory
in 1961



Introduction ← →

IMF Bz < 0 drives the magnetospheric convection: storms/substorms
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Reconnection in the magnetotail
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Reconnection
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Reconnection

Magnetic reconnection converts, often explosively, stored magnetic
energy to particle energy (Hesse&Cassak, 2019)
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Challenge: how to get it fast?
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Brekke 2013

Sweet-Parker theory (1956-1958): reconnection occurs in the diffusion region via small-scale physics
(resistive 2D MHD), slower than in space plasmas which are collisionless
Petscheck theory (1964): diffusion region has shrunk to a dot, nobody managed to simulate the ideal case

Diffusion region
jets move with the
Alfvén speed

scale of electron diffusion region is 1-10 km, affects
the magnetosphere at scale 1.5·106 km



Challenge: What physics can produce necessary electric
fields to accelerate plasma?

Sonnerup (1979) has proposed generation of the out-of-plane
magnetic field with quadrupolar structure

This is due to the difference in e and ion behavior (Hall effect)

Leads to generation of the Hall electric field, E = 1
ne j× B.
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Visualization by Tom Bridgman
One event can release ∼1012 W (Stern 1984),
1 year energy consume of a village



Challenge: What physics can produce necessary electric
fields to accelerate plasma?
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Vasyliunas 1975

Generalized Ohm’s law for electron fluid

convection
term
vanishes
because
B ∼ 0

divergence
of the e
pressure
tensor

electron
inertia term



Observations by Magnetospheric Multiscale (MMS)
mission
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MMS trajectories: separation between spacecraft 10 km
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Electron-scale measurements of magnetic reconnection

Left side: electrons with velocities from 0 to 104 km/s carrying current
out of the drawing plane
Right side: electrons flowing upward and downward along the
reconnected magnetic field
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Burch+16



Two magnetopause crossings of MMS2
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Burch+16



Lessons learned from MMS and outlook

Magnetic reconnection facilitates the transport and conversion of
energy on huge spatial scales through processes that are localised
on comparatively tiny kinetic scales.
Research into how precisely the tiny diffusion region couples to the
large scales, and how this multiscale interaction occurs so effectively
is of prime importance.
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from Plasma Observatory white paper, adapted
from Le et al., 2018

color indicates T∥e



Reconnection in the magnetotail: Earth and Jupiter
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Kronberg&Herting



X-line formation

Figure 1. Energetic particle and magnetic field observations on Galileo orbit G2 from DOY 269, 0500
to DOY 272, 0500 in 1996. From top to bottom are displayed: omnidirectional ion intensities (0.042–
3.2 MeV) (first panel); first-order ion anisotropies in the radial (positive is outward) and corotational
direction (second panel); the magnetic field components (third to fifth panels) in SIII coordinates (the
radial component is positive in the outward direction, the azimuthal component is positive in the
direction of Jupiter’s rotation, and the south-north component is positive southward) and its magnitude
(sixth panel) as measured by EPD and MAG on Galileo orbit G2; continuous horizontal lines outline
‘‘quiet’’ and disturbed periods, dashed lines labelled (Q and D) to specific times referred to some
representative current sheet crossings; in the text and Figure 5.
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[31] Woch et al. [1998] have noted that the middle
magnetosphere of Jupiter is affected by a quasi-periodic
modulations with a very similar periodicity of 2 to 3 days.
The modulations are seen most pronounced in the particles
energy spectra. The spectra gradual softening within 2 days
followed by an abrupt hardening within 1 day. Orbital
segments during which this periodicity is observed are
incorporating in Figure 3. On the basis of this striking
similarity of the modulation period it is suggested to assume
that the reconfiguration events in the magnetotail and the
modulation of particle properties in the middle magneto-
sphere are inherently related and thus the whole Jovian
magnetosphere is affected by the reconfiguration process.

4. Discussion

4.1. General Characteristics of the Reconfiguration
Events

[32] With the present study, based on 34 events, we are
able to establish the fundamental properties of the recon-
figuration events. It consists of a quasi-periodic transition
between two elementary different states of the magnetotail.
The general topology and properties of these two phases are
sketched in Figure 5.
[33] In the initial ‘‘quiet’’ state the plasma flow is in the

corotational direction. The plasma sheet is thick, i.e., largely
expanded in latitude around the current sheet, without a
distinct boundary toward the lobe region. The current sheet
itself resides in a stable configuration without significant
large- or small-scale disturbances. The magnetic field is in a
swept-back configuration, as expected for angular momen-

tum transfer to the magnetospheric plasma [Russell et al.,
1998; Dougherty et al., 1993]. The ion intensities in the
plasma sheet center is initially at a low level. The ‘‘quiet’’
phase usually persists for 3 to 5 Jupiter rotations.
[34] Toward the end of the ‘‘quiet’’ phase, the ion

intensity rises and the flow velocity slowly increases both
in the corotational direction and in the radial outward
direction. The ‘‘quiet’’ phase ends with a breakdown of
the corotational pattern of the plasma flow and the magneto-
tail transits into a ‘‘disturbed’’ phase.
[35] At a given location the transit occurs abruptly, within

minutes. In the disturbed phase particles initially are stream-
ing tailward. Subsequently, in the course of the events, the
streaming direction reverses to planetward streaming. A
continuous thinning of the plasma sheet is observed, with
the strongest confinement of the plasma around the current
sheet reached at the point of flow reversal. Distinct bound-
ary layers at the plasma sheet-lobe interfaces evolve, which
consist of intense, high-velocity particle beams. The mag-
netic field topology shows to first order a current sheet
configuration. However, during the period of tailward
streaming the magnetic field in the plasma sheet has a
persistent northward tilt, i.e., oppositely to what is expected
from the normal planetary field orientation. After reversal of
the flow direction the tilt changes back to southward tilt.
Transient, small-scale disturbances are superimposed on this
average field configuration.
[36] The particle and field characteristics are consistent

with a reconnection scenario. Whereas in the ‘‘quiet’’ phase
plasma convection in the corotation direction is sustained in
the magnetotail, in the disturbed phase the magnetotail has
evolved into a configuration which enables the onset of
reconnection and allows for the release of plasma. That
reconnection is indeed occurring is primarily evidenced by
the distinct tailward and inward streaming particle beams.
They are presumably observed on field lines which have
recently been reconnected. Furthermore, characteristic mag-

Figure 4. First order anisotropies in the radial and
corotational direction (first panel); the south-north compo-
nent of the magnetic field (smoothed, second panel, high-
resolution, third panel); for the time interval DOY 265,
1200 to DOY 280, 0000 in 1996. Dashed lines point out the
onset of the disturbances; the dashed area corresponds to the
interval displayed in Figure 1.

Figure 5. A sketch of the two states of the Jovian
magnetotail. (top) ‘‘Quiet’’ state; (bottom) disturbed state
(details see text). The dashed lines and numbers correspond
to the respective current sheet crossings labelled D1 to D5
in Figure 1.
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X-line formation is one of
the key signatures of the
reconnection

A change of the flow
direction is often observed
during the energy release
phase
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IMF northward: Reconnection at high latitudes
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Nykyri+11



Reconnection: IMF with dawn-dusk component
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Trattner+07



Reconnection: IMF with dawn-dusk component

Location of the reconnection at different IMF directions
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Luo+2017



Summary

The IMF strongly influences the dynamics of the magnetosphere.
Reconnection is a commonplace transformation process of magnetic
energy to particle energy in plasmas.
It changes the magnetic field topology and accelerates particles.
It can be observed at the Sun, in the solar wind, in the
magnetospheres of various planets, pulsars, in Tokamaks. . .
It leads to spectacular phenomena such as solar flares, CMEs,
auroras. . .
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Hesse&Cassak, 2019



Literature

M. Hesse and P. Cassak, Magnetic Reconnection in the Space
Sciences: Past, Present, and Future, JGR, 2019

W. Baumjohann and R. Treumann, Basic Space Plasma Physics,
1996

A. Brekke, Physics of the Upper Polar Atmosphere, 2013

K. Nykyri, et al., Cluster observations of a cusp diamagnetic cavity:
Structure, size, and dynamics, JGR, 2011

J. Burch, Electron-scale measurements of magnetic reconnection,
Science, 2016

E. Kronberg, Mass release at Jupiter: Substorm-like processes in the
Jovian magnetotail. JGR, 2005

Elena Kronberg: Space Weather Lecture 6: Interaction between the Earth’s and Interplanetary Magnetic Fields. Reconnection. 21 / 21


