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During northward IMF MESSENGER observed the planetary ion boundary layer, large flux
transfer events (FTEs), flank Kelvin-Helmholtz vortices, and ultra-low-frequency plasma waves
(see Slavin et al., 2008) &

During southward IMF MESSENGER saw strong magnetic field normal to the dayside
magnetopause, large FTEs, and a reconnection line in the near-tail region, leading to
plasmoid ejection and south-north (SN) sunward-moving and anti-sunward-moving north-south
(NS) travelling compression regions (TCRs) (see Slavin et al., 2009).




Magnetosphere

What is the nature of Mercury’s internal magnetic field?
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Fig. 8 Overview of Mariner 10 and MESSENGER ohservations of Mercury's magnetic field. Results are
plotted in MBF coordinates: radial (By), polar angle 0(Bg). and azimuth angle ¢ (By) versus time relative to
closest approach (CA). Lines show observations (red), internal field model from regularized solution (blue),
1TS804 external field model (green), sum of the internal and external models (grey), and residuals (black). The
:pan of magnetic field values plotted is 550 nT for all three components

» Magnetic field strength of Mercury at
the planet’s surface is ~1% of Earth’s

* Challenging to understand how it is
generated, and how to separate it from
“external current systems” associated
with the solar wind-magnetosphere
interaction

* The tilt of the magnetic moment is ~5
deg from the rotation axis.

» Considered as a dipole the strength of
the moment is 240-270 nT-R,?

» Considered as a multipole the dipole
term is smaller (180-220 nT R,32) plus
higher order terms giving surface field
strength at equator of 250-290 nT.

* The cross-tail current extends to
within 0.5 Rm of surface on nightside,
which may account for Ilow field
recorded near equator.

Anderson et al., 2010, The magnetic field of Mercury, Space Sci. Rev.



Magnetosphere

midnight 1
midnight

Fig. 4. The electric field (E) and FACs () over the polar cap when: (a) there is a
substantial ionospheric conductance and no reflected wave, and (b) there is a
Fig. 3. Transport of the convection pattern (shown in red) and currents {(shown in reflected wave but no ionospheric conductance (the latter COI'I‘E.‘GDOI'IdS to the AWR
Dlue] of the Alfven wave from the upper h'-ml_'tlf-lv of ”"_" cylinder, ‘""_'“‘“‘ it is model). The blue circle shows the region of open magnetic field lines. On the panel
P, to/ G Mauetsilier. Snd HHEks WL AccOuInE x-S oF the (a), FACs flow on the boundary of open field lines and are closing the ionospheric
propagating wave along the convection [low. While returning back to the upper > 3 .

houndary, the reflected Alfven wave appears shifted with respect to its original currents. On the panel (b}, the FACs flow on the boundaries of the crescent areas
pasition by a distance d. The region between the initial and reflected FACs 15 shown (shown in gray) between the incident and reflected Alfven waves. The FACs
as a green area. Other denominations are the same as in kg, 2. We note that the increases to dawn and dusk though the width of the areas between the upward and

currents of the Alfven wave J,. are inclined to the magnetic field. £ this effect is downward currents is reduced. This picture does not include the substorm currents.
known as the “Albven wings™.

See Lyatsky et al., 2009, Alfven Wave Reflection model of field-aligned currents at Mercury, Icarus

Mercury has no significant conducting ionosphere or surface conductance

Need a mechanism whereby Mercury’s field-aligned currents can be closed

Proposed Alfven Wave Reflection (AWR) model is proposed

Takes into account low ionospheric/surface conductivity, capable of carrying total FAC~500 kA




Q M e rC U ry Magnetosphere

How do magnetospheric dynamics at Mercury compare to the Earth?
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Slavin et al., 2010, Extreme Loading and Unloading of Mercury’s Magnetic Tail, Science

* During second flyby MESSENGER observed large boundary normal component of the magnetic
field, implying cross-magnetosphere potential of ~30 kV. This implied a Dungey-cycle time for
Mercury of just 2 min!

e During the third flypy MESSENGER observed 4 loading/unloading events in the magnetotail
lasting 2-3 mins in duration, with the magnitude of the tail field increasing and decreasing by
factors of ~2-3.5

 Extreme case indicated a peak tail magnetic flux content of ~10 MWb - 50% more than
expected from modelling work




Q M e rC U ry Magnetosphere

How do magnetospheric dynamics at Mercury compare to the Earth?

During the third flyby of
Mercury, 15  magnetopause
crossings were observed on the
dusk-side during 2 minutes.
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The crossings were quasi-
periodic, with time separations
of ~16 s between pairs of
crossings.

" Melile Mageekoriens Groseigo i . Suggested to be indicative of
surface waves arising from the
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complements similar studies by

Kelvin Helmholtz Instability observed at Mercury Sundberg et al., (2010 and

(see Sundberg et al., 2010,2011 & Boardsen et al., 2010) 2011).




Q Mercury

Exosphere

Mercury has a surface-bound exosphere in

which constituent atoms and molecules
Mercury’s Surface-Bounded Exosphere travel on collisionless trajectories.

Source Processes

“‘“'"T"J“Q':'\‘ e sl The exosphere  experiences  strong
oweneroygeneraly B scasonal variations, and varies according

_ 1 . sl t0 the solar wind interaction with the
Neutral species are released from the
surface through a variety of mechanisms:
thermal desorption, photon-stimulated
<L desorption, meteoroid impact vaporisation

and ion sputtering.
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Q Mercury

Magnetosphere Exosphere
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LQ Mercury Introduction = Magnetosphere Exosphere
Mercury’s Complex Exosphere

 MESSENGER experienced different IMF conditions for M1 and M2 flybys

» The effects of this difference on the distribution of sodium ions has been modelled
using the hybrid simulation code

» They assume photon-stimulated desorption and ion sputtering are the two main
sources of sodium ions

» The first peaks at sub-solar point and the second is highly dependent on IMF
orientation - peaks for IMF S

0 4
X/ R M2=IMF S

Paral et al., 2010, Sodium ion exosphere of Mercury, GRL
Travnicek et al., 2010, Mercury Hybrid Model, Icarus




LQ Mercu ry Exosphere

Telescope observations of Mercury’s sodium tail

Projected Distance (Mercury Radii)
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neutral sodium tail extending to >1000 R,
* When MESSENGER performed flyby in Jan 2008 (similar orbital phase) there was no evidence
of a tail beyond ~120 R,,

* Differences are thought to be associated with changes in solar flux and radiation pressure
due to changes in Mercury’s heliocentric radial velocity - rather than surface source rates
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LQI' Juplter Introduction Magnetosphere = Moon-magnetosphere

Grodent et aI JGR 2008

.....

Jupiter’s maanetosphere is driven bv ranid
\ \ Ll HiAyriveuo ll\.u-u o Utive .. DYy 1apid
5%, Ganymede "__planetary rotation, main source of plasma

Is the volcanic moon lo. Complex coupled
system involving strong interactions
between moons and magnetosphere.




Magnetosphere

Argue that Jupiter’s solar wind-
driven magnetospheric flows are due
primarily to viscous processes at the
magnetopause boundary.

They  discuss how  such a
plasma-on-plasma Interaction
i Variable generat_es solar wind-imposed
in Space and Time magnetic stresses that:
(1) Generates the dawn-dusk
asymmetry observed in plasma flows
and magnetic field,
(2) Dictates the location of the
magnetic x line in the tail,
(3) Enhances the escape of Jovian
plasma down the magnetotail, &
— . Interaction Region (4) Drives global plasma ficws_that
5 are consistent  with  Jupiter’s
f‘ _ complex polar aurora without the
S S requirement for a persistent region

. NS

Cross-magnetopause Transport
of Mass & Momentum of open flux.
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Radioti et al., JGR, 2011 "
Ge et al., JGR, 2010

« Signatures associated with tail reconnection are observed over a large area of local time -
both in terms of remote sensing data (e.g. HST) and in situ (e.g. Galileo)

» Radioti et al. (2011) attribute both dawn and nightside polar ““spots” in UV aurora to near-
simultaneous measurements of inward moving flows in the magnetosphere

* Ge et al. (2010) show that signatures of dipolarisation in the tail most likely map to the
dawn spots - and suggest an x line location of 02:00 LT at 80 R; downtail

* Vogt et al., (2010) perform a similar study, but interestingly point out that the previously
identified recurrence rate of 2-3 days is intermittent and not statistically significant




The extent of the lo-Jupiter interaction region

Trans-hemispheric Reflected Alfvén
Electron Beam spot Wing spot

E TEB RAW
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 The lo footprint aurora consists of one or several spots observed in both hemispheres and is
related to the electromagnetic interaction between lo and the magnetosphere

» The spots are followed by an auroral curtain, the tail, which extends up to 90° in longitude

* The footprint brightness, spot multiplicity, and inter-spot distance depends on lo’s location in the
plasma torus

» Recently Bonfond et al. (2010) have shown the size of the spots to be 850 km long x 200 km wide,
at an altitude of 900 km. This is important as it indicates the size of the interaction region at lo.

See Bonfond et al., JGR, 2009 & 2010 (and references therein)




LQI' J . p | te r Moon-magnetosphere

The extent of the lo-Jupiter interaction region

Jacobsen et al., 2010 acceleration o
“” W

lo footprint seen in Jupiter’s atmosphere

Jacobsen et al. (2010) apply a
three-dimensional MHD model of the
far-field lo-Jupiter interaction to
simulate the location and spatial shape of
field-aligned electron beams.

electron

, ?B.ar,n They find that the ratio of the one-way

travel time of the Alfvén wave from lo to
Jupiter and the convection time of the
plasma past lo controls the location of
the beam.

Hence electron beams are expected to be
found further into the wake than
previously assumed, in good agreement
with particle measurements from Galileo




v Induced magnetic field - sub-surface
(conducting) ocean?

v Intrinsic dipole magnetic field
v Mini-magnetosphere is created

v Interaction is complex & highly variable




LQL Ganymede " Introduction

MHD simulations of Ganymede’s miniature magnetosphere
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Jia et al, JGR, 2009

» Model provides a realistic view of Ganymede’s magnetosphere, which agrees well with field
and particle data from Galileo

* New work show FTEs are intermittent on the dayside despite steady upstream conditions
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L b Satu m Introduction

From KiveIsQn, Science, 2006

Magnetosheath

Magnetopause

Solar o - ‘ SKR " Lobes .

Saturn

Bow-shock

Enceladus

Plasma disk
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Radio Rotation Period
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eg. from Provan et al., 2009
« A surprising and persistent feature of Saturn’s magnetosphere is the presence of periodic

PRy - —al_ S ol P

signals - both in the Saturn Kilometric Radiation (SKR) and in the magnetosphere in situ data
» This is remarkable because Saturn’s magnetic field is highly axi-symmetric

* More remarkable is the fact that these signals have a variable periodicity

* The periodic radio and magnetic signals have both been present continuously since 2004
and the periods of the two signals vary in the same manner (Gurnett et al., 2007; Kurth et
al., 2008; Andrews et al., 2008).




b Sa’tu n Magnetosphere

Saturn Kilometric Radiation and the magnetosphere oscillations

P Normalized Peak-to-Peak Power
0.5 1.0

Gurnett et al., (GRL, 2009)
Interestingly, they show that
the shorter period emanates
from the southern
hemisphere high-latitude
region, and the longer
period emission is coming
from the north.

Read et al (2009)

Second (north)
SKR component

Recently Gurnett et al.,
(GRL, 2010) have shown that
the two periods have
converged during 2010,
following equinox

m, Rotation Rate (deg/day)
T, Rotation Period (hours)

First (south)
SKR component *

2004 2005 2006 2007 2008 2009 2010 2011
UT (years)




Magnetosphere oscillation studies
(Andrews et al., 2010) indicate the
presence of two current systems
that rotate with different periods N
and S, in agreement with the SKR
observations.

(b) north period

[d} north period

south period /]

Magnetosphere

.C2
4‘|
ST

I-1 zure 2 1. Elcc ron ount rate ¢ pc*’ro ram, magnetic field data, and Provan phase (modulo 360°) for
[ 1 Rev 43 outbound znd 44 mbound, day Illh—l '& ol 2007,

Clarke et al. (2010) have shown the first
evidence that both the magnetopause
and the bow shock motions at Saturn
are organised by the internal oscillation

phase.
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See Talboys et al., 2009a, 2009b & 2011, Field-aligned currents at Saturn, JGR & GRL



Magnetosphere

Dungey cycle return flow
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Figure 3. Ion moments derived from Cassini 1on mass spec-
trometer data during the inbound passes of four orbits.

Masters et al., GRL, 2011
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(b) Rev-89 Bunce et al., JGR, 2010

A

Lamy et al., JGR, 2009; Lamy et al., GRL, 2010
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It is suggested that this event is produced by a solar
wind compression of Saturn’s magnetosphere.
Occurs at the same time that Cassini enters the SKR
source region - for the first (and only) time.
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Inner vs Outer magnetosphere dynamics
Rymer et al., P&SS 2009
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Northern
Tail Lobe
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golar Wind .
compfesslo

Current
Sheet

injection
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aCKkman et al., JGR, 2010

Outer magnetosphere:
Inner magnetosphere: Limited number of reconnection events have

Injection events are commonly observed, at  been observed in Saturn’s magnetotail, due to
all local times and over 6<L<11 RS. These are bowl shape of current sheet

o~~~ ~F HIPN SR PR

thought to be evidence of interchange  Recent works show the impact of a solar wind
motions. compression on the magnetosphere - first the
Recent work shows electron density is lower magnetosphere compressed then the tail
within “bubble” and temperatures is 10x flared over subsequent days as flux
higher than surroundings. Bmag moderately  accumulated. Finally signatures consistent
Increased. with plasmoids were observed.




b Sa’tu n Magnetosphere

Studies of the ultraviolet & infrared auroral ovals at Saturn

latitude
Location of IR oval | 7° 667 73° 79° 84° 87° 84° 79° 73 66° 57°
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* ¢ Evidence for a lower
latitude band of (diffuse?)
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in UV. Grodent et al., 2010
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| ) Saturn Introduction . Moon-magnetosphere

Discovery of the Enceladus footprint in Saturn’s atmosphere

1 2 5 10 20 50 100 200 500 1,000
EUV counts per pixel

Pryor, Rymer, et al., 2011, Nature




Moon-magnetosphere

Closest Approach to Magnetic Field Line

Projected Flux Through the Center of Enceladus
Tube Diameter —n-E; 10712

nl (it iy 4] | P The interaction of Enceladus with
I“TMWW { IR S Saturn’s magnetospheric plasma
ik ng L MNNE v produces a number of
1 i ' electrodynamics effects.

Frequency (kHz)

These include whistler-mode
emissions similar to terrestrial
auroral hiss,magnetic-field-aligned
o electron beams, and currents
itch Angle Range . ) . ,

(Anode 4) associated with a standing Alfven
wave excited by the moon.

Energy (eV)
Log,, (Counts/sec)

B,(model)~, Electron beams responsible for the

_““—“““—j_t,__”‘”é'ﬂ‘ﬁ;'iﬁ auroral  hiss  emissions  are

Corremt Saturn — accelerated very close to the
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" : : : i electric fields associated with the
-1.798 513 8 2.18 3.5¢ Alfvén wave.

Z(Ren) 7,209
L 4.00

Magnetic Field (nT) Pitch Angle (deg)

ES, November 21, Day 325, 2009

GRL, 2011

Gurnett et al.
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