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in the plasma pressure of ~1.8 nPa. Also, coin-
cident with the drop in field magnitude at C, the
plasma proton count rates increased by a factor
of three (/8). The change in magnetic field mag-
nitude implies a plasma pressure increase at C
of ~2 nPa. Because the proton count rates be-
fore C were ~30% of those after C, the pressure
before C was ~1 nPa, which would depress the
field by ~7 nT.

Such signatures are consistent with hybrid
simulations of Mercury’s magnetosphere (/9)
that indicate an annulus of solar wind plasma
within ~0.5 Ry, altitude. The inward pressure
gradient at the outer edge of such an annulus
would suppress the magnetic field near the
equator on the nightside and enhance it over
the poles. The corresponding westward azi-
muthal current is about / = hP/B, where h is
the vertical extent of the annulus, B is the mag-
netic field magnitude, P is the pressure in the
annulus, and the pressure outside is taken to
be zero. A 1-nPa pressure that goes to zero near
0.5 Ry altitude, where the field is ~50 nT, and
that has a vertical extent of ~0.5 Ry; corre-
sponds to a current of 0.05 to 0.1 MA. This
would decrease the equatorial field close to
the planet by 10 to 30 nT and increase the
field at the pole by ~5 to 10 nT. Thus, it is

possible that the remaining deficit of equa-
torial field intensity of ~25 nT could be due to
magnetospheric plasma. We conclude that an
intrinsic quadrupole term is not required to
account for the observations.

Recent simulations of Mercury’s core dynamo
suggest that the presence of a stagnant layer at
the top of the molten outer core may suppress
higher-order structure and yield secular vari-
ation over time scales of centuries rather than
decades (20-22). We find no evidence for a
change in the planetary dipole since 1974 and
also find that the planetary field is predomi-
nantly and possibly entirely dipolar. Although
there are significant uncertainties associated with
these results, they are consistent with the presence
of a stagnant outermost core.
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Mercury's Magnetosphere After
MESSENGER's First Flyby
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Observations by MESSENGER show that Mercury's magnetosphere is immersed in a comet-like
cloud of planetary ions. The most abundant, Na*, is broadly distributed but exhibits flux

maxima in the magnetosheath, where the local plasma flow speed is high, and near the
spacecraft’s closest approach, where atmospheric density should peak. The magnetic field
showed reconnection signatures in the form of flux transfer events, azimuthal rotations consistent
with Kelvin-Helmholtz waves along the magnetopause, and extensive ultralow-frequency

wave activity. Two outbound current sheet boundaries were observed, across which the

magnetic field decreased in a manner suggestive of a double magnetopause. The separation of
these current layers, comparable to the gyro-radius of a Na* pickup ion entering the
magnetosphere after being accelerated in the magnetosheath, may indicate a planetary ion

boundary layer.

he interaction of Mercury's magnetic

I field with the solar wind creates a small
magnetosphere with a typical standoff
altitude of ~0.5 Ry (Where Ry is the mean
planet radius; 1 Ry ~ 2440 km) (/, 2) (Fig. 1).
The MESSENGER spacecraft made the first
of three flybys of Mercury on 14 January 2008
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(3) and took measurements within Mercury's
magnetosphere with its magnetometer (MAG)
(4, 5); energetic particle and plasma spectrometer,
composed of the energetic particle spectrom-
eter (EPS) and fast imaging plasma spectrom-
eter (FIPS) (6, 7); and x-ray spectrometer
(XRS) (8).

The presence of the magnetosphere as an
obstacle to the solar wind is signaled by the
bow shock (BS), which was crossed at 18:08:38
(inbound) and 19:18:55 (outbound). Before
the inbound magnetopause (MP) crossing at
18:43:02, the last extended interval of south-
ward interplanetary magnetic field (IMF)
ended at 18:38:40. The magnetosheath mag-
netic field was observed to be generally north-
ward after the exit from the magnetosphere
at 19:14:15. A northward IMF is unfavorable
to dayside magnetic reconnection with Mer-
cury’s magnetic field and greatly limits the
rate of solar wind energy transfer across the
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MP (2). The earlier southward IMF intervals
before MESSENGER’s entry into the magneto-
sphere were expected to produce strong ener-
getic particle acceleration, as had been observed
during Mariner 10’s first flyby (2). The lack of
measurable energetic electrons within the mag-
netosphere during MESSENGER’s flyby (Fig.
2) indicates that energetic electrons remained
within the magnetosphere for less than the ~4
min between the time when the southward IMF
ended and when MESSENGER entered the
magnetosphere.

MESSENGER observed a well-defined flux
transfer event (FTE) between 18:36:21 and
18:36:25 during its passage through the mag-
netosheath (Fig. 2). FTEs are produced by
localized magnetic reconnection between the
IMF and the planetary magnetic field at the
MP (9). The magnetic field data in Fig. 3A
show that this FTE was indeed preceded by a
brief interval of southward IMF. Its flux rope
topology is apparent, with the helical mag-
netic field surrounding and supporting the
core region indicated by the bipolar B, sig-
nature and the strong B,, respectively. Given a

typical anti-sunward magnetosheath flow speed
of ~300 km s~' and the ~4-s duration of the
event, the size of this FTE is ~1200 km or
~0.5 Ry Relative to Mercury’s magnetosphere,
this FTE is ~10 times larger than the size found
at Earth (/0). This result supports predictions
that finite gyro-radius effects in Mercury’s
small magnetosphere will lead to relatively
large FTEs (11).

When MESSENGER passed into Mer-
cury’s magnetotail (Fig. 2), there was a rapid
transition to a quieter magnetic field directed
predominantly northward but with a longi-
tude angle near 0°, indicating that the space-
craft entered through the dusk flank of the tail
into the central plasma sheet (/2). The dom-
inance of the B. component over B, and B,
components and the sunward longitude angle
indicate that MESSENGER passed just north
of the center of the cross-tail current sheet
(Fig. 1). The high ratio of thermal to magnetic
pressure typical of this region (/2) is evident
from the weakness of the magnetic field
intensity in Mercury’s tail at this point relative
to the adjacent magnetosheath.

Between 18:47 and 18:49, the longitude
angle of the magnetic field rotated from 0°
(i.e., sunward) to near 180° (anti-sunward).
This change indicates that MESSENGER
moved southward through the cross-tail cur-
rent sheet, consistent with its trajectory in Fig. 1.
Around 19:00, the spacecraft altitude fell below
~800 km, and the magnetic field intensity
began to increase quickly as MESSENGER
moved into the region dominated by Mer-
cury’s dipolar planetary magnetic field (3).
The increase in the magnetic field continued
through closest approach and then decreased
until MESSENGER exited the magnetosphere
near the dawn terminator.

Examination of the high-resolution mag-
netic field longitude angle in Fig. 3B shows
one 360° and several 180° rotations of the
magnetic field in the X-Y plane between 18:43
and 18:46. The durations of the rotations ranged
from ~10 to 25 s. Such rotations of the mag-
netic field in Earth's tail near the interface
between the flanks of the plasma sheet and
the magnetosheath are thought to be caused
by vortices driven by the Kelvin-Helmholtz

Fig. 1. Schematic of Mercury's magnetosphere highlighting the features and phenomena observed by MESSENGER, including the planetary ion
boundary layer, large FTEs, flank K-H vortices, and ULF plasma waves.
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(K-H) instability (/3, 14). Assuming Earth-
like anti-sunward speeds of ~150 km st (19)
for these MESSENGER events, their implied
spatial scale lengths are ~1 Ry These scale
lengths are smaller than similar features at Earth
relative to the dimensions of their respective
magnetospheres by a factor of ~3 (/4).

The FIPS ion composition measurements
show that Mercury’s magnetosphere was per-
meated by planetary ions composed of Na"
and other species in lesser amounts derived
primarily from its exosphere (/5). The cou-
pling between these photoions and the mag-
netosphere has been the subject of extensive
theory and modeling investigations (/6—20)
since sodium in Mercury's atmosphere was
first detected telescopically from Earth (217).

MESSENGER

The spatial distribution of Na* (Fig. 2) rep-
resents a normalized count rate integrated over
3-min intervals (7). Further analysis is required
to remove the effects of field-of-view obstruc-
tions and to determine bulk plasma proper-
ties such as density (7). The relative spatial
distribution (Fig. 2) maximizes around closest
approach, where the neutral atmosphere den-
sity should peak. This result is consistent with
model predictions regarding the distribution
of Na* within Mercury's magnetosphere (17).
These models predict equatorial Na" densities
along MESSENGER's near-tail trajectory that
vary from 10" cm > to 10 2 ecm > at dusk and
dawn MPs, respectively (/7). Secondary maxi-
ma in the FIPS Na' count rate exist just outside
of the inbound and outbound MP crossings,

FIRST MERCURY FLYBY

SPECIALSECTION

indicating that the neutral sodium atmosphere
extends to altitudes where photoions are strongly
energized by pickup in the fast magnetosheath
flow.

During the approach to Mercury, there were
several intervals where the magnetic field de-
creased and its root mean square (RMS) vari-
ations increased (see horizontal bars in Fig. 2).
Such variations are generally indicative of the
growth of plasma waves stimulated by en-
hanced plasma density and/or temperature
(12). The diamagnetic nature of these decreases
is supported by the XRS count rates that in-
crease around 19:00, coinciding with the first
of these intervals (Fig. 2). The increase in
XRS counts seen near 19:00 is believed to be
due to fluorescence in the Mg- and Al-filtered
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Fig. 2. Overview of MESSENGER magnetospheric measurements taken by
the MAG, FIPS, EPS, and XRS instruments. Closest approach (CA) was at an
altitude (ALT) of 201.4 km at 19:04:39 very near local midnight (00:04
local time). The magnetic field in Mercury solar orbital (MSO) coordinates
is displayed in the top graphs along with the latitude and longitude
direction angles and the RMS variance calculated over 3-s intervals. The
MSO coordinate system is defined as Xyso directed from the center of the
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planet toward the Sun; Zyso, normal to Mercury’s orbital plane and posi-
tive toward the north celestial pole; and Yyso, positive in the direction
opposite to orbital motion. The longitude angle of the magnetic field is
defined to be 0° toward the Sun and increases counterclockwise looking
down from the north celestial pole. The magnetic field latitude is +90°
when directed northward and 0° when it is in the Xuso-Ymso plane. U.T.
designates universal time.
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gas-proportional counters (GPCs) and to
bremsstrahlung in both the Be window of the
unfiltered GPC and the Be-Cu collimator in
front of all three GPCs caused by electrons in
the energy range ~1 to 10 keV. A similar re-
sponse was seen in the GPCs on the Near-
Earth Asteroid Rendezvous mission (22). The
presence of enhanced fluxes of 1 to 10 keV
electrons is consistent with these nightside
diamagnetic decreases being due to the pres-
ence of hot plasma.

The strongest magnetic field decrease oc-
curred after the narrow, MP-like current sheet
encountered at 19:10:35. The orientation and
thickness of this current sheet and the later
MP current sheet are very similar, as can be
inferred from the nearly identical variations
in the magnetic field components (Fig. 4A).
They differ primarily in intensity. The inner
current sheet is only about half as strong as
the MP current sheet. The difference in al-
titude between these two current sheets is
~1000 km. The enhanced RMS variations in

MESSENGER

Jan 14, 2008

the magnetic field indicate that the outer cur-
rent sheet is the boundary between the mag-
netosphere and the magnetosheath and that
the decreased magnetic field intensity between
these two current sheets is due to enhanced
plasma pressure [see also (5)].

This double MP signature had not been
observed previously at Mercury or any other
planetary magnetosphere. The decrease in the
magnetic field in the outer part of the dawn-
side magnetosphere may be caused by the
diamagnetic effect of solar wind plasma flow-
ing into the magnetosphere along flux tubes
opened by reconnection near the cusps or lo-
cally created planetary ions. Although magnet-
ic reconnection is expected to be more effective
in creating open flux at Mercury than at other
planets (23), it has not been observed else-
where to produce such broad boundary layers
or multiple current sheets. Alternatively, the
inner current sheet and the diamagnetic layer
could be caused by hot planetary ions that
enter the magnetosphere after being picked

34

Flux Transfer Event

B, (nT) *

MESSENGER

up and accelerated by the fast solar wind flow
in the magnetosheath. At the dawn termina-
tor, the magnetosheath flow speed would
typically be ~300 km s~'. For Na', the depth
of penetration into the magnetosphere would
be ~1 gyro-radius or ~1000 km, a value com-
parable to the observed thickness of the re-
gion of depressed magnetic field. If present
in sufficient numbers, pickup ions entering
the magnetosphere from the magnetosheath
might create a planetary ion boundary layer
bounded by an inner current sheet and the MP
(Fig. 1).

The pickup process produces ion distri-
butions that are unstable to the growth of ion
cyclotron waves and other plasma-wave modes
(24-26). No clear wave trains near the Na* cyclo-
tron frequency are present in the MESSENGER
measurements, consistent with Mariner 10 ob-
servations (27). During its closest approach and
outbound passage, however, MESSENGER
did observe ultralow-frequency (ULF) waves
with frequencies of ~0.5 to 1.5 Hz, or just
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Fig. 3. (A) MESSENGER magnetic field observations of a large FTE in Mercury's magnetosheath. (B) Magnetic field observations of rotational signatures,
possibly due to K-H—driven waves or vortices on the flanks of the magnetosphere.
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Fig. 4. (A) Magnetic field observations of the inner current sheet and MP boundary observed as MESSENGER exited the dawnside magnetosphere. (B)
Magnetic field observations of ULF waves detected in Mercury’s magnetosphere.

below the proton cyclotron frequency (fiy')
(Fig. 4B). They appear similar to the much
shorter interval of ULF waves observed by
Mariner 10 near closest approach during its
first encounter (28). The frequency of these
waves tended to increase with distance from
Mercury until the outbound boundary layer
was entered, where their frequency decreased
and their amplitude increased to values as
high as ~10 nT peak to peak.

MESSENGER has revealed Mercury's mag-
netosphere to be immersed in a cloud of
cometlike planetary ions. Although the solar
wind interaction appears dominated by Mer-
cury's magnetic field, the presence of heavy
planetary ions may exert influence from ki-
netic to magnetohydrodynamic scale lengths.
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