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1 Introduction

The proximity of Mercury to the Sun makes this planet a particularly
interesting subject because of the extreme environmental conditions that led to its
unique evolutionary history. Mercury’s present plasma environment has its
foundation in a weak intrinsic global magnetic field that supports a small, but
dynamic, magnetosphere. The plasma in Mercury’s space environment coexists with
the planet’s exosphere and strongly interacts with the surface. In fact, Mercury’s
environment is a complex and tightly coupled system where the magnetosphere,
exosphere, and surface are linked by interaction processes that facilitate material
production and energy exchange [Killen and Ip, 1999; Killen et al., 2007; Milillo et
al., 2010]. Investigations regarding the coupling of Mercury’s magnetosphere with the
interplanetary magnetic field (IMF) of the Sun, as well as the planet’s interaction with
solar radiation (both electromagnetic and particle) and with interplanetary dust, can
provide important clues to the process of planetary evolution [Orsini et al., 2014].
The study of Mercury may reveal processes fundamental to the interpretation of
exoplanet observations: In fact, many discovered exoplanets are located only a few
stellar radii away from their parent star, even closer than Mercury is to the Sun. The
resulting effects and type of interactions in these particular situations are among the
key questions to be answered in the future.

The first in situ measurements provided by three flybys of Mariner 10 [Vilas et
al., 1988] in 1974-1975 revealed the weak, intrinsic magnetic field of Mercury that
gives rise to its small magnetosphere [for a review, see Russell et al., 1988; Wurz and
Blomberg, 2001; Slavin et al., 2007]. Plasma sheet electrons were measured during
the first flyby, though no ion measurements were made due to a hardware failure
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[Ogilvie et al., 1974]. After those measurements, the scientific community had to
wait almost 40 years until MErcury Surface, Space ENvironment, GEochemistry, and
Ranging (MESSENGER) was launched in August 2004 [Solomon et al., 2007] and
became the first spacecraft to obtain systematic measurements by orbiting Mercury.
The MESSENGER magnetic field measurements indicate that Mercury’s magnetic
dipole moment is offset northward from the planet’s center by 0.2 Rm (where Rw is
Mercury’s radius, or 2440 km) [Alexeev et al., 2010; Anderson et al., 2011]. Now we
know that Mercury’s magnetosphere is highly dynamic [e.g., Slavin et al., 2009,
2010; DiBraccio et al., 2013], so it cannot be considered as a stable structure where
plasma distributes according to well-characterized populations, like in the Earth’s
magnetosphere. At Mercury, no stable ring current is observed and magnetic storms
driven by adiabatic convection cannot develop. On the contrary, fast (few seconds)
events like Flux Transfer Events (FTES) [Slavin et al., 2012b], dipolarizations
[Sundberg et al., 2012], plasmoids [Slavin et al., 2012a; DiBraccio et al., 2014] are
observed. Further, bursts of low- and moderate energy (tens to hundreds keV)
electrons [Ho et al., 2012] are often recorded.

Together with the protons and He?* of solar wind origin, MESSENGER’s Fast
Imaging Plasma Spectrometer (FIPS) detected ions of planetary origin like He*, Na*-
Mg* and several other heavy ion species [Zurbuchen et al., 2008] while Mercury
Atmospheric and Surface Composition Spectrometer (MASCS) UltraViolet and
Visible Spectrometer (UVVS) [McClintock et al., 2007] mapped the Ca* tail on the
nightside [Vervack et al., 2010]. In particular, on the dayside, a solar wind-
originating plasma population mixed with heavy planetary ions (Na* group) was
observed in the region of the magnetospheric cusp. On the nightside, plasma ions
were observed near the equator, in the central plasma sheet [Raines et al., 2013].
Finally, increased plasma fluxes were observed in the magnetosheath as well as
sparsely distributed planetary ions that span the magnetopause boundary (as identified
in magnetic field measurements [Anderson et al., 2012; Winslow et al., 2013]). These
features are observed on nearly every orbit, despite highly variable solar wind and
IMF conditions [Gershman et al., 2012; Baker et al., 2013].

The solar wind and planetary ions interact with the surface to produce ion
sputtering, backscattering, and internal structure alteration via chemical sputtering
and/or enhanced diffusion [Mura et al., 2009; Sarantos et al., 2009]. The surface-
released material populates the neutral gas environment of Mercury as a tenuous and
non-collisional regime, constituting the exosphere.

The presence of neutral atoms in Mercury’s environment was also discovered
during the Mariner 10 flybys; H, He, and O were detected in the atmosphere by the
onboard UV spectrometer [Broadfoot et al., 1974]. Later, Na, K, and Ca were
detected through ground-based Earth observations [Potter and Morgan, 1985, 1986;
Bida et al., 2000]. Doressoundiram et al. [2009] defined an upper limit for Al, Fe, and
Si by ground-based observations. Finally, MESSENGER UVVS provided a
systematic in situ detection of Na, Ca and Mg [McClintock et al., 2009; Domingue et
al., 2007]. New ground-based observations and new methods and technologies [e.g.,
Leblanc et al., 2008; Mangano et al., 2013], coupled with simulations [e.g., Schmidt,
2013] permit the investigation of spatial and temporal variations in the exosphere,
providing insight to magnetospheric and solar activity variation dependencies. UVVS
measurements, surprisingly, have shown little exospheric response to magnetospheric
activity.

The most globally and systematically observed element at Mercury is Na,
since its doublet is relatively easy to detect through the Earth’s atmosphere and its
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abundance is high in Mercury’s exosphere. A clear relation of Na distribution and its
variability has been observed throughout the exosphere. The Na exosphere peaks
frequently at mid-latitudes in the dayside, corresponding to the magnetic cusp regions
where solar wind plasma is able to access the planetary surface [e.g., Killen et al.,
2001]. Nevertheless, experimental results exclude that the yield of direct sputtering
can account for the observed Na intensity [McGrath et al., 1986; Johnson and
Baragiola, 1991]. Modeling and recent Na temperature obtained by MESSENGER
show that Photon Stimulated Desorption (PSD) is by far the most efficient process to
release Na into the exosphere on the day side of Mercury [Wurz et al., 2010; Mura et
al., 2009; Cassidy et al., 2015; Sarantos et al., 2009], indicating that the processes are
independent from each other [Leblanc et al., 2010; Mura et al., 2009]. Also, the
measurements by MESSENGER UVVS have shown evidence that variation of global
intensity are well reproduced year by year [Cassidy et al., 2015], showing that solar
wind action could account only for variation in the distribution, not in the global
exosphere density..

Mercury’s exosphere is continuously emptied and filled through a variety of
chemical and physical processes acting on the planet’s surface and environment
[Killen et al., 2007; Leblanc et al., 2007]. The neutral environment of the planet is not
only generated by plasma-surface interactions, but it also interacts with the circulating
plasma via charge exchange, and it also undergoes electron-impact and photo-
ionization, creating a population of low-energy ions. These newly generated ions are
accelerated [Delcourt et al., 2003; Seki et al., 2013] and contribute to the mini-
magnetosphere. At a further step, the ions are either lost into the solar wind or impact
again onto the surface.

Finally, we can conclude that the sources of the magnetospheric ions are
mostly solar wind plasma entering the magnetosphere, ionization of exospheric
species, and planetary ions from the surface. On the other hand, sinks of the ion
populations are the surface, where plasma directly impacts, and the solar wind, that
picks up ions as it flows past the planet. To evaluate the source and sink balance in
the Mercury environment, this global complex system should be investigated as a
whole.

The forthcoming ESA - JAXA BepiColombo mission to Mercury (to be
launched in 2016) [Benkhoff et al., 2010], consists of two Mercury-orbiting spacecraft
to provide the opportunity for simultaneous two-point measurements. Thanks to this,
the BepiColombo mission will offer an unprecedented opportunity to deeply
investigate magnetospheric and exospheric dynamics at Mercury as well as their
interactions with solar radiation and interplanetary dust [Milillo et al., 2010].
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In the following sections of this chapter, the structure and dynamics of
Mercury’s magnetosphere are reviewed, with an emphasis on its local plasma
environment. We examine both global and kinetic features that have been identified
through magnetic field and plasma observations, organized into plasma sources and
losses, as well as the exosphere and the surface processes that generate it. Finally, we
discuss the contribution that modeling has made to our understanding of Mercury’s
magnetosphere and of the behavior of its plasma populations.

2 Magnetospheric Structure and Dynamics

2.1 Global Magnetosphere Configuration
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Figure 1. Schematic of Mercury’s Dungey cycle. This large-scale magnetospheric convection,
responsible for the circulation of plasma and magnetic flux, is driven by steady and impulsive
reconnection. Note the strong magnetic field normal to the dayside magnetopause, the large
FTEs, and the reconnection line in the near-tail region. Figure from Slavin et al. [2009].

The magnetosphere of Mercury is of interest in many respects. It is
characterized by spatial and temporal scales much smaller than those at Earth (by a
factor of 8 and 30, respectively [e.g., Russell and Walker, 1985]). Boundary
conditions also are quite different as compared to those at Earth with a dense solar
wind and Bx dominated IMF at the outer boundary as well as a tenuous atmosphere at
the inner boundary. Mercury’s intrinsic magnetic field has a dipole moment of 195
nT-Rn?, that is aligned to within 3 deg of the planet’s spin-axis but has a northward
offset of 484 km [Anderson et al., 2011]. As the supersonic, super-Alfvénic solar
wind interacts with Mercury’s intrinsic magnetic field, a planetary magnetosphere
with an elongated magnetotail is formed. There are, however, notable differences
between Mercury’s magnetosphere and those of other planets with intrinsic magnetic
field: Mercury possesses only a very tenuous exosphere consisting of planetary
atoms, with some of them being ionized from the high solar radiation at Mercury’s
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orbit [Zurbuchen et al., 2008, 2011; Raines et al., 2011, 2013]. The lack of a
conducting ionosphere implies that any field-aligned currents must close through the
planet’s regolith [Anderson et al., 2014]. The solar wind is much more intense at
Mercury’s orbit than at any other planet of the solar system [Burlaga, 2001].
Although the solar wind velocity remains relatively constant throughout the
heliosphere, its density at Mercury’s orbit is 5-10 times larger than typical values at
Earth. Additionally, the strength of the IMF is, on average, about 30 nT, increasing
the solar wind Alfven speed and enhancing the rate of reconnection with Mercury’s
magnetic field [Slavin and Holzer, 1979].

The combination of Mercury’s small dipole moment with the extreme solar
parameters results in a small but dynamic magnetosphere (Figure 1). In terms of
planetary radii, the planet Mercury accounts for a much larger volume of its
magnetosphere than Earth. At Mercury, the average subsolar magnetopause standoff
distance is ~1.45 Rwm [Winslow et al., 2013] where the typical standoff distance is ~10
Re at Earth [Fairfield, 1971]. Upstream of the magnetosphere, Mercury’s bow shock
is located at an average distance of 1.96 Rm away from the planet [Winslow et al.,
2013]. Due to the low Alfvénic Mach number (Ma) and low $, the ratio of plasma
pressure to magnetic pressure, solar wind conditions at Mercury’s orbit, the bow
shock is weaker and exhibits smaller magnetic overshoots compared to the outer
planets [Masters et al., 2013].

Like Earth, the open-closed field line boundaries of Mercury’s magnetosphere
map to high latitude, dayside magnetospheric cusps. The northern cusp is evident in
both MESSENGER plasma and magnetic field data in the vast majority of orbits that
cross the region. MESSENGER’s passages over southern cusp were at much larger
altitudes and can only be indirectly inferred from measurements. The cusp appears as
a strong enhancement in plasma flux, composed of solar wind and planetary ions
[Zurbuchen et al., 2011; Raines et al., 2013] standing between two regions of much
lower plasma density. These enhancements span Mercury latitudes ~30°-80°N and
local times 6-14 h. The cusp is manifested in magnetic field data mainly as
depressions in the field, attributed to the diamagnetic influence of the plasma present
there. Winslow et al. [2012] performed a statistical analysis of these depressions.
Their analysis showed that the cusp is a broad, highly variable region located around
56°-84°N magnetic latitude and 7-16 h local time, marking a similar region on
Mercury’s dayside as the plasma enhancements inferred from diamagnetic
depressions. This spatial extent is more similar to the V-shaped outer cusp at Earth
than the narrow cleft found at lower altitudes [Smith and Lockwood, 1996; Lavraud et
al., 2005].

Ion measurements from MESSENGER’s first Mercury flyby confirmed that
Mercury’s magnetosphere has an Earth-like central plasma sheet [Raines et al., 2011].
The trajectory of this flyby was unique in that it passed nearby and almost parallel to
Mercury’s equatorial plane, providing an opportunity to observe across the plasma
sheet not available in the orthogonal passes provided throughout the orbital phase.
Those authors compared measurements at Mercury to a long baseline study of the
plasma sheet at Earth [Baumjohann and Paschmann, 1989]. Accounting for the
expected 5-10 fold higher solar wind densities at Mercury’s orbit in the heliosphere,
the measured proton density in Mercury’s plasma sheet of 1-12 cm, was comparable
with those at Earth (0.2-0.5 cm™) during similarly quiet magnetospheric conditions.
Proton temperature was much lower than the average at Earth, 2 MK versus 30-56
MK, respectively. Plasma beta, the ratio of magnetic to plasma pressure, was also
found to be lower and more steady at ~2 in Mercury’s central plasma sheet. At the
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Earth, plasma beta varies from ~0.3 near the edges of the plasma sheet, to ~30 in the
center. More details concerning plasma sheet observations are included in Section 3
below.

2.1.1 Plasma depletion layers

The low-# conditions in Mercury’s magnetosheath are further exacerbated by
the frequent presence of plasma depletion layers (PDLs), caused by the draping and
compression of the IMF as it encounters the magnetopause boundary (Figure 2). This
concept of PDLs was initially introduced by Zwan and Wolf [1976], who predicted
that the natural draping of the IMF would lead to the formation of low-/ layers
adjacent to the dayside magnetopause which they termed plasma depletion layers. It
was also predicted that the PDL thickness would be larger for low Ma and j
conditions, when magnetic pressure is dominating the magnetosheath, as is the case at
Mercury [Zwan and Wolf, 1976]. Consistent with this prediction, Gershman et al.
[2013] analyzed MESSENGER MAG and FIPS measurements to determine that
lower upstream Ma (Ma ~3-5) values led to stronger depletion effects in the PDLs at
Mercury. In this study, Gershman et al. [2013] identified 40 orbits where a PDL,
adjacent to the dayside magnetopause, was observed as MESSENGER crossed
through the magnetosheath. A typical PDL thickness was determined to be ~300 km,
or ~0.12 Rm. The PDLs were observed for both quasi-perpendicular and quasi-parallel
shock geometries as well as for all IMF orientations. Despite the high frequency of
reconnection occurring at Mercury’s dayside magnetopause due to the low-£
environment [DiBraccio et al., 2013], this substantial reconnection is not sufficient
enough to transport all of the magnetic flux pileup and therefore the PDLs are a
persistent feature of Mercury’s magnetosheath. However, Gershman et al. [2013] also
concluded that plasma depletion does not appear to exist during times of extended
northward IMF.
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Figure 2. Illustration of a spacecraft pass through the subsolar magnetosheath (MSH)
for (a) high solar wind Mach number (Ma) and (b) low solar wind Ma. The MSH
plasma is subsonic equatorward of the approximately £45° latitude. With decreasing
Ma, a larger fraction of the subsolar magnetosheath is sub-Alfvenic, as indicated by
the blue shaded region. In addition, a thicker region of magnetic flux pileup is
evident by an increase in |B| and a decrease in plasma density, n. The Alfven speed
(Va) and sound speed (Vs) are also shown for both cases. Adapted from Gershman et
al., 2013.

2.1.2 Observations of induction effects

Given the mean subsolar magnetopause distance of only 1.45 Ry from the
center of the planet [Winslow et al., 2013] and the high magnetopause reconnection
rate [Slavin et al., 2009; DiBraccio et al., 2013], it seems reasonable to conclude that
Mercury’s surface may become directly exposed to the solar wind. Slavin and Holzer
[1979] predicted that the low-Ma nature of Mercury’s space environment, especially
during periods of high solar wind pressure, would allow reconnection to erode the
magnetopause down to the planetary surface. However, at the same time Hood and
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Schubert [1979] and Suess and Goldstein [1979] predicted that induction effects at
Mercury would cause the subsolar magnetopause to remain at or above 1.2 Rw.

Mercury’s 2000 km radius, iron-rich, highly electrically conducting core
[Smith et al., 2012] gives rise an interaction that sets it apart from all other planetary
magnetospheres. In the presence of this electrically conducting sphere, changes in
upstream solar wind pressure will create changes in the magnetic field normal to the
planetary surface. According to Faraday’s law, these time-dependent changes will
generate currents in the conducting core, which will serve to oppose this change in
magnetic field and temporarily increase Mercury’s magnetic moment, therefore
limiting how far the magnetopause will be compressed [Hood and Schubert, 1979;
Suess and Goldstein, 1979; Glassmeier et al., 2007].

To test these predictions and assess the roles of reconnection erosion and
induction effects at Mercury, Slavin et al. [2014] analyzed three extreme solar wind
dynamic pressure events using MESSENGER magnetic field and plasma
measurements. Two of these events were due to coronal mass ejections (CMEs) and
the third one was due to a high-speed stream. During these orbits, the magnetic field
just inside the dayside magnetopause exceeded 300 nT with inferred solar wind
pressures of ~ 45-65 nPa. This field magnitude is double the typical strength of ~ 150
nT just inside the magnetopause [DiBraccio et al., 2013; Winslow et al., 2013], which
corresponds to solar wind ram pressures of ~ 10 nPa. During these events, intense
reconnection was observed in the form of frequent Flux Transfer Events (FTEs) and
steady reconnection rates derived from the normal magnetic field component to the
magnetopause of 0.03 - 0.20..

In Figure 3, the thin dashed curve illustrates the observed sixth-root
relationship between solar wind dynamic pressure and magnetopause standoff
distance determined by Winslow et al. [2013]. The thick dashed line shows the
predicted relationship between solar wind ram pressure and magnetopause standoff
distance when induction effects are included. As evident in the figure, induction effect
models predict that the magnetopause standoff distance will only be compressed
below ~1.2 Rwm for solar wind pressures larger than ~60 nT. The points on this plot
indicate the magnetopause standoff distances, extrapolated to the subsolar point, for
the boundary crossings observed during the three extreme solar wind events. The
subsolar magnetopause was observed at much lower altitudes than predicted during
these extreme solar wind intervals [Hood and Schubert, 1979; Glassmeier et al., 2007]
due to reconnection, which appears to be opposing the shielding effects of the
induction currents. Therefore, during these days of extreme solar wind pressure,
Mercury’s magnetopause remains close to the surface due to the strong effect of
dayside reconnection, which transfers magnetic flux into the magnetotail [Slavin and
Holzer, 1979]. This result confirms that magnetic reconnection at Mercury is very
intense and that both high-intensity reconnection as well as magnetosphere-core
coupling must be included in global models of Mercury’s magnetosphere during
extreme solar wind pressure conditions.
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Figure 3. Solar wind ram pressure, Psw, versus extrapolated

magnetopause standoff distance, Rss, for the magnetopause crossings
of Slavin et al. [2014]. The magnetopause crossings on 23 November
2011, 8 May 2012, and 11 May 2012 are shown as a diamond, cross,
and triangles, respectively. The dimensionless reconnection rate, «,
averaged over the magnetopause crossings for each event, is also
displayed for each event. The sixth-root relationship (thin dashed
line) determined from a large data set of MESSENGER
magnetopause encounters at typical upstream pressures of ~ 5 to 15
nPa [Winslow et al., 2013] is compared with a theoretical model that

includes the effects of induction in Mercury’s interior [Glassmeier et
al., 2007] (thick dashed line). Figure from Slavin et al. [2014].

2.2 Dungey cycle at Mercury

Mercury’s solar wind-driven magnetosphere experiences a circulation of
plasma and magnetic flux similar to that of the Earth. This process is termed the
Dungey cycle [Dungey, 1961; Cowley, 1982; see also Seki et al., this volume]. The
Dungey cycle begins with magnetic reconnection between the IMF and planetary
magnetic field at the dayside magnetopause, resulting in open fields with one end
rooted to the planet and the other in the solar wind. This open magnetic flux facilitates
the exchange of solar wind and planetary plasma to and from the magnetosphere. The
open fields are then carried downstream by the solar wind flow until they join the
north and south lobes of the magnetotail. The oppositely directed fields of these tail
lobes meet at the cross-tail current sheet where they reconnect. Tail reconnection
creates two new magnetic field lines, a detached field line that rejoins the IMF and a
closed field line with both ends attached to the planet. This closed field line convects
sunward toward the planet, eventually moving toward the dayside and completing the
cycle. Using observations from the second MESSENGER flyby of Mercury, Slavin et
al. [2009; 2010] determined Dungey cycle times of ~2 min, which is much shorter
than the 1 h convection times at Earth [Siscoe et al., 1975].

The Dungey cycle time is one of the keys for understanding the dynamical
response of planetary magnetospheres to changes in the rates of magnetic
reconnection at the magnetopause and in the magnetotail. It is determined by
observing the rate of convection at various points in the cycle, as depicted in Figure 1.
For example, the cycle time may be deduced from the time for ionospheric plasma to
E x B drift anti-sunward across the polar cap and return at lower latitudes to its point
of initiation. Alternatively, the cross-magnetospheric electric field may be inferred
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from observations of the rate of magnetic flux being reconnected and transferred
to/from the magnetotail or measured directly with electric field instrumentation. At
Earth the time necessary for this cycle is in the range of 1-2 hr [Cowley, 1982].
However at Mercury, Hill et al. [1976] noted that the lack of an ionosphere, and the
expected resistive nature of the regolith, eliminates the need to take into account
“line-tying” or “saturation” effects [see Kivelson and Ridley, 2008] that reduce the
cross-magnetospheric electric field at Earth from the maximum value, —Vsw x Bsw,
applied by the solar wind. Siscoe et al. [1975] then used scaling arguments and typical
solar wind and IMF parameters to estimate that the Dungey cycle at Mercury would
be of the order of 1 min.

MESSENGER’s observations taken during its second flyby on 6 October 2008
provided the first opportunity to more directly infer the Dungey cycle time at
Mercury. Slavin et al. [2009] used the magnetometer measurements [Anderson et al.,
2007] to determine the magnetic field normal to the magnetopause and, with
assumptions, calculated a cross-magnetospheric electric field of about 2 mV/m, which
corresponds to a Dungey cycle time of 2 min. MESSENGER’s third flyby on 29
September 2009 provided another opportunity to determine the Dungey cycle time
when a series of loading — unloading events were observed as the magnetotail was
traversed. At Earth magnetospheric substorms are often associated first with an
interval of net magnetic flux transfer to the magnetotail, termed loading, which ends
with the onset of magnetic reconnection in the cross-tail current layer and the
dissipation of the magnetic flux stored in the tail [Baker et al., 1996]. The duration of
the tail loading and unloading intervals, sometimes referred to as the “growth” and
“expansion” phases of the substorm because of the accompanying auroral signatures
[McPherron et al., 1973], are typically on the order of the Dungey cycle time. Slavin
et al. [2010] analyzed the magnetic field measurements during the third flyby and
found a total of four loading — unloading events. In each case the duration of the event
was ~ 2 — 3 min and in reasonable agreement with the earlier estimate based upon the
magnetic field normal to the magnetopause (i.e., dayside reconnection rate). We will
show below that analogues to many aspects of the terrestrial substorm have been
observed at Mercury, but on a time scale comparable to this miniature
magnetosphere’s Dungey cycle.
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Figure 3: Substorms at Mercury — Loading/Unloading Events.
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342
343 As already discussed, dayside reconnection at Earth loads the tail lobes with
344  magnetic flux and increases the tail’s overall energy levels, which are later dissipated
345  viatail reconnection and substorms. This enhanced loading of the tail lobes with
346  magnetic flux causes the enhanced flaring of the flank magnetopause and increases
347  the fraction of solar wind ram pressure applied directly to the magnetotail [Caan et
348  al., 1973]. In this manner, loading of the tail with magnetic flux is reflected in the
349  magnetic field measurements both as an increase the flaring of the magnetic field (i.e.,
350 |Bz| and/or |Byl|) and in the total magnetic field magnitude. At Earth, the increase in
351 the intensity of the lobe region magnetic field intensity during the substorm loading —
352  unloading cycle is typically ~ 10 to 30% [Milan et al., 2004; Huang et al., 2009].
353  However, the fractional enhancement in the lobe magnetic field observed at Mercury
354  during the third flyby loading events appeared much larger, perhaps even reaching
355  100% [Slavin et al., 2010].
356 MESSENGER observations since orbit insertion on 18 March 2011 have
357  provided many opportunities to observe these loading — unloading events in the
358  magnetotail. A comprehensive analysis has yet to be carried out, but Figure 3 shows
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two examples of this phenomenon on 28 August 2011 where, between 19:45 and
19:55 UTC, two loading — unloading events are evident. MESSENGER was located
in the south lobe of the tail at a distance of ~3.3 Rwv behind the planet. Each event
begins with a total magnetic field intensity of ~40 nT directed primarily in the — Xuswm
direction. The field then increases for ~1 min until it reaches at peak value of ~65 nT.
This increase in total field is closely correlated with the Bz component becoming
more negative as the magnetic field flares away from the central axis of the tail. After
the peak in total intensity the Bz component becomes less negative as the intensity
decreases back to its pre-substorm levels. The total increase in field magnitude during
these events, ~50%, is significantly larger than observed at Earth, but below the larger
values observed during the third flyby. The duration of the events, ~2 min, is very
close to the value determined from measurements of dayside magnetopause
reconnection rate [Slavin et al., 2009; DiBraccio et al., 2013].

3 Sources
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Figure AA. Plasma sources to Mercury’s magnetosphere.

3.1 Solar wind entry

The solar wind is an important source of plasma to Mercury’s magnetosphere.
It can enter the magnetosphere mainly through five processes, studied in detail at
Mercury: Magnetopause reconnection followed by entry via the plasma mantle, Flux
Transfer Events (FTEs), and Kelvin-Helmholtz waves are described below. Cusp
precipitation following magnetopause reconnection is described in Section 3.2.3.2.
The fifth process, direct impact of the solar wind on the surface, due either to erosion
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or compression of the dayside magnetopause, has been studied only indirectly
(Section 2.1.2).

3.1.1 Magnetopause reconnection and the plasma mantle

Magnetopause magnetic reconnection is the dominant process for the transfer
of mass, momentum, and energy between the solar wind and Mercury’s
magnetosphere. The resulting field topology exhibits a magnetic field component that
is normal to the magnetopause, Bn. This was first observedat Mercury’s
magnetopause, indicating that magnetic reconnection had occurred, during the second
MESSENGER flyby of Mercury on 6 October 2008 [Slavin et al., 2009]. During this
period, the IMF was oriented southward, a configuration that is conducive to
reconnection. Using a minimum variance analysis (MVA), Slavin et al. [2009]
determined a significant, non-zero Bn, ~13 nT, at the outbound magnetopause
crossing, indicating that the boundary was a rotational discontinuity. The
dimensionless reconnection rate, a, is determined by:

a=bBn
BMP

where Bwp is the magnitude of the field just inside the magnetopause. During this
second flyby, Slavin et al. [2009] calculated a reconnection rate of o = 0.13.
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Figure 4. Magnetopause shear angle § compared with the
rate of reconnection for the magnetopause crossings. The
average reconnection rate was calculated in 30° bins, as
indicated by the red rectangles. Little correlation between
the two quantities is evident, indicating that the
reconnection occurs at Mercury for a large range of shear
angles

In a statistical survey of magnetopause reconnection at Mercury, DiBraccio et
al. [2013] identified 43 events with well-determined boundary normal vectors. The
average Bn was ~20 nT, an order of magnitude larger than typical measurements at
Earth. Additionally, the mean rate of reconnection resulting from this study was a =
0.15 + 0.02, which is about a factor of three larger than the most extensive studies at
Earth. However, more importantly, this study revealed that reconnection occurs at
Mercury’s magnetopause independent of the magnetic shear angle 6, the angle
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between the planetary field and the IMF (Figure 4). In fact, DiBraccio et al. [2013]
identified several reconnection events with 4 < 30°, including one event where 6 ~ 1°.
Upon further inspection, the low-shear reconnection at Mercury appears to be a
product of the low plasma £ and decreased Alfvénic Mach number (Ma) of the solar
wind in the inner heliosphere, as predicted by Slavin and Holzer [1979]. The
frequency of strong PDLs [Gershman et al., 2013] to also appears enhance the
occurrence of reconnection for all IMF shear angles at Mercury [Slavin et al., 2014].

Using MESSENGER FIPS and MAG data, DiBraccio et al. [in prep]
presented the first observations of Mercury’s plasma mantle, a main source for solar
wind entry into the planet’s magnetosphere, located in the high-latitude magnetotail.
The plasma mantle is created as reconnected fields, populated with solar wind plasma,
convects downstream of the planet and rejoin the magnetosphere as part of the
Dungey cycle. The analysis of two successive orbits on 10 November 2012, revealed
a dense population of solar wind protons present just inside the high-latitude tail
magnetopause [DiBraccio et al., in prep]. These two events, with durations of 16 and
21 min, exhibited clear dispersions in the proton energy distributions observed by
FIPS. This dispersion indicated that low-energy protons were transported much
deeper into the magnetosphere than the higher energy particles, which escape to large
downtail distances before they can ExB drift deeper toward the plasma sheet, where
E and B is the cross-tail electric field and magnetic field magnitude, respectively.
Frequent FTEs observed throughout the magnetosheath, cusp, and into the
magnetotail during these orbits are supportive of the high reconnection rates measured
at Mercury and suggest that intense dayside reconnection is responsible for
transporting solar wind plasma into Mercury’s magnetosphere just as at Earth.
Observations of Mercury’s plasma mantle have provided direct evidence of one
mechanism responsible for transporting solar wind plasma into the magnetosphere,
which has consequences for surface space weathering especially through nightside
plasma precipitation.

3.1.2 Flux Transfer Events

Reconnection is also observed at Mercury’s magnetopause in the form of
FTEs [Slavin et al., 2008, 2009, 2010, 2012b; Imber et al., 2014]. FTEs are created as
reconnection occurs between the IMF and planetary magnetic field at multiple
dayside X-lines. They are identified by their flux rope topology: a strong, axial-
aligned core field with helical outer wraps increasing in pitch angle with radial
distance from the center. In magnetic field data, the helical wraps are typically
indicated by a bipolar signature, which also provides information about the direction
that the flux rope is traveling. The core field is designated by a local field
enhancement that is coincident with the inflection point of the bipolar signature. Flux
ropes may also be remotely observed if the spacecraft does not directly pass through
the FTE, but rather, encounters the draped and compressed fields surrounding the flux
rope. These perturbations, called traveling compression regions (TCRs), are used to
infer the dimensions of a flux rope.

During the first MESSENGER flyby of Mercury, Slavin et al. [2008]
identified a ~4-s-duration FTE in the magnetosheath using magnetic field data
implying a size of ~1200 km, or 0.5 Rm. The bipolar signature is evident in the By
component with an enhancement in both Bx and Bz. During the second MESSENGER
flyby, Slavin et al. [2009] reported a FTE with a core field strength of 160 nT and a
duration of ~3 s (Figure 5). The size of this flux rope was estimated to be ~900 km, or
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0.4 Rwm. After a more extensive review of the MESSENGER flybys, Slavin et al.
[2010] reported on six FTEs encountered during the first and second Mercury flybys.
The durations of these events ranged from 1-6 s and a flux rope modeling technique
[Lepping et al., 1990, 1995, 1996] was implemented and determined the FTE
diameters to range from 0.15-1.04 Rm. Additionally, the model results indicated that
the magnetic flux content of these structures ranges from 0.001-0.2 MWhb, or about
5% of the 4-6 MWh tail lobe flux [Slavin et al., 2010]. Additionally, the largest of
these events may contribute up to ~30 kV to the cross-magnetospheric electric
potential.
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Figure 5. (A) Magnetic field observations of the inner current sheet and MP boundary observed
as MESSENGER exited the dawn-side magnetosphere. (B) Magnetic field measurements across
the MP graphed in the plane of maximum and minimum variance. (C) Magnetic field
measurements across the MP graphed in the plane of maximum and intermediate variance
Adapted from Slavin et al., 2009.

At Mercury’s magnetopause, flux ropes have been identified to occur as “FTE
showers” [Slavin et al., 2012b]. During a MESSENGER noon-midnight orbit on 11
April 2011, a combination of 163 FTEs and TCRs were observed over a 25 min
interval as the spacecraft traversed the southern tail magnetopause (Figure 6). During
this orbit, the IMF was predominantly oriented northward. The average duration of
the FTEs and TCRs was 1.7 s and 3.2 s, respectively, and all events were separated by
periods of ~8-10 s. By implementing the flux rope modeling technique of Hidalgo et
al. [2002a, 2002b], the mean semimajor axis of the flux ropes was determined to be
0.15 Rw.

Most recently, Imber et al. [2014] performed a statistical study on FTEs
observed in Mercury’s subsolar magnetosheath. In this study, 58 large-amplitude
FTEs, with core fields larger than the magnitude of the planetary field just inside the
magnetopause, were selected. The average durations of these events were 2.5s. MVA
was used to determine their orientation and the force-free flux rope model of Lepping
et al. [1990, 1995, 1996] was applied to estimate an average flux content of 0.06
MWhb. Imber et al. [2014] concluded that unlike Earth, where FTESs contribute to <



485 2% of substorm flux transport, at least 30% of the flux transport required to drive
486  Mercury’s 2—-3 min substorms is contributed by FTEs.
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