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Abstract

Analysis of MESSENGER data has shown for the first time that the orientation of the Inter-
planetary Magnetic Field (IMF) in the magnetosheath of Mercury plays a crucial role in the
formation of flux transfer events (FTEs) at the dayside magnetopause. During the first 4 Her-
mean years of MESSENGER’s orbit around Mercury, we have identified 805 FTEs using mag-
netometer data. Under conditions of near-southward IMF, at least one FTE was detected on
nearly 70% of passes through the magnetopause but the observation rate during northward IMF
was less than 20%. FTEs were also observed preferentially in the pre-noon sector.

1 Introduction

Mercury was first discovered to have an intrinsic global magnetic field by Mariner 10
[Ness et al., 1974, 1975], and details of the nature of its magnetosphere were refined through
measurements made by the MErcury Surface, Space ENvironment, GEochemistry, and Rang-
ing (MESSENGER) spacecraft when it became the first satellite to orbit Mercury [Anderson
etal., 2011, 2012]. Mercury’s close proximity to the Sun exposes it to the extreme solar wind
conditions present at an orbital distance of 0.31-0.47 AU, including an interplanetary magnetic
field (IMF) strength of 20-40 nT [Blomberg et al., 2007], ~5 times that measured at Earth, and
solar wind number density of 30-70 cm 2 [Blomberg et al., 2007], an order of magnitude greater
at Mercury [Baumjohann et al., 2006]. Furthermore, the planetary dipole moment at Mercury
is about 3 orders of magnitude lower than that at Earth [Johnson et al., 2012; Johnson and Hauck,
2016], with a value of 195 nT Ry [Anderson et al., 2011] (where Rjy; = 2440 km is the ra-
dius of Mercury). The combination of this weak planetary field and the solar wind conditions
means the Hermean magnetosphere is extremely small and strongly driven by variable con-
ditions in the solar wind [Slavin et al., 2009]. The mean distance to the magnetopause at the
subsolar point is only 1.45Ry; [Winslow et al., 2013], but during extreme solar wind condi-
tions the magnetopause can be compressed or eroded sufficiently to barely hold the solar wind
off the surface, with observations as low as 1.03Ry; [Slavin et al., 2014].

Magnetic reconnection is an important factor in the interaction between the solar wind
and the magnetosphere, eroding the dayside magnetosphere [Slavin et al., 2010a; Heyner et al.,
2016] and driving the Dungey cycle of magnetic flux circulation [Dungey, 1961; Imber and
Slavin, 2017], thus allowing entry of solar wind plasma into the magnetosphere [Raines et al.,
2015]. At Earth, reconnection on the dayside magnetopause occurs at low latitude primarily
when the magnetic shear angle between the planetary field and the IMF in the magnetosheath
is high [e.g. Dungey, 1961; Fairfield and Cahill, 1966; Perreault and Akasofu, 1978; Sonnerup
et al., 1981]. Antiparallel reconnection at a single X-line connects magnetospheric field lines
to draped IMF in the magnetosheath. The newly open field lines are dragged away from the
reconnection site by the magnetosheath flow. Helical bundles of open magnetic flux, known
as flux transfer events (FTEs) [Russell and Elphic, 1978], are commonly observed at the mag-
netopause of Earth, often with a large azimuthal extent [Fear et al., 2008]. Following the first
observation of FTEs at Earth by Russell and Elphic [1978], Lee and Fu [1985] suggested that
the observed bipolar signature in the magnetic field component normal to the magnetopause
that is attributed to FTEs could be explained by reconnection occurring at multiple parallel
X-lines. This produces a flux rope with its long axis aligned with the X-line, and connected
magnetically to both the IMF and the planetary magnetic field.

FTEs have been observed at Earth at all locations on the magnetopause under a wide

range of solar wind conditions by single spacecraft such as International Sun-Earth Explorer

1 (ISEE-1) [Kawano and Russell, 1996, 1997] and Interball-1 [e.g. Sibeck et al., 2005; Koro-
tova et al., 2012], in addition to many multi-spacecraft missions, including Cluster [e.g. Fear
et al., 2008], Time History of Events and Macroscale Interactions during Substorms (THEMIS)
[e.g. Korotova et al., 2011; Trenchi et al., 2016], and most recently Magnetospheric Multiscale
(MMS) [e.g. Eastwood et al., 2012; Farrugia et al., 2016; Hasegawa et al., 2016], allowing for
accurate determination of the orientation and scale size of the FTEs. Such detailed measure-
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ments are not possible with the single MESSENGER spacecraft, however observations have
nonetheless not only confirmed the presence of FTEs at Mercury, but also shown them to be
ubiquitous in nature [Slavin et al., 2009, 2010b,a, 2012; Imber et al., 2014]. Indeed, studies
by Slavin et al. [2012] and Imber et al. [2014] have demonstrated that FTEs at Mercury oc-
cur more frequently than those seen at Earth, and are considerably larger with respect to the
size of the magnetosphere. This is attributed to the reconnection-driven formation of FTEs be-
ing greatly enhanced due to the stronger interaction between the IMF and the Hermean mag-
netic field.

One way of quantifying the reconnection rate is to calculate the ratio of inflow veloc-
ity at a reconnection site to the Alfvén velocity of the outflow [Sonnerup, 1974]. This dimen-
sionless reconnection rate can also be expressed as a ratio of the component of the magnetic
field normal to the boundary to the total field just inside the magnetopause [Sonnerup et al.,
1981]. At Earth, reported values vary considerably, ranging from as little as 0.01 [Fuselier et al.,
2005] to ~0.1 [Sonnerup et al., 1981]. Many of these values were obtained from case stud-
ies of individual magnetopause crossings, however, and in the largest statistical study to date
Mozer and Retino [2007] analysed 22 events and determined an average reconnection rate of
0.046. At Mercury, only one study has investigated this quantity at the dayside magnetopause.
DiBraccio et al. [2013] used measurements of the magnetic field for 43 magnetopause cross-
ings, and calculated a mean dimensionless reconnection rate of 0.15, validating the theory of
stronger interactions between the planetary field and the IMF at Mercury [Slavin and Holzer,
1979]. However, DiBraccio et al. [2013] found that the dimensionless reconnection rate dis-
played very little dependence on the magnetic shear angle between the two regimes, contrary
to-similar investigations at Earth [e.g. Sonnerup, 1974]. They attributed this to a low Alfvén
Mach number, M 4, and low plasma 3 (the ratio of thermal pressure to magnetic pressure) in
the Hermean magnetosheath. Under these conditions, a large plasma depletion layer forms due
to the pile-up of magnetic flux in the magnetosheath [Gershman et al., 2013], leading to en-
hanced reconnection rates and enabling reconnection over a wider range of shear angles than
observed at the Earth.

In this paper we present a large statistical study of FTEs observed near the dayside mag-
netopause using data obtained by MESSENGER’s Magnetometer [Anderson et al., 2007] dur-
ing the first four Hermean years after orbital insertion. Our analysis suggests that the forma-
tion of FTEs at Mercury exhibits a strong dependence on the orientation of the IMF, with a
considerably enhanced production rate for magnetopause crossings during which the magnetic
shear angle was large.

2 Observations

On 18 March 2011, MESSENGER orbital insertion placed the spacecraft into an eccen-
tric, high-inclination orbit about Mercury with a period of 12 h. The orbital plane was fixed
in inertial space such that the periapsis precessed completely around the planet once every Her-
mean year (88 days). In this study, we have used data obtained by the Magnetometer onboard
MESSENGER, which at full resolution provided 20 samples/s [Anderson et al., 2007], dur-
ing the interval spanning orbital insertion until 9 March 2012. By including exactly 4 Hermean
years, we have ensured approximately even coverage of all magnetic local time (MLT) sec-
tors over the duration of this study, with the exception of 19 orbits between 24 May and 2 June
2011, when the Magnetometer collected no data near the dayside magnetopause traversals. These
orbits are symmetric about 12 h MLT and confined to a small MLT range, however, so no dawn-
dusk bias is introduced by the lack of data in this period. Furthermore, the number of miss-
ing passes is small compared to the total number of passes in the affected MLT sectors, so no
biases have been introduced. Data are presented in the Mercury solar magnetospheric (MSM)
coordinate system, in which the X axis points towards the Sun, the origin is centered on the
internal dipole of Mercury and the Z axis is aligned with magnetic north. This coordinate sys-
tem is then rotated to account for Mercury’s changing orbital motion with respect to an av-
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erage solar wind velocity of 400 km s~!, producing the resultant aberrated MSM coordinate
system (MSM’).

Our focus in this study is the dayside magnetosphere, therefore the magnetic field data
have been examined for every encounter of MESSENGER with the magnetopause sunward
of X’ =-0.5 Rp;. An example of a MESSENGER orbit is shown in Figures 1(e-f), with model
locations for the bow shock and magnetopause, as given by Winslow et al. [2013], and the com-
ponents of the magnetic field measured by the MESSENGER magnetometer are shown in pan-
els (a-d). Panels (g-1) show a subsection of these data, spanning the inbound crossings of the
bow shock and magnetopause on this orbit. Several large amplitude FTEs are present in the
data, as indicated by the arrows in Figure 1j.

2.1 Identifying magnetopause crossings and flux transfer events

Every spacecraft pass through the dayside magnetopause during the time interval con-
sidered was visually inspected for individual magnetopause crossings and FTE signatures in
the magnetic field data. A pass here refers to a traversal of the magnetopause region, during
which multiple individual magnetopause crossings may be observed. The magnetopause cross-
ings were identified by a sudden large change in the magnetic field strength or, for cases when
the magnitude varied only slightly, by a rotation in the magnetic field vector. In both scenar-
ios, the identification of crossings was aided by a significant reduction in the amplitude and
frequency of fluctuations in the magnetic field on the magnetospheric side of the magnetopause.
Flux transfer events were initially identified on the basis of a clear increase in the total field
strength compared to the background level, accompanied by a bipolar signature in one or more
field components. Throughout the period considered here, in 727 passes during which the mag-
netopause was traversed sunward of X’ = -0.5 R, we identified a total of 1717 individual
magnetopause crossings and 805 FTEs for which the above conditions were satisfied. In the
306 passes on which these FTEs were observed, 818 individual magnetopause crossings were
identified, yielding an average observation rate of 0.98 FTEs per magnetopause crossing on
passes containing FTEs.

3 Analysis
3.1 Magnetopause and FTE locations

The location of each of the 1717 magnetopause crossings identified in this work is pro-
jected into the MSM X’ — Y’ and X’ — Z’ planes in Figures 2a and 2b. Due to the highly
elliptical polar orbit of the MESSENGER spacecraft, the inbound portion of the orbit through
the dayside magnetosphere often passes through the northern magnetic cusp. The spacecraft
therefore regularly skims the magnetopause at high northern latitudes, resulting in multiple de-
tectable-magnetopause crossings on a single orbit. Additionally, ongoing reconnection or vari-
able solar wind conditions can result in a magnetopause that repeatedly moves back and forth
over the spacecraft, again leading to the observation of multiple crossings on a single pass.

Figure 2a shows that crossings were observed approximately equally in all MLT sectors
in the dayside magnetosphere, and that on average the magnetopause crossings occurred near
to the location given by the Winslow et al. [2013] model for the majority of orbits considered
here. There appears to be a substantial spread in the distance of the observed crossings from
the model location, which is likely due to crossings occurring during a range of Hermean sea-
sons, resulting in significant changes to the compression of the magnetosphere by the solar
wind between aphelion and perihelion [Zhong et al., 2015]. The location of the FTEs iden-
tified in this study are presented in panels (c) and (d) as red circles, with the magnetopause
crossings indicated in grey for context. It can be seen that the majority of FTEs were observed
near local noon, and the approximately equal data coverage in MLT means this is manifested
as a greater percentage observation of FTEs within 3 h MLT of local noon.
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Figures 2b and 2d show two distinct latitudinal groupings of both magnetopause cross-
ings and FTEs, which can be attributed to orbital bias. The group near the subsolar point have
been observed during MESSENGER’s “hot season” orbits, when periapsis was on the dayside
and the spacecraft passed outwards through the dayside magnetopause at low latitude. Half
a Hermean year later, the orbital trajectory of MESSENGER carries it into the magnetosphere
at high latitude, close to the northern cusp, producing the higher latitude group of magnetopause
crossings and FTEs.

In a previous study of a smaller number of events over a different time period, Imber
etal. [2014] observed a larger number of FTEs in the dawn sector than the dusk, a bias that
is also present in these data. This is more apparent in Figure 3a, which shows that the largest
number of FTEs are seen at a magnetic local time of 10 h, with 288 FTEs observed between
9-11 h MLT compared to 238 between 13-15 h MLT. This asymmetry may be due to the un-
usual conditions observed in the IMF during the period examined [James et al., 2017; Lock-
wood et al., 2017], whereby in the majority of passes IMF Bx is positive, leading to a sim-
ilar bias towards — By due to the Parker spiral [Parker, 1958]. This in turn leads to increased
probability of near-antiparallel fields in the pre-noon sector of the portion of the magnetosphere
sampled by MESSENGER.

3.2 Influence of IMF clock angle on FTE formation

Many studies have investigated the parameters influencing dayside reconnection rates at
Earth [e.g. Akasofu, 1981; Mozer and Retino, 2007; Milan et al., 2007, 2012; Newell et al., 20071,
however there has only been one such study at Mercury. DiBraccio et al. [2013] analysed the
magnetic field data from 43 magnetopause crossings to determine a dimensionless reconnec-
tion rate, and concluded that for their dataset there was no significant variation with magnetic
shear angle. The FTEs observed in this study were formed by reconnection on the dayside mag-
netopause, and have an average duration of 3.27s, calculated by recording the start and end
time of the bipolar signature of each event. This is similar to the ~2-3 s durations observed
by Imber et al. [2014] and Slavin et al. [2012]. Given the high velocities of these structures
observed at Earth, and the small spatial scale of the Hermean magnetosphere, it is reasonable
to assume that the IMF direction had not changed significantly from the time of formation of
the FTEs to their observation. In this study, we analyse the dependence of FTE observation
on IMF orientation.

The orientation of the magnetosheath field was recorded over 1 minute just outside the
outermost magnetopause crossing on each orbit to give a measurement of the clock angle in
the magnetosheath, where 0° is directed northwards and +90° is directed towards +By and
the total number of FTEs in each 30° bin has been plotted in Figure 3b. In agreement with
studies at equivalent locations in the Earth’s magnetosphere [Kawano and Russell, 1997; Sibeck
et al., 2005, e.g.], this shows a clear general trend towards greater FTE occurrence during in-
tervals of near-southward IMF, and therefore nearly anti-parallel fields, although any poten-
tial statistical bias introduced by multiple FTEs in a single pass or an uneven distribution of
observed IMF orientations needs to be accounted for.

A histogram of the occurrence frequency of the magnetosheath clock angle for every pass
on which at least 1 FTE was observed is presented in Figure 4a. Multiple FTEs observed on
a single crossing are therefore grouped into a single event, resulting in a similar distribution
to that presented in Figure 3 with some asymmetries removed. FTEs were observed on 306
of the 727 total passes inspected, during which 818 magnetopause crossings were detected,
and Figure 4b shows the distribution of clock angles observed across all magnetopause encoun-
ters. The approximately equal coverage of all clock angle orientations indicates that variations
in observation rates cannot be attributed to sampling bias. By dividing the values in Figure
4a by those in Figure 4b we obtain the percentage occurrence of at least 1 FTE for each clock
angle, as indicated in Figure 4c. For clock angles close to zero, indicating a magnetosheath
magnetic field pointing approximately along the positive By axis, FTEs have been detected
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on fewer than 20% of passes, whereas for near-southward IMF the observation rate increases
to nearly 70%. During periods of northward IMF, the reconnection X-line is expected to ex-
ist tailward of the cusp regions, therefore we would not expect to observe any FTEs gener-
ated at low latitudes near the dayside magnetopause. However, MESSENGER’s orbit samples
significant portions of the high latitude magnetosphere, so we would still expect to observe
FTEs that have formed under northward IMF if reconnection is taking place in these locations.

Out of a total of 727 passes, events exhibiting the required magnetic field signature were
observed on 306, although many crossings contained multiple events. Considering how ubiqg-
uitous FTEs have been found to be at Mercury in previous studies [Slavin et al., 2012; Imber
et al., 2014], this ratio is perhaps lower than expected. However, the formation of FTEs at the
dayside magnetopause has been shown for the first time to be significantly less likely during
northward IMF, and these orientations contribute a substantial portion of the data examined
here. Therefore, the higher ratios seen in previous studies could be explained by an IMF ori-
entation during those periods that is more favourable for FTE formation. Furthermore, in re-
quiring a clear increase in the core field component, we have restricted our sample to those
events for which MESSENGER entered the flux rope directly. As a result, many events ex-
hibiting similar features have not been included, such as the travelling compression regions
identified by Slavin et al. [2012].

In addition to the effect of the IMF clock angle on the observation rate of FTEs in the
Hermean magnetosphere, the events in this study were also found to exhibit a small depen-
dence on the strength of the magnetosheath field. In general, a stronger magnetosheath field
resulted in the observation of more FTEs per pass, reaching a maximum at ~140 nT, above
which there were too few occurrences for results to be statistically significant. However, this
increase is only small, resulting in a trend that is considerably less significant than the clock
angle effects presented here.

There are several reasons why the results presented here contrast so strongly with those
observed by DiBraccio et al. [2013]. First of all, although the formation of FTEs requires re-
connection, the reconnection rate itself is not measured here, so it is difficult to directly com-
pare the results. Secondly, the sample size used by DiBraccio et al. [2013] was considerably
smaller than that utilised here. The large dataset investigated over a long time interval in this
study is likely to have averaged out the effects of other parameters, thereby producing a more
accurate reflection of how the IMF orientation alone influences the observation rate of FTEs
at Mercury. Furthermore, the analysis performed by DiBraccio et al. [2013] utilised only cross-
ings with a well defined normal direction to the magnetopause, as determined from minimum
variance analysis of the magnetic field data. The presence of FTEs during a crossing may re-
sult in a poorly defined magnetopause normal, therefore crossings containing FTEs may have
been excluded from their analysis, possibly leading to a calculation of the reconnection rate
only under conditions less favourable to FTE formation.

4 Conclusions

727 passes of magnetic field data taken by the MESSENGER spacecraft were visually
inspected for flux transfer event signatures near the dayside magnetopause encounters. Obser-
vation of FTEs is shown to be strongly dependent on the orientation of the IMF in the mag-
netosheath. FTEs with clear signatures were identified in 306 of the 727 passes through the
magnetopause sunward of MSM X’ = —0.5 Rj;, with a total of 805 FTEs observed. During
periods of near-southward IMF at least 1 FTE was observed on nearly 70% of passes, whereas
during northward IMF the observation rate is less than 20%.

The spatial distribution of the identified FTEs peaks at a magnetic local time of 10 h,
and more FTEs were observed throughout the pre-noon sector than post-noon, corroborating
the results of Imber et al. [2014]. Additionally, the identified magnetopause crossings agree
well with the Winslow et al. [2013] model for large parts of the dayside magnetosphere. Some
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crossings on the dawn and dusk flanks are seen closer to Mercury than predicted, but these
occurred during perihelion, when stronger solar wind forcing produced a more compressed mag-
netosphere.

The upcoming BepiColombo mission will provide the opportunity to expand further on
the analysis performed herein, due to improved instruments including a magnetometer with
even greater temporal resolution than the MESSENGER magnetometer [Glassmeier et al., 2010]
and additional plasma measurements [Saito et al., 2010]. Additionally, the orbital paths will
provide considerably greater magnetopause coverage, allowing for the observation of FTEs across
a much larger range of latitudes, including for the first time significant coverage of the day-
side magnetopause in the southern hemisphere.

Figure 1. Magnetic field data in MSM’ coordinates for a complete MESSENGER orbit. Panels (a)-(d)
show By, By, Bz and | B| respectively. The spacecraft trajectory during the course of this orbit is pro-
jected onto the (¢) Y'-X’ and (f) Z’-X’ planes. Model locations of the bow shock (blue) and magnetopause
(green), as given by the Winslow et al. [2013] models, are also shown. Panels (g)-(1) show the same as (a)-(f)
above, but for a shorter interval spanning the inbound bow shock and magnetopause crossings with some FTE

signatures visible, as indicated by the arrows.

Figure 2. Locations of the magnetopause crossings in this study, projected onto the (a) MSM X’ — Y and
(b) MSM X’ — Z' planes. The locations of the identified FTEs are shown in the same projections in panels
(c) and (d), with the magnetopause crossings also indicated in grey for comparison. The model magnetopause

location predicted by Winslow et al. [2013] is indicated by the dashed line.

Figure 3. Histograms showing (a) the locations of the observed FTEs in MLT and (b) how the total number
of FTEs observed varies with the clock angle of the IMF in the magnetosheath. The total number of FTEs, n,

is also indicated.

Figure 4. Histograms showing (a) the number of passes during each IMF orientation for which at least 1
FTE was observed, (b) the occurrence of each clock angle, and (c) percentage of magnetopause crossings
under each IMF orientation during which at least 1 FTE was observed. The number of passes with at least 1

FTE, n, is also indicated.
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