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Abstract MESSENGER observations of large numbers of flux transfer events (FTEs) during dayside
crossings of Mercury's magnetopause have shown that the highly dynamic Hermean magnetosphere is

strongly driven by frequent and intense magnetic reconnection. Since FTEs are products of reconnection,

study of them can reveal information about whether reconnection sites favor points of maximum shear on the
magnetopause. Here, we analyze 201 FTEs formed under relatively stable upstream solar wind conditions as
observed by MESSENGER during inbound magnetopause crossings. By modeling paths of these FTEs along
the magnetopause, we determine the conditions and locations of the reconnection sites at which these FTEs
were likely formed. The majority of these FTE formation paths were found to intersect with high-magnetic
shear regions, defined as shear angles above 135°. Seven FTEs were found where the maximum shear angle
possible between the reconnecting magnetic field lines was less than 80° and three of these had shear angles
less than 70°, supporting the idea that very low-shear reconnection could be occurring on Mercury's dayside
magnetopause under this global-scale picture of magnetic reconnection. Additionally, for the FTEs formed
under these low-shear reconnection conditions, tracing a dominant X-line connecting points of maximum shear
along the magnetopause that passes through a region of very low-shear may be difficult to justify, implying
reconnection could be occurring anywhere along Mercury's magnetopause and may not be confined to points of
maximum shear.

Plain Language Summary Like at Earth, a magnetic field is generated in Mercury's iron core
and this field forms a structure, known as a magnetosphere, around the planet that protects it from the stream
of charged particles ejected from the Sun. Mercury's magnetosphere is driven by magnetic reconnection
processes, where magnetic field lines from the Sun and Mercury's own field “break” and reconfigure. During
this reconnection process, helical magnetic field structures termed magnetic flux ropes (FRs) can form. At
Mercury, these FRs are of particular interest as they occur in large numbers suggesting reconnection occurs
more frequently in the Mercury system than at Earth. We here analyze and model 201 of these FRs, using data
from the MESSENGER mission, to investigate under what conditions the reconnection that formed these FRs
occurred. We find for the majority of the FRs the maximum magnetic shear angle between the reconnecting
field lines is larger than 135°, suggesting most form under higher shear conditions, as expected. However, we
find a small number of cases where the shear angles between the reconnecting field lines is much lower than
expected, supporting the idea that magnetic reconnection processes occur much more easily at Mercury.

1. Introduction

The global intrinsic magnetic field of Mercury was first discovered when the Mariner 10 spacecraft made 3 flybys
of the planet in the 1970s (Ness et al., 1974, 1975). Subsequently, on 18 March 2011, the MErcury Surface, Space
ENvironment, GEochemistry, and Ranging (MESSENGER) probe became the first spacecraft to be inserted into
orbit around Mercury and spent four Earth years observing the planet's electromagnetic environment (Johnson
etal., 2012; Solomon et al., 2007). Observations made by MESSENGER determined Mercury's intrinsic magnetic
field is highly dipolar, with a dipole magnetic moment of 190 + 10 nT wa (where R, = 2439.7 km is Mercury's
radius) that is offset northward by 0.196 R,, (Anderson et al., 2008, 2012; Johnson et al., 2012). Due to Mercu-
ry's proximity to the Sun, this weak intrinsic field of the terrestrial planet is exposed to a strong interplanetary
magnetic field (IMF) embedded in a dense and hot solar wind. As such, Mercury supports a small but highly
dynamic magnetosphere that is strongly driven by the solar wind (e.g., Dibraccio et al., 2013; Imber et al., 2014;
Slavin et al., 2021; Zhong et al., 2015; Zomerdijk-Russell, Masters, Korth, & Heyner, 2023).
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Magnetic reconnection plays an essential factor in interactions between the solar wind and a planetary magneto-
sphere. Reconnection between the intrinsic planetary field lines and the IMF draped over the magnetopause has
been shown to erode Mercury's dayside magnetopause (Heyner et al., 2016; Slavin, Anderson, et al., 2010) and
drive magnetic flux circulation in the Dungey cycle (Dungey, 1961). At Earth's dayside magnetopause, pressure
equilibrium of the total pressure internal and external to the magnetosphere controls the magnetopause loca-
tion. However, “asymmetric” reconnection is often dominant, where the magnetospheric field strength is much
larger than the magnetosheath field strength leading to a large difference in the magnetic pressure across the
magnetopause boundary and, hence, a larger plasma f difference. This results in diamagnetic drift suppression
of component reconnection and antiparallel configurations of the reconnecting magnetic fields are favored (i.e.,
the magnetic shear angle between the magnetosheath and magnetospheric fields approaches 180°). Therefore, at
Earth, reconnection on the dayside magnetopause usually occurs at low-latitudes where the shear angle between
the reconnecting field lines is maximized along a region referred to as the dominant X-line and rates of reconnec-
tion are typically slower (Dungey, 1961; Fuselier et al., 2021; Sonnerup, 1974; Sonnerup et al., 1981; Swisdak &
Drake, 2007; Trattner et al., 2007).

At Mercury, however, the magnetosheath and magnetospheric fields are comparable, therefore, it is expected
that “symmetric” reconnection will dominant and there will be less severe diamagnetic drift suppression. As a
result, magnetic reconnection on Mercury's dayside magnetopause is predicted to occur at faster rates and over a
wider range of magnetic shear angles and locations on the magnetopause than that at Earth. This expectation of
faster reconnection rates is confirmed by observations of reconnection at Mercury, discussed further below (e.g.,
Dibraccio et al., 2013; Slavin et al., 2014).

During magnetic reconnection, open field lines are convected away from the reconnection site due to magne-
tosheath flow and magnetic forces of the field lines and, additionally, can form into helical bundles of flux. These
structures are called magnetic flux ropes (FRs) and it is thought they are formed between multiple neighboring
reconnecting X-lines (Lee & Fu, 1985) or by sequential X-line reconnections (Raeder, 2006), and were first
observed at Earth's magnetopause by Haerendel et al. (1978) and Russell and Elphic (1978). At the dayside
magnetopause, these FRs are referred to as flux transfer events (FTEs) and have since been observed in the
magnetospheres of Jupiter (Walker & Russell, 1985), Saturn (Jasinski et al., 2016) and Mercury (Russell &
Walker, 1985). As FTEs are generated by magnetic reconnection between the IMF and magnetospheric field
lines, in the core of an FTE one end of the FR's magnetic field lines will be connected to the solar wind while the
other is connected to the magnetosphere. In spacecraft observations, these FTE-type FRs are seen as a bipolar
signature in the field component normal to the magnetopause boundary that is coupled with an enhancement
in the magnetic field strength (Lee & Fu, 1985), and have been found to be on the order of 1 min in length
and separated by 10’s of minutes in the magnetospheres of Earth (Lockwood et al., 1995), Jupiter (Walker &
Russell, 1985) and Saturn (Jasinski et al., 2021).

Observations of FTEs at Mercury, have, however, shown that FTE-type FRs will last only on the order of 1 s,
occur extremely frequently, with spacings of ~10 s in spacecraft observations, and often appear in numbers of
10 or more within a few minutes, in events referred to as FTE showers (Slavin et al., 2009, 2010a, 2010b, 2012,
2014; Imber et al., 2014; Sun et al., 2020). Since FTEs are known to be reconnection-related phenomenon the
study of them has shown that Mercury's magnetosphere is a strongly reconnection-driven system, as expected
(Slavin et al., 2021; Sun et al., 2022; and references therein). This enhanced reconnection-driven formation of
FTEs observed is likely due to the low solar wind Alfvénic Mach number environment at Mercury's orbit (Slavin
& Holzer, 1979) and comparable intensities between the IMF and Mercury's intrinsic planetary field leading to
“symmetric” reconnection being the dominant process (Dibraccio et al., 2013; Slavin et al., 2014). These strong
interactions can lead to a low plasma f magnetosheath and magnetic flux piling up sunward of the magnet-
opause, forming a thick plasma depletion layer favorable for high reconnection rates (Dibraccio et al., 2013;
Gershman et al., 2013; Swisdak et al., 2003). FTEs can be used to reveal more information about the occurrence
and properties of magnetic reconnection in the Hermean magnetospheric system and could allow testing of the
hypothesis that, since diamagnetic drift suppression is less severe in the Mercury system, reconnection can occur
over a wider range of magnetic shear angles and may not be confined to points of maximal shear on Mercury's
magnetopause.

A large statistical survey by Leyser et al. (2017) showed FTE formation at Mercury exhibits a strong depend-
ence on the IMF's orientation. Reconnection rates were found to be enhanced for MESSENGER magnetopause
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crossings during southward oriented IMF, for which the magnetic shear angle across the dayside magnetopause
is larger, reflecting what has been observed at Earth (e.g., Paschmann et al., 1986; Phan et al., 2013). Simula-
tions of FTEs at Mercury using Hall magnetohydrodynamic, embedded particle in cell and global hybrid models
have also shown that the rate of FTE production shows a strong dependence on Alfvénic Mach number and IMF
orientation in good agreement with MESSENGER results (Guo et al., 2021; Li et al., 2023; Lu et al., 2022).
These results have shown FTE occurrence is higher under southward IMF conditions, however, FTE showers
have also been observed under northward IMF on Mercury's dayside magnetopause (Leyser et al., 2017; Slavin
et al., 2014; Sun et al., 2020), suggesting reconnection-driven formation of FTEs on the dayside magnetopause
could be occurring over a wider range of magnetic shear angles than those typically observed at Earth (e.g., Phan
etal., 2013).

By modeling FTE-type FRs observed by the MESSENGER spacecraft during steady inbound magnetopause
crossings, we here determine where FTEs can be generated on Mercury's dayside magnetopause and under
what magnetic shear angle conditions their reconnection-driven formation could have occurred. We assess if the
reconnection sites are in regions of maximum shear like those expected at Earth, or whether, due to enhanced
reconnection rates at Mercury, FTEs can be formed under lower shear conditions at points across the dayside
magnetopause that are not confined to maximal shear regions.

2. Identification of FTEs in MESSENGER Data Suitable for Modeling

In this study, we utilized the Sun et al. (2020) list of 1,953 MESSENGER magnetopause crossings associated
with observations of FTE showers. Sun et al. (2020) used an established technique for automatic detection of
FRs (Smith, Slavin, Jackman, Fear, et al., 2017) to identify FTE-type FRs within a few minutes either side of
a MESSENGER magnetopause crossing. The automatic FR detection technique applies a continuous wavelet
transform to locate significant, considered to be greater than one standard deviation, bipolar deflections in the
magnetic field component normal to the magnetopause boundary coincident with enhancements in the total field
strength and other magnetic field components. Magnetic field measurements around the deflections were fitted
to a cylindrical force-free flux rope model. Further applications and details of this technique can be found in
Smith, Jackman, Frohmaier, Coxon, et al. (2018), Smith, Jackman, Frohmaier, Fear, et al. (2018), Smith, Slavin,
Jackman, Fear, et al. (2017), and Smith, Slavin, Jackman, Poh, et al. (2017). The initial aim of this study was to
use these MESSENGER observations of FTE-type FRs and the associated upstream solar wind conditions to
determine the locations at which reconnection could be occurring on Mercury's magnetopause. To ensure the
solar wind conditions measured by MESSENGER during a magnetopause crossing reflected the conditions under
which the FTE-type could have been formed, we required inbound passes of the magnetosphere that were associ-
ated with relatively steady upstream conditions. Under these more stable conditions, and due to the high velocities
of FTE-type FRs at Earth, that are expected to be even higher at Mercury, and the small spatial scale of Mercury's
magnetosphere, it could reasonably be assumed the upstream solar wind conditions had not significantly changed
from the time of the FTE-type FRs formation to its observation.

From the Sun et al. (2020) list of MESSENGER magnetopause crossings associated with FTEs, a subset of
inbound crossings where the magnetic field conditions upstream of the magnetopause were considered to be
“steady” were identified. For each inbound pass, an interval of a few minutes upstream of the magnetopause was
determined. The length of this interval was calculated using the time the solar wind took to propagate through the
length of the magnetopause's standoff distance multiplied by a large, arbitrary confidence factor of 30. The confi-
dence factor was chosen to ensure the length of this time interval was on the order of the typical time taken for
Mercury's magnetosphere to reconfigure, that is, the Dungey cycle timescale (Slavin et al., 2009), and our results
were found to be insensitive to this choice, with the length of the intervals upstream varying little between events.
Figure 1a shows components of magnetic field measurements made by MESSENGER during an inbound pass on
15 December 2013, where a clear rotation in the magnetic field indicates the magnetopause crossing, marked by
the vertical dashed red line. These magnetic field components are in the Cartesian Mercury Solar Magnetospheric
(MSM) coordinate system, where positive x,,q,, points toward the Sun from the center of Mercury's magnetic
dipole, positive z,,, is aligned with magnetic north and normal to the orbital plane of Mercury, and positive yy;qy
completes the right-handed system. The determined interval upstream of the magnetopause, in the magnetosheath
region, is shown by the darker gray shaded area in Figure 1a and an interval of the same length downstream of the
magnetopause, in the magnetosphere, is highlighted in light gray. The clock angle between the B, and B, magnetic
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Figure 1. An example of a dayside inbound pass made by MESSENGER on 15 December 2013. (a) Time series of the
magnetic field components measured by the spacecraft's magnetometer in MSM coordinates are shown in orange (B,), green
(B,) and blue (B,). The vertical dashed red lines indicate the magnetopause location. The gray shaded areas indicate regions
of interest zoomed in on in panels (b)—(d). (b) Time series of the magnetic field's clock angle in the region upstream of

the magnetopause calculated using the B, and B_ components. Time series of (c) the magnetic field magnitude and (d) the
magnetic field component normal to the }nagnetopause surface (B,). The vertical blue line marks an FTE-type flux rope
selected to be modeled and the vertical red lines indicate additional FTE-type flux ropes.

field components was then calculated in the region upstream of the magnetopause, shown in Figure 1b and the
standard deviation (o) in this clock angle was determined.

Magnetopause crossings where o < 12° were categorized as “steady” and 201 of these steady, inbound magneto-
pause crossings were found. This standard deviation threshold was chosen to allow upstream solar wind conditions
to be as well constrained as possible with the limitations on information about the simultaneous upstream conditions
during MESSENGER observations of the FTEs. Whilst this choice of standard deviation threshold possibly omitted
magnetopause crossing events with particularly strong FTEs, the number of FTEs per magnetopause crossing and
magnetosheath plasma f values were found to reflect the trends seen in the Sun et al. (2020) full data set. Addition-
ally, the key results presented in this paper were found to be insensitive to the choice of standard deviation threshold.

The 201 MESSENGER steady, inbound magnetopause crossings identified were crossings that had been catego-
rized by Sun et al. (2020) as those containing signatures of FTE-type FRs. Figures 1c and 1d show the magnetic
field magnitude (I1Bl) as measured by MESSENGER and the magnetic field component projected in the direction
normal to the magnetopause surface (B,), resolved from a parabolic magnetopause model (Alexeev et al., 2008)
and standoff distance from the MESSENGER observation of the magnetopause crossing (Winslow et al., 2013),
see Section 3.1. In Figure 1c it can be seen that the ratio of the upstream magnetosheath field magnitude to the
downstream magnetospheric field magnitude is approximately 1. The average ratio between the upstream and
downstream fields for all 201 crossings was found to be ~0.78, implying highly “symmetric” reconnection is
occurring at Mercury's magnetopause, which is predicted to lead to high rates of reconnection (e.g., Gershman
et al., 2013; Slavin & Holzer, 1979).
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FTE-type FRs, identified by a bipolar signature in B, and an enhancement in |BI, are highlighted in Figures 1c
and 1d by the vertical red and blue lines. On average, ~25 FTEs were observed in the selected intervals upstream
and downstream of the magnetopause for the 201 magnetopause crossing events. These observations of high
rates of reconnection are consistent with those expected from the observed symmetric reconnection conditions.
For every magnetopause crossing event, we then selected one unambiguous FTE-type FR from within the chosen
intervals upstream and downstream of the magnetopause to be modeled, the blue vertical line in Figures 1c
and 1d, and also noted the polarity of its bipolar signature in the B, component. It was found that all FTEs in
the intervals produced very similar results when modeled, therefore, the choice of an unambiguous FTE to be
modeled was arbitrary. This resulted in a list of 201 FTE-type FR signatures associated with steady, inbound
passes of Mercury's magnetosphere that could then be modeled and further investigated.

3. Modeling Locations of Possible FTE Formation Reconnection Sites: 15 December
2013 FTE Case Study

The next aim of this study was to model where FTE-type FRs were most likely to have formed on Mercury's
magnetopause and understand under what conditions this reconnection-driven formation occurred. The FTE
observed on 15 December 2013 was selected as a case study to model first, as it was formed under a near south-
ward IMF orientation that at Mercury can typically result in reconnection processes on the dayside magneto-
pause. To model the FTE observed on 15 December 2013, we determined how the FTE-type FR had moved along
the magnetopause from the point of formation at a reconnection site to the point of observation by MESSENGER
(blue vertical line in Figures 1c and 1d). We used a combination of different analytical descriptions of both exter-
nal magnetosheath and internal magnetospheric parameters adjacent to Mercury's magnetopause to build our
model and similar methods have been used by Fear et al. (2007), for example, in Earth's magnetosphere.

To model FR motion over a magnetopause surface in response to solar wind flow and magnetic forces resulting
from magnetic reconnection, the approach of Cooling et al. (2001) can be used. The Cooling modeling approach
allows the instantaneous velocity of an FTE-type FR to be calculated based on input solar wind and magne-
tosheath conditions. Following reconnection, two, separate open FRs are formed and their instantaneous veloc-
ities are in the de Hoffman-Teller frame (de Hoffmann & Teller, 1950). The de Hoffman-Teller velocities were
derived by Cowley and Owen (1989) to be:

Virn = Yusu — VaBygy M

Virs = Ymsu T VaBysn )

where vy
cusps respectively (Fear et al., 2007, 2009). In our model, as we must start at the location of observation of the
FTE by MESSENGER, we instead used the de Hoffman-Teller speeds to step backwards in time along the magne-

topause to find where along the surface the reconnection site that formed the FTE could be located. We first

and vy, are good approximations of the velocities of the FRs connected to the northern and southern

consider two paths along the magnetopause that the FTE-type FR could have formed anywhere along and then
followed to the point of observation, hereafter referred to as “FTE formation paths.” Two paths are considered
initially since a pair of flux tubes is opened during reconnection and the flux tube associated with the observed
FTE could be either of the pair and connected to the northern or southern cusp with an instantaneous velocity
of Vyrn OF Vyrg- Figure 2 shows a schematic representation of the de Hoffman-Teller velocities used to step
backwards in time that is, with a negative velocity, from the FTE observation point to determine the initial two
possible FTE formation paths on the magnetopause (cyan lines). The de Hoffman-Teller velocities are dependent
on external magnetosheath parameters, the magnetosheath flow velocity, magnetic field and Alfvén speed. There-
fore, we used the following analytical approaches to estimate these parameters.

3.1. Global Shape of Magnetopause Boundary and Mercury's Magnetospheric Field

First, a parabolic surface was used to describe the global shape of the magnetopause boundary (Alexeev
et al., 2008; Cooling et al., 2001; Kobel & Fliickiger, 1994; Winslow et al., 2013). The paraboloid, with revolu-
tion about the x,,,-axis, is given by
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Figure 2. A schematic illustration of the model used to determine possible FTE formation reconnection sites.

YIZ\ASM + ZZMSM = 2Rwvp(Rmp — XMsm), 3)

where R,; is the magnetopause standoff distance, determined from the location at which MESSENGER crossed
the magnetopause boundary during its inbound pass. Additionally, throughout our modeling approach aberration
effects are accounted for at Mercury by determining the aberration angle at the time of MESSENGER's obser-
vation of the FTE, using Kepler's Laws of planetary motion, and transforming the observation locations into an
aberrated frame.

In this work, the intrinsic magnetic field of Mercury is modeled as a dipole with a magnetic moment of
190 + 10 nT RL offset north of the equatorial plane by 0.196 R,,. The magnetic field's direction just inside of
the magnetopause is computed by setting the component in the direction that is locally normal to the parabolic
magnetopause boundary to zero (Masters, 2014).

3.2. Magnetosheath Flow Velocity

For the magnetosheath flow velocity parameter required in Equations 1 and 2, we used expressions derived by
Petrinec and Russell (1997) for the hydrodynamic case. The following equation allowed the initial magnetosheath
flow velocity speed (vyq;) to be determined at any point on the magnetopause surface,

w

5 3
M? +3 2 (SM2-1)2
(M3 )l—coszw+3—2( s—1)

. 2 4)
siny | |, (
M2 &M

VMSH = Vu
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where v, is the solar wind flow speed upstream of the bow shock, M is the upstream solar wind sonic Mach number
and  is the angle between the local normal to the magnetopause surface and the x-axis (the flaring angle). The
solar wind flow speed and sonic Mach number were determined using averages of the solar wind plasma conditions
(Diego et al., 2020), upstream of the magnetopause, due to limitations on information about ambient plasma from
MESSENGER measurements. Uncertainties were tied into these upstream plasma condition estimates as discussed
in Section 3.5. Additionally, Equation 4 assumes that magnetic forces are negligible, which is a good approximation
when the magnetosheath magnetic field is weak. At Mercury, however, the magnetosheath field is larger and more
comparable to the magnetospheric field, therefore, it is expected that magnetic tension forces will act to accelerate
the magnetosheath flow around the obstacle of the magnetopause boundary (Petrinec & Russell, 1997). Neverthe-
less, this effect is anticipated to be small and, since, the upstream conditions are poorly constrained, any increase to
the flow speed is likely consumed by the large uncertainties in the upstream solar wind conditions and hence, the
magnetosheath flow speed already treated and discussed in Section 3.5. To determine the velocity of the magne-
tosheath flow at any point on the magnetopause, we assumed the initial magnetosheath flow velocity field points
radially away from the subsolar point and is parallel to the magnetopause surface at all points across the boundary.

3.3. Magnetosheath Magnetic Field

The magnetosheath magnetic field (B Xt > BYasi o BZMSH) at any point just outside of the magnetopause bound-
ary (X,Y,Z) was also required for the de Hoffman-Teller velocities (Equations 1 and 2). By draping an IMF
(B X > B> B ZIMF) with given clock angle orientation over a parabolic magnetopause, the magnetosheath field
direction was determined using the analytical equations of Kobel and Fliickiger (1994),

=4[ 252) 3 (1) i (2],

Y? YZ
)+BYIMF(2_ IRMP) - BZIMF(IRMP>]’ (6)
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[ is the distance from the focus to the magnetopause surface,

_ 3Rwp
)

! -X, )
and R, and Ryq are the magnetopause and bow shock standoff distances, respectively. The IMF clock angle
orientation was determined from the MESSENGER measurements of the magnetosheath field in the interval
just upstream of the magnetopause, that is, the dark gray shaded region in Figure 1a. Using the location at which
MESSENGER crossed Mercury's magnetopause (red vertical dashed line in Figure 1) and measurements of the
magnetosheath magnetic field in the clock angle direction (B, and B, components only with B, set to be zero),
we rearranged Equations 5-7, to find the orientation of the IMF for each field measurement in the interval
upstream of the magnetopause. Whilst the B, component of the IMF magnetic field vector can be significant at
the Earth and Mercury, this component is generally ignored to allow the simple but adequate model of Kobel
and Fliickiger (1994) to be used to determine the IMF's draping pattern over the magnetopause (e.g., Cooling
etal., 2001; Vandas et al., 2020; Zomerdijk-Russell et al., 2021). The IMF orientations from the interval upstream
of the magnetopause were then used as inputs to the Kobel and Fliickiger (1994) magnetosheath field model to
find the direction of the draped magnetosheath field at any point just outside of the magnetopause surface for each
measurement in the upstream interval.

3.4. Alfvén Speed

The final parameter that the de Hoffman-Teller velocities (Equations 1 and 2) depend on is the Alfvén speed of
the system given by,
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B2
V= —MSH (10)
Ho PMSH

where p, is the permeability of free space, pyq, is the mass density of the magnetosheath and B, is the magne-
tosheath field magnitude. The magnetosheath mass density was calculated using

8
45 M2 4 3
5 L Moty + (5M2—1)2siny | (11)

32

PMSH = Pu

3
2

(MZ +3)(5M2—1)

where p, is the solar wind mass density upstream of the bow shock (Petrinec & Russell, 1997). To find the magni-
tude of the magnetosheath magnetic field, MESSENGER measurements of the magnetic field magnitude in the
interval upstream were used (Figure 1c).

3.5. Accounting for Uncertainties in the Upstream Solar Wind Conditions

A simultaneous measurement of the upstream solar wind conditions during MESSENGER's observation of the
FTE-type FR on 15 December 2013 was not possible, therefore, uncertainties needed to be tied into our modeled
FR trajectories along the magnetopause. The locations of the FRs' paths on the magnetopause surface depend on
four upstream parameters that cannot be measured at the same time the observation was made, the orientation
(reliant on the IMF orientation, see Equations 5-7) and magnitude of the magnetosheath field (Equation 10), and
the solar wind speed (Equation 4) and mass density (Equation 11).

To find formation paths for the FTE-type FR observed by MESSENGER on 15 December 2013, we used orien-
tations of the IMF from the MESSENGER magnetosheath measurements made in the interval upstream of the
magnetopause as inputs to our model (dark gray shaded region in Figure 1a). It was found that, as expected, the
separation of the two de Hoffman-Teller velocity trajectories became larger for a lower solar wind speed and mass
density, and a higher magnetosheath field magnitude, whilst the inverse was true for a smaller separation of the
paths. To account for uncertainties in these upstream values, we used minimum and maximum estimates to deter-
mine two maximally separated FTE formation paths and two minimally separated paths for each IMF orientation
(a schematic illustration of this is included in Supporting Information S1). The upstream solar wind values used
were taken from averages of unperturbed periods at Mercury's orbit as determined by Diego et al. (2020), due to
MESSENGER limitations on information about ambient plasma. The minimum and maximum upstream solar
wind speeds ((v,) = 384.2 km s~!) were 368.8 and 406.2 km s~!, respectively, and the minimum and maximum
solar wind mass densities ({p,) = 58 cm~>) were 44.2 and 69.2 cm~, respectively. Values for the maximum and
minimum magnetosheath field magnitudes were taken from MESSENGER magnetic field measurements in the
interval upstream of the magnetopause (Figure 1c). This resulted in four FTE formation paths on the magneto-
pause, per IMF orientation, and the reconnection site that generated the FTE-type FR could be located anywhere
between the two most extreme paths for each outflow direction.

Values for a magnetosheath plasma § were considered for each of the 201 modeled FTEs. Similar to the Sun
et al. (2020) approach to calculate a global plasma f, the magnetosheath thermal pressure was approximated by
taking the difference between the magnetosheath and magnetospheric magnetic pressures calculated from the
average field strength in the regions upstream and downstream of the magnetopause. The global magnetosheath
plasma g values were found to be lower than those typically found at Earth, as shown previously in literature
(Sun et al., 2020). However, this approach requires it to be assumed that there is quasi-pressure balance at the
magnetopause which can be an over-simplification that does not always hold for certain crossings when the
magnetospheric field is larger than the magnetosheath field strength. Additionally, as there are large uncertainties
in the upstream magnetosheath field strength at the time of observation of the FTEs, values for the plasma f at
local points on the magnetopause surface cannot be well constrained. As such, it is assumed that since estimates
of the global magnetosheath plasma f are low, the absolute difference between the magnetosheath and magneto-
spheric plasma f will be low. Hence, reconnection will likely not be suppressed by the diamagnetic drift condition
at any point on Mercury's dayside magnetopause (Phan et al., 2010, 2013; Swisdak et al., 2003, 2010), which
matches the high rates of reconnection observed at Mercury (Dibraccio et al., 2013; Imber et al., 2014; Slavin
et al., 2009; Slavin, Lepping, et al., 2010).
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Figure 3. FTE-type flux rope formation paths modeled backwards in time on Mercury's magnetopause surface viewed from along the upstream solar wind flow
direction using parameters measured by MESSENGER on 15 December 2013. The planet's location is shown by the black circle offset by 0.2 R, in the negative z
direction, and the parabolic magnetopause surface is set at a standoff distance calculated from the location where MESSENGER crossed the magnetopause (black
cross). The location at which MESSENGER observed an FTE-type flux rope is shown by the black dot and the cyan lines denote the modeled FTE formation paths. The
(a) minimum, (b) mean and (c) maximum IMF clock angle orientations measured by MESSENGER in the selected region upstream of the magnetopause (Figure 1b)
are shown in the inset figures. The color gradient represents the shear angle between the intrinsic magnetic field of Mercury and the magnetosheath magnetic field,
found by draping an IMF, with orientation shown in the inset figures, over the magnetopause surface. The reconnection site at which the FTE-type flux rope observed
by MESSENGER was formed could be anywhere in the region between the cyan paths.

3.6. Using Polarity to Determine the Feasibility of the Modeled Paths

The polarity of the B, signature of an FTE-type FR can give information about to which cusp a flux rope is most
likely attached, as the polarity is dependent on the motion of the FR relative to the unperturbed magnetic field.
For an FTE observed in the magnetosheath, a positive to negative deflection in By, (a “standard” (+ to —) polar-
ity) occurs if the FTE's velocity has a component that is antiparallel to the local magnetosheath field, whereas a
“reverse” (— to +) polarity will occur if a component of the velocity is parallel to the magnetosheath field (Fear
et al., 2007; Rijnbeek et al., 1982). If, however, the FTE is observed inside of the magnetosphere, a standard
polarity suggests the FTE's velocity has a component that is parallel to the local intrinsic magnetic field of the
planet (Supporting Information S1 includes a schematic illustration of this). For the FTE on 15 December 2013,
the FTE-type FR selected to be modeled (vertical blue line in Figures 1c and 1d) was observed in the magneto-
sphere and had a standard (+ to —) polarity. Therefore, for each IMF orientation, the subsequent two formation
paths that had components parallel to the planet's local intrinsic magnetic field were deemed the most feasible.

3.7. Modeled Locations of Possible Reconnection Sites on the Magnetopause

Figure 3 shows the modeled locations of the reconnection sites for the FTE observed on 15 December 2013
(Figure 1). Three IMF orientations were selected to be modeled, those associated with the minimum, mean and
maximum clock angles in the interval upstream of the magnetopause (Figure 1b). As “steady” inbound crossings
had been specifically selected for this study, we could reasonably assume the upstream solar wind conditions
had not changed significantly from the time of the FRs formation to its observation. Therefore, by modeling the
minimum, mean and maximum cases of the IMF orientation in the upstream interval (shown in the inset figures
in Figures 3a—3c, respectively), we encompass the majority of possible IMF orientations that the FTE could have
formed under. Hence, for each of the three IMF orientations, we generated two formation paths, incorporating
uncertainties in the upstream solar wind values and the FTE's polarity, that the observed FTE could have formed
anywhere between.

In Figure 3, the magnetopause is modeled as a parabolic surface viewed directly on from the direction of the Sun
and all positions on the magnetopause surface account for aberration effects. The location at which MESSEN-
GER passed through the magnetopause boundary (indicated by the vertical dashed red line in Figure 1) is marked
by the black crosses in Figure 3 and the paraboloid's standoff distance was calculated using Equation 3 and this
position. The color scale on the magnetopause surface in Figure 3 indicates the magnetic shear angle between
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Figure 4. Statistics for the modeled FTE-type flux rope observed on 15 December 2013 shown in Figure 3. (a) Histogram of
the IMF clock angles in the selected region upstream of the magnetopause (Figure 1b). (b) Scatter plot of the minimum and
maximum shear angles along the traced FTE formation paths for each IMF clock angle orientation in panel (a). The orange
square marks the absolute minimum and maximum shear angles along all formation paths for all IMF orientations, and the
axis limits are selected to aid with later comparisons.

the draped magnetosheath field and the magnetospheric field either side of the boundary. The location at which
MESSENGER observed the FTE-type FR is marked by the black dot on the magnetopause surface and the cyan
lines show the FTE formation paths.

As can be seen in Figure 3, there are two modeled formation paths per IMF orientation for the FTE observed on
15 December 2013. These correspond to paths for the maximum and minimum values of the upstream solar wind
conditions for the opened flux tube that is connected to only one cusp (determined from the FTE polarity)-we
emphasize that they do not correspond to the initially considered paths (see Section 3) for the pair of opened
flux tubes, each connected to the northern or southern cusp, as the polarity of the B, signature has been taken
into account. Since these paths were modeled by considering any uncertainties in the upstream solar wind condi-
tions and the B), signature's polarity, we assume the reconnection site that generated the FTE would have been
located anywhere between these paths. In all three panels, the FTE formations paths can be seen to intersect
with points of high-shear angle on the magnetopause surface. This is consistent with reconnection sites favoring
higher shear regions on Earth's magnetopause (e.g., Phan et al., 2013). Additionally, the paths end at a point on
the magnetopause, typically around the dayside subsolar point. This is due to points on the magnetopause surface
where the two terms on the right-hand side of Equations 1 and 2 will be balanced. Hence, at these points, the FTE
will have a net velocity of zero, and so, cannot move through or from this point on the magnetopause.

3.8. Statistics for the 15 December 2013 Event

Figure 4a shows a histogram of the IMF clock angles in the interval upstream of the magnetopause (Figure 1b).
This histogram peaks around 145° to 150°, suggesting the observed FTE was most likely formed under near
southward IMF conditions. Each of these IMF orientations were then input into our FR path model to generate a
list of all the potential FTE formation paths, accounting for uncertainties in the upstream solar wind conditions.
Using this list, we then determined values of the minimum and maximum shear angles between the reconnecting
fields along both formation paths on the magnetopause surface for each of the IMF orientations.

A scatter plot of these minimum and maximum shear angles along all potential formation paths for each IMF
orientation, are shown in Figure 4b. The absolute minimum and maximum shear angles along all formation
paths for all IMF orientations is marked by the orange square, and the axis limits are selected to aid with later
comparisons. As can be seen, the minimum clock angles cluster around 80°, suggesting that, given the upstream
solar wind conditions were not known at the time of the FTE's observation, the FTE could potentially have
formed under these lower shear conditions. However, the maximum shear angles along the FTE formation paths
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Figure 5. Scatter plot of the minimum against the maximum shear angles to investigate if our 201 FTE-type FRs observed by MESSENGER during

along the FTE formation paths for 201 MESSENGER inbound passes with
steady IMF conditions binned by mean IMF orientation. Southward IMF
(clock angles between 90° and 270°) is marked by the light gray squares and
Northward IMF (clock angles from 0° to 90° and 270° to 360°) is marked
by the dark gray circles. The larger purple circle and orange square highlight

steady inbound passes were also consistent with this idea.

By applying the same method discussed in Section 3, for each of the 201
FTE-type FRs selected, we modeled formation paths under the minimum and

the maximum and minimum shear angles along the formation path for two maximum IMF clock angle orientations from the interval upstream of the

example FTEs observed on 18 May 2013 and 15 December 2013 (shown in magnetopause. Figures showing the modeled paths of these FTEs, similar to

Figures 1, 3 and 4 and 6-8, respectively).

Figure 3, are included in Supporting Information S1, as well as an additional

FTE observed on 11 April 2011 for comparison that was previously modeled

in Slavin et al. (2012) but is not included in the statistics in this study as it
did not meet our “steady” standard deviation threshold. Taking into account uncertainties in the upstream solar
wind values and the polarities of the B, signature, between 2 and 8 formation paths were deemed feasible for
each of the FTEs with these IMF orientations. The minimum and maximum magnetic shear angles along the FTE
formation paths were then found, giving an estimate for the most extreme values of the shear angle under which
the reconnection-driven formation of the FTE-type FRs could have taken place.

Figure 5 shows a scatter plot of these minimum and maximum shear angles for all 201 FTEs. The scatter points
are binned into two groups, “Southward” IMF orientations with clock angles between 90° to 270° and “North-
ward” IMF orientations with clock angles from 0° to 90° and 270° to 360°. As expected, FTEs in the Southward
IMF group typically have high maximum shear angles along their paths, where “high” is deemed to be angles
greater than 135°, and the maximum shear angles for the FTEs in the Northward IMF group are generally lower
but the majority is above 90°. This is consistent with FTE formation reconnection sites favoring higher shear
regions on the magnetopause. The minimum and maximum shear along the formation paths of the FTE observed
on 15 December 2013 is marked by the orange square in Figure 5, as in Figure 4b. As can be seen in the figure,
this FTE can be considered to be a fairly typical case, with relatively high minimum and maximum shear angles,
reflective of the majority of the Southward IMF FTEs.

For the minimum shear angles along the Southward IMF FTE formation paths, the majority have angles greater
than 70°. However, for both Northward and Southward IMF formation paths, minimum shear angles can get to
as low as ~0°. Whilst it is highly unlikely the reconnection that formed the observed FTEs occurred in a region
of ~0°, it is possible that reconnection-driven FTE formation could be taking place at locations on the magnet-
opause with lower shear angles than would be expected and the points of maximum shear on the magnetopause
may not necessarily be favored.

In Figure 5, there are seven instances where, for Northward IMF formation paths, the maximum shear angle
is less than 80° and three of these have maximum shear angles less than 70°. At Earth, Fear et al. (2007) high-
lighted one event where they found the maximum shear along an FTE path to be 83° and concluded the FTE was
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Figure 6. Additional example of a dayside inbound pass made by MESSENGER on 18 May 2013. Same as Figure 1.

formed at a component reconnection site. Therefore, the seven FTEs observed to have formed under low-shear
reconnection conditions in this study were found to have magnetic shear angles lower than those at which recon-
nection has been typically observed to occur at Earth (e.g., Phan et al., 2013). Additionally, the majority of FTEs
under Northward IMF have minimum shears along their paths at angles less than 70°, supporting previous work
that shows low-shear reconnection, and hence FTE formation, could be occurring at Mercury's magnetopause
(Dibraccio et al., 2013; Leyser et al., 2017; Slavin et al., 2014; Sun et al., 2020). In particular, for the FTE-type FR
observed on 18 May 2013, highlighted by the purple circle in Figure 5, the absolute maximum shear angle along
all feasible FTE formation paths is 59°. This suggests that this observed FTE could be providing good evidence of
very low-magnetic shear reconnection occurring on Mercury's magnetopause. Therefore, a more detailed discus-
sion of this event is provided in the following section.

5. Evidence of Low-Shear Reconnection on Mercury's Magnetopause: 18 May 2013
FTE Case Study

As discussed in the previous section, the FTE-type FR observed on 18 May 2013 appeared to show good evidence
that this FTE was formed under low-shear reconnection conditions on Mercury's magnetopause. Just as in
Figure 1, Figure 6 shows time series of magnetic field measurements made during MESSENGER's inbound pass
on 18 May 2013, where the magnetopause crossing is marked by the vertical dashed red line and was determined
using the observed change in the average magnetic field strength, based on a 30-s window centered around each
point. Figures 6¢ and 6d show the magnetic field magnitude (1Bl) as measured by MESSENGER and the magnetic
field component projected in the direction normal to the magnetopause surface (B,). The vertical red and blue
lines in Figures 6¢ and 6d mark the FTE-type FRs, identified by a bipolar signature in B, and an enhancement in
IBl, and the polarities of these FTEs are standard (+ to —).

We apply the same modeling framework as that discussed in Section 3 and Figure 7 shows the modeled loca-
tions of the reconnection sites for the FTE observed on 18 May 2013. Figures 7a—7c, show the modeled FTE
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Figure 7. FTE-type flux rope formation paths modeled backwards in time on Mercury's magnetopause surface viewed from along the upstream solar wind flow
direction using parameters measured by MESSENGER on 18 May 2013. Same as Figure 3.

formation paths for the minimum, mean and maximum clock angle orientations of the IMF in the region upstream
of the magnetopause (Figure 6b). For each IMF orientation, there are two paths that the FTE could have formed
anywhere in between, deemed feasible from the B, signature polarity and taking into account uncertainties in the
upstream solar wind values. It is evident from Figure 7 that the FTE formation paths do not intersect with regions
of maximal shear on the magnetopause as would be expected. Instead, the paths appear to pass through regions
of very low shear around the subsolar point, with a maximum shear angle along all of these paths of only 59°.

At Earth, local lower shear magnetic reconnection has been observed (e.g., Chandler et al., 1999; Escoubet
et al., 2008; Fuselier et al., 1997; Gosling et al., 1990; Onsager & Fuselier, 1994; Sandholt et al., 1998; Trattner
et al., 2017; Wing et al., 2001; @ieroset et al., 1997). However, to get an idea of global magnetic reconnection,
a dominant X-line is typically traced by following points of maximum shear across the magnetopause surface
(Dungey, 1961; Fuselier et al., 2021; Sonnerup et al., 1981). Often this leads to a tilted X-line that connects two
regions of high-shear in the northern and southern hemispheres across the subsolar region (Trattner et al., 2007).
Employing a similar approach for the modeled FTE shown in Figure 7, the regions of higher shear in the northern
dawn and southern dusk sectors would result in a tilted X-line that passes through an area of very low-shear around
the subsolar region that may be more difficult to justify. This may suggest that, at Mercury, global magnetic
reconnection is less restricted to points of maximal shear on the magnetopause, instead occurring at points across
the dayside magnetopause surface, and could call into question whether the Trattner et al. (2007) dominant X-line
model, frequently used at Earth, is as applicable in the very different system of Mercury.

In Figure 8a, a histogram of the IMF clock angles in the interval upstream of the magnetopause (Figure 6b) for
the 18 May 2013 event, similar to Figure 4a, is shown. As the histogram peaks around 345° to 350° and the
range of IMF values is from 330° to 360°, the observed FTE likely formed under near northward IMF, and hence
low-magnetic shear, conditions. For each IMF orientation in the histogram in Figure 8a, we modeled the potential
FR formation paths, whilst accounting for upstream solar wind uncertainties. For each IMF orientation, values
of the minimum and maximum shear angles between the reconnecting fields along all of the potential formation
paths on the magnetopause surface were determined. Figure 8b shows a scatter plot of these minimum and maxi-
mum shear angles, with the most extreme values marked by the purple circle, as in Figure 5. For the FTE-type
FR observed on 18 May 2013, the absolute maximum value of the shear angle along any of the formation paths
was 59°. However, the minimum shear angles along the FTE paths for each IMF orientation can be seen to peak
around 5° and the maximum peaks around 35°. This would suggest that whilst the FTE could have formed under
reconnection conditions at a shear angle of ~59°, it is much more likely that this FTE-type was formed at a recon-
nection site with an even lower magnetic shear angle.

Additionally, MESSENGER observed 17 other FTE-type FRs during the same inbound pass of the magneto-
sphere on 18 May 2013, see red vertical lines in Figures 6¢ and 6d. Therefore, it can be argued that it is unlikely
the FTE modeled in Figures 7 and 8 were coincidentally formed under local conditions that differed significantly
from the globally modeled picture. Instead, this FTE-type FR supports the hypothesis that magnetic reconnection
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Figure 8. Statistics for the modeled FTE-type flux rope observed on 18 May 2018 shown in Figure 7. Same as Figure 4.

can occur on Mercury's magnetopause much more easily than at Earth (e.g., Dibraccio et al., 2013) and under
very low-magnetic shear conditions.

6. Conclusions

In this study, we analyzed 201 FTEs formed under relatively stable upstream solar wind conditions as observed
by MESSENGER during inbound magnetopause crossings. Using the approach of Cooling et al. (2001), but
tracking the FTE-type FRs backwards in time, we modeled FTE formation paths on the magnetopause between
which are reconnection sites where the observed FTE-type FRs were likely generated. It was found that for the
majority of the 201 FTEs, the maximum shear angle along their formation paths was greater than 135°. However,
seven FTE-type FRs were found where the maximum shear angle possible along their paths was less than 80° and
three of these had maximum shear angles less than 70°. Investigating this further, we found the FTE observed
on 18 May 2013 had a maximum shear angle of 59° and, more likely, was formed at a reconnection site with
an even lower magnetic shear angle. These FTE examples provide good evidence of very low-shear magnetic
reconnection occurring on Mercury's magnetopause. This supports the hypothesis that symmetric reconnec-
tion dominates at Mercury's dayside magnetopause and diamagnetic drift will interfere less with reconnection
processes, leading to enhanced reconnection driven FTE formation that can occur over a larger range of shear
angles than those typically observed at Earth. Additionally, for the FTEs formed under these low-shear recon-
nection conditions, tracing a dominant X-line that connects points of maximum shear along the magnetopause
may be more difficult to justify as it would pass through a region of very low-shear on the magnetopause. This
leads us to the questions, is reconnection confined to the dominant X-line only on Mercury's magnetopause? Or
can reconnection occur much more easily across Mercury's magnetopause and at points that do not maximize
the magnetic shear angle? With the arrival of the BepiColombo mission in 2025 (Benkhoff et al., 2021; Heyner
etal., 2021; Milillo et al., 2020), and particularly with the dual spacecraft nature of the mission, additional obser-
vations of FTEs occurring under Northward IMF conditions and, hence, low-magnetic shear may help to answer
these remaining questions.

Data Availability Statement

Calibrated magnetic field data from the MESSENGER mission are available from the Planetary Plasma Inter-
action (PPI) Node of NASA's Planetary Data System (PDS) (https://pds-ppi.igpp.ucla.edu/) in the folder
MESS-E/V/H/SW-MAG-3-CDR-CALIBRATED-V1.0. Derived data shown in Figures 3—5 and 7-8 are publicly
available in the Zenodo data repository (https://doi.org/10.5281/zenodo.8325368) with Creative Commons Attri-
bution (Zomerdijk-Russell, Masters, Sun, et al., 2023).
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