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magnetotail: Evidence for current wedge formation
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Key points:
e Dipolarizations in Mercury’s magnetotail encounter strong magnetic pressure gradients near the
planet that brake their fast sunward flow
e Only asmall fraction of dipolarizations reach the nightside surface; most brake and contribute to
magnetic flux pileup
e Pileup results from the interaction of multiple dipolarizations and is consistent with Earth-like
substorm current wedge formation

Abstract

Similar to Earth, Mercury’s magnetotail experiences frequent dipolarization of the magnetic field. These
rapid (~2 s) increases in the northward component of the tail field (AB; ~ 30 nT) at Mercury are
associated with fast sunward flows (~200 km/s) that enhance local magnetic field convection.
Differences between the two magnetospheres, namely Mercury’s smaller spatiotemporal scales and lack
of an ionosphere, influence the dynamics of dipolarizations in these magnetotails. At Earth, the braking
of fast dipolarization flows near the inner magnetosphere accumulates magnetic flux and develops the
substorm current wedge. At Mercury, flow braking and flux pileup remain open topics. In this work, we
develop an automated algorithm to identify dipolarizations, which allows for statistical examination of
flow braking and flux pileup in Mercury’s magnetotail. We find that near the inner edge of the plasma
sheet, steep magnetic pressure gradients cause substantial braking of fast dipolarization flows. The
dipolarization frequency and sunward flow speed decrease significantly within a region ~500 km thick
located at ~900 km altitude above Mercury’s local midnight surface. Due to the close proximity of the
braking region to the planet, we estimate ~10-20% of dipolarizations may reach the nightside surface of
the planet. The remaining dipolarizations exhibit prolonged statistical flux pileup within the braking
region similar to large-scale dipolarization of Earth’s inner magnetosphere. The existence of flow
braking and flux pileup at Mercury indicates a current wedge may form, although the limitations
imposed by Mercury’s magnetosphere require the braking of multiple, continuous dipolarizations for
current wedge formation.

1. Introduction

Dipolarizations are common to the magnetotails of both Earth and Mercury. A product of intense
nightside reconnection, dipolarizations represent newly-closed, more dipolar field lines that are carried
planetward by fast reconnection outflows (e.g., Sitnov et al., 2009; Runov et al., 2012; Fu et al., 2013).
ObsEnjedsithsitu tHipolativation aeciadat firdbiptive Sharpnstép< ikedpirenseinl threndethiwargut
conpanent ofdhelmagpetibdiel dykhioivp, agihecdipalavizstion Fnont dexgodiakaiingraetaks 2002hthat
precedes|the newlpr=iecannasied flux tube {knewnras the dipelanizingeluxdbundles Lite ehalar2R13).
Sincg dipolayizations @se @ resyHt of reconnection between the low-density magnetotail lobes, they tend
to be depleted in thermal plasma and embedded within fast sunward flows (e.g., Angelopoulos et al.,
1992; Sergeev et al., 1996; Runov et al., 2015). Additional signatures of dipolarizations include an
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enhanced cross-tail electric field, enhanced thermal plasma temperature, and enhanced energetic particle
flux compared to the surrounding plasma sheet (e.g., Runov et al., 2009; Runov et al. 2013).

At Earth, dipolarizations contribute major roles in mass and magnetic flux transport, particle
acceleration, and substorm current wedge formation. Although individual dipolarizations are localized in
their cross-tail extent (~1-3 Rg, where Re is Earth’s mean radius, 6,371 km), their faster sunward flow,
stronger northward magnetic field, and enhanced cross-tail electric field compared to the surrounding
plasma sheet result in dipolarizations transporting the majority of magnetic flux from the mid-tail to the
near-tail, particularly during geomagnetically active intervals (Liu et al., 2014). As a dipolarization
travels planetward, particles interacting with its magnetic structure, particularly those trapped by the
local magnetic field gradients about the dipolarization front, can experience betatron and Fermi
acceleration (e.g., Ashour-Abdalla et al., 2011; Birn et al., 2013; Gabrielse et al., 2016; Ukhorskiy et al.,
2018). Only a small fraction of dipolarizations penetrate into the inner magnetosphere, with the majority
of dipolarizations stopping near the inner edge of the plasma sheet (Shiokawa et al., 1997, Dubyagin et
al., 2011; Ohtani et al., 2006). Near this boundary, dipolarizations brake due to steep magnetic pressure
gradients, and their magnetic flux accumulates (or piles up) (Birn et al., 2011; Karlsson et al., 2015). As
additional dipolarizations brake and accumulate, this flux pileup region can expand both azimuthally and
downtail, resulting in a large-scale dipolarization of the near-tail region (e.g., Baumjohann et al., 1999;
Birn et al., 2011; Birn et al., 2019; Merkin et al., 2019). The flux pileup structure is supported by the
substorm current wedge, which diverts the cross-tail current into the ionosphere via field-aligned
currents of the Region 1-sense (e.g., McPherron et al., 1973; Birn et al., 1999; Kepko et al., 2015a).
While the exact mechanics by which dipolarizations (both small- and large-scale) establish and maintain
the substorm current wedge, it has been the subject of considerable interest and debate. A contemporary
understanding is the “wedgelet” conceptual model in which the individual field-aligned current systems
of many small-scale dipolarizations manifest into the substorm current wedge as the dipolarizations
brake near the inner magnetosphere (e.g., Liu et al., 2013; Sun et al., 2013; Birn et al., 2019). In this
understanding, the current wedge is not a single, monolithic current loop, but that its trending structure
emerges from the complex interaction between individual dipolarization current systems.

Mercury possesses a terrestrial-like magnetosphere, but it operates at substantially smaller
spatiotemporal scales, experiences stronger effects from magnetic reconnection, and couples to a
different type of inner magnetospheric boundary than Earth’s magnetosphere. Mercury’s magnetosphere
contains many of the same regions as Earth’s, including a closed dayside region and an extended
magnetotail (see Korth et al., 2018 and Slavin et al., 2018 for comprehensive reviews). Mercury’s
planetary magnetic field, however, is only ~1% the strength of Earth’s (e.g., Anderson et al., 2011),
which when combined with the stronger upstream solar wind dynamic pressure at Mercury’s orbital
location, results in a magnetosphere substantially smaller in both absolute and relative scales. For
example, Mercury’s subsolar magnetopause stands at ~0.5 Rm = 1,200 km altitude above the planet’s
dayside surface (Winslow et al., 2013), where Rm is Mercury’s mean radius (2,440 km). By contrast,
Earth’s subsolar magnetopause stands at ~10 Re = 64,000 km altitude (e.g., Shue et al., 1998).
Furthermore, the cross-tail extent of Mercury’s magnetotail is ~4 Rm ~ 10,000 km compared to Earth’s
of ~40 Re = 255,000 km (Slavin et al., 2012; Rong et al., 2018; Kaymaz et al., 1992). Consequences of
the small dimensions of Mercury’s magnetosphere include increased finite gyroradius effects
(particularly for heavy ions of planetary origin), increased loss due to surface precipitation, and an
increased fraction of the magnetosphere occupied by the planet (e.g., Ogilvie et al., 1997; Delcourt et al.,
2003; Delcourt, 2013; Raines et al., 2014). Mercury’s hypothetical plasmapause, for example, would be
located below the planet’s surface due to the planet occupying a large fraction of the magnetosphere and
the planet’s slow ~59-day rotation. Mercury’s magnetosphere also experiences stronger effects from
magnetic reconnection. The lower solar wind Alfvén Mach number at Mercury’s orbital location results
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in the formation of thick plasma depletion layers within Mercury’s magnetosheath adjacent to the
magnetopause (Gershman et al., 2013). These depletion layers allow for more frequent and stronger
subsolar magnetopause reconnection that is less sensitive to the direction of the interplanetary magnetic
field than at Earth (DiBraccio et al., 2013). Dayside reconnection powers Mercury’s ~3 min Dungey
cycle and many of the observed dynamics within the magnetosphere (e.g., Slavin et al., 2009; Slavin et
al., 2010; Imber & Slavin, 2017; Slavin et al., 2018). Finally, Mercury’s large conducting core plays a
unique role in magnetospheric dynamics by acting as the magnetosphere’s innermost boundary. Mercury
lacks an ionosphere so it is expected that its large core (~2,000 km in radius) provides current-closure
for static and/or large-scale field-aligned current systems (e.g., Jahunen & Kallio, 2004; Anderson et al.,
2014). These current systems pass radially through the thin (~400 km) layer of resistive regolith to
connect over the surface of the conducting core. Mercury’s core also influences the magnetosphere’s
interaction with the solar wind. Changes in the solar wind dynamic pressure induce currents on the
core’s surface that modify the planet’s magnetic moment to resist these changes (e.g., Slavin et al.,

2014; Jia et al., 2015; Johnson et al., 2016; Jia et al., 2019). Although similar responsive currents may
also be induced on the surface of Earth’s core, these currents are substantially stronger at Mercury due to
Mercury’s relatively larger core and the core’s close proximity to the magnetopause.

Given the similar topology between Mercury and Earth’s magnetospheres and the dominance of
magnetic reconnection in Mercury’s dynamics, it is not surprising that dipolarizations are common in
Mercury’s magnetotail. Similar to those identified at Earth, dipolarizations at Mercury are characterized
by a rapid (~2 s) increase in the northward component of the magnetic field (~30 nT) that persists for a
short time (~10 s) (Sundberg et al., 2012). Observations from the MESSENGER spacecraft have
associated dipolarizations in Mercury’s magnetotail with thermal plasma depletion and heating, fast
sunward flows, and energetic electron acceleration and injection (Dewey et al., 2017; Dewey et al.,
2018; Sun et al., 2018). While Mercury’s dipolarizations share many similar features to those at Earth,
they also display curious differences. Dipolarizations, for example, are more frequent to Mercury’s post-
midnight magnetotail, opposite to that of Earth (Sun et al., 2016). Studies of dipolarizations at Mercury
have made considerable progress in understanding the signatures and characteristics of these events, yet
the dynamics and consequences of Mercury’s dipolarizations remain less well understood. One such
topic is that of flow braking. Mercury’s near-planet reconnection site, located at or planetward of Xmswm’
= -3 Rw, is only ~5,000 km above the planet’s nightside surface (e.g., Slavin et al., 2009; DiBraccio et
al., 2015; Poh et al., 2017a; Smith et al., 2017). Even smaller yet is the distance between the inner edge
of Mercury’s current sheet and the planet’s surface (~500-750 km) (Poh et al., 2017a). Over these
distances, the magnetic field increases by a factor of only ~10-100, due to Mercury’s weak planetary
magnetic field and the large volume of the magnetosphere that the planet occupies. By contrast, the
magnetic field at Earth’s surface is ~10,000 times greater than in the magnetotail. Is Mercury’s magnetic
field strong enough to brake dipolarizations and their fast flows? Or do dipolarizations stream directly
into the planet’s nightside surface unencumbered by the relatively weak magnetic gradients? The
answers to these questions carry significance for mass and magnetic flux transport, but are also
interdisciplinary, with consequences for exospheric generation and space weathering.

Initial investigations suggest that braking is likely to occur although the mechanism and location of
braking are poorly constrained. Sun et al. (2015) provided the first evidence for flow braking in
Mercury’s magnetotail by analyzing case studies of Alfvén and compressional waves associated with
dipolarizations near the planet, interpreting them to be similar to the waves generated by the braking of
flows in Earth’s magnetotail (e.g., Panov et al., 2014). At that time, however, the association of
Mercury’s dipolarizations with fast sunward flows was only speculated. Dewey et al. (2018) established
the connection between fast flows and dipolarizations at Mercury by developing a technique to
determine average flows by combining together plasma observations of many individual dipolarizations.
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On the basis of pressure balance, Dewey et al. (2018) hypothesized that these fast flows would break at
or planetward of Xmsm’ = —1.3 Rwm, near the expected inner edge of the current sheet (e.g., Poh et al.,
2017a). Due to the limited sample size of dipolarizations, however, Dewey et al. (2018) was unable to
examine the behavior of flows as a function of location in Mercury’s magnetotail and could not support
their hypothesis of braking directly. Finally, Poh et al. (2017b) investigated a signature suggestive of
magnetic flux pileup within Mercury’s midnight current sheet. Poh et al. (2017b) selected current sheet
crossings on their ability to be fit by a one-dimensional Harris current sheet and noticed an enhancement
of B; local to midnight between —1.4 < Xmsm < —1.7 Rm. The authors interpreted the B, enhancement as
being due to a current wedge similar to Earth’s, however, their work does not connect such a signature
to dipolarizations, fast flows, or substorm dynamics. These studies have provided valuable foundational
observations and discussions into the topics of flow braking and flux pileup in Mercury’s magnetotail
but leave the topic largely unconstrained.

In this study, we expand upon previous observations and discussions of flow braking and flux pileup in
Mercury’s magnetotail. We develop an automated algorithm to identify dipolarizations in the magnetic
field time series to expand the sample size of events to over an order of magnitude previously examined.
This large sample size allows us to employ statistical techniques and form a statistical description of
flow braking in lieu of multi-point spacecraft observations. We find that the majority (~80-90%) of
dipolarizations brake within a thin (~500 km) region located close to Mercury’s surface (~900 km
altitude) due to magnetic pressure gradients from the planet’s dipole magnetic field. As these flows
brake, we observe statistically that their magnetic flux accumulates to form a pileup region that may be
associated with an Earth-like current wedge. In Section 2, we describe our data sources and briefly
introduce the dipolarization identification algorithm (described in detail in Appendix A). In Section 3,
we present both statistical and case study analysis of flow braking and flux pileup, followed by a
discussion of these results and the possibility of current wedge formation at Mercury in Section 4. We
conclude this investigation in Section 5 with avenues for further research.

2. Methodology and data sources

For this investigation, we rely on observations from MESSENGER’s Magnetometer (MAG; Anderson
et al., 2007) and Fast Imaging Plasma Spectrometer (FIPS; Andrews et al., 2007). The MAG instrument
measures the local vector magnetic field at 50 ms time resolution. The FIPS sensor measures thermal
and low-energy ions with energy-per-charge (e/q) spanning 50 eV/e to 13 keV/e and mass-per-charge
(m/q) spanning 1 amu/e to 40 amu/e. FIPS completes a nominal sweep of its energy steps in 10 s. While
FIPS has a large instantaneous field of view (~1.1x sr), it is unable to measure bulk plasma flows at its
native resolution since the spacecraft is three-axis stabilized. To estimate flows, we rely on a statistical
reconstruction technique developed by Dewey et al. (2018). This technique assumes plasma flows are
subsonic, and utilizes variable field of view pointing across many FIPS scans to construct a more
complete velocity space distribution from which bulk plasma flows and their uncertainty can be
determined. We refer readers to Dewey et al. (2018) for a technical description and example of this
procedure. In Appendix B, we provide a summary of the flow-determination procedure and discuss its
application to partial velocity space distributions. We display all MESSENGER observations in the
aberrated Mercury solar magnetospheric (MSM”) coordinate system, which is centered at Mercury’s
dipole center with Xuswe pointing anti-parallel to the solar wind (a radial solar wind speed of 400 km/s
is assumed), Zmsme pointing northward, and Ywmsm completing the right-handed system.

To identify dipolarizations, we rely exclusively on the MAG observations. While several dipolarization
signatures are related to the thermal plasma, a complete FIPS scan has time resolution comparable to the
typical duration of a dipolarization (Dewey et al., 2017) and therefore cannot resolve these signatures for

4
This article is protected by copyright. All rights reserved.



197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221

all dipolarizations. MAG observations, in contrast, are able to resolve the magnetic field structure of the
dipolarization at native resolution. Of the magnetic field signatures of a dipolarization, the sharp, step-
like increase in B; of the dipolarization front is the easiest to detect (e.g., Liu et al. 2013; Sun et al.,
2016). We develop an automated algorithm to identify dipolarization fronts in the B, time series. The
algorithm, described in detail in Appendix A, evaluates each point in the time series for a strong,
positive, coherent, local gradient in B, and applies a series of physical tests to determine if such a slope
IS representative of a dipolarization front or not.

We apply our dipolarization selection procedure to 1,946 magnetotail intervals that satisfy several
criteria. First, to ensure that we are examining the plasma sheet rather than the adjacent magnetotail
lobes, we require the 1-minute running average Bz/|B| > 0.5 and > 0.1, where f is the proton plasma
beta. These criteria estimate that the spacecraft samples the closed, mass-loaded magnetic field lines
characteristic of the plasma sheet. Other studies of Mercury’s magnetotail have used [ to identify plasma
sheet intervals (e.g., Sun et al., 2017; Poh et al., 2018), but they typically use a higher B threshold. We
use a lower threshold since FIPS may underestimate the local plasma beta in the presence of the fast
flows associated with dipolarizations (e.g., Dewey et al., 2018) due to the sensor’s limited field of view.
Second, we exclude intervals contaminated by solar energetic particle events. Third, we limit our survey
to the spatial region —2.5 < Xmsm <0, [Ymswe| < 1.5, and |Zmswe| < 0.2 Rm. Finally, to prevent biasing
from short intervals, we require that the criteria above must be met for longer than three minutes (the
nominal Dungey cycle duration). Together, these 1,946 magnetotail intervals represent an accumulated
14,022 minutes of observation from which 5,178 dipolarizations are identified. This event sample size is
an order of magnitude larger than previously examined at Mercury (e.g., Dewey et al., 2018) and allows
us to employ statistical techniques to examine the characteristics of dipolarizations as a function of
spatial location in Mercury’s magnetotail (Section 3).
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Figure 1. Equatorial distribution of proton plasma beta (B) as indicated by the color bar. Light
grey bins indicate regions of insufficient sampling (<6 FIPS scans, corresponding to <2 min of
sampling). The dark grey indicates Mercury’s nightside surface and the black-hatched region
denotes its conducting core. The five color polynomials (black, lime, magenta, cyan, and gold)
are contours of specific (0.3, 0.5, 1.0, 2.0, and 4.0), as indicated by the vertical lines of the
corresponding color in the color bar.

To provide context to the dipolarization observations described in later sections, we determine the
average proton plasma beta (B) as a function of spatial location in Mercury’s magnetic equatorial plane,
as shown in Figure 1. To construct this distribution, we compute the average magnetic field, proton
density, and proton temperature under the assumption of isotropy (e.g., Raines et al., 2011; Gershman et
al., 2013) for each FIPS scan within the 1,946 intervals (84,187 scans total). We then use the
spacecraft’s location at the center of each scan to sort scans into a two dimensional (Xmsm’, Ymsm)
histogram. Within each histogram bin, we determine the mean proton density, proton temperature, and
magnetic field strength from the scans assigned to that bin, from which plasma beta is then calculated.
We propagate uncertainties, which are typically on the order of 1-5% for magnetic field strength and 10-
20% for proton density and temperature. For five specific values of $ (0.3, 0.5, 1.0, 2.0, and 4.0) we
determine contours within the spatial distribution and display polynomial fits to those contours (black,
lime, magenta, cyan, and gold, respectively). Each contour is well represented by a second-order
polynomial (y? values of 0.045, 0.049, 0.029, 0.033, and 0.019, respectively). As expected for the
plasma sheet, B >> 1 far from the center of the planetary dipole with contours nearly parallel to Ymswm.
Approaching the planet, f decreases and contours bow about the planetary magnetic field, with f <<'1
close the dipole center. For reference, at local midnight, p = 1 (magenta line) at Xmsme =~ —1.36 R,
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approximately 900 km in altitude above the nightside surface. Plasma beta also displays a cross-tail
asymmetry, with systematically greater values in the post-midnight plasma sheet. This asymmetry can
be observed by noticing that the B contours in the post-midnight plasma sheet are located at greater
Xwmsm Values than those in the pre-midnight plasma sheet. For example, at Ymsme =—1 Rmthe p=1
contour is located at Xmsme = —0.98 Rm while at Ymswe = +1 Rwm the same contour is located at Xvsme = —
1.16 Rwm. This cross-tail asymmetry is among other asymmetries noted in plasma and magnetic field
parameters in Mercury’s central plasma sheet (e.g., Raines et al., 2013; Korth et al., 2014; Poh et al.,
2017b; Rong et al., 2018).

3. Results
3.1 Observations of flow braking

To determine if dipolarizations impact Mercury’s nightside surface directly or if they brake/divert before
then, we begin by examining the distribution of dipolarization occurrence as a function of location
within Mercury’s magnetotail. Figure 2a displays the number of dipolarizations identified by the
automated procedure of Section 2 as a function of equatorial (Xmswm’, Ymsw’) location. As a function of
Ywmswe, dipolarizations display a strong cross-tail asymmetry with over an order of magnitude more
dipolarizations observed post-midnight than pre-midnight similar to the findings of other studies (Sun et
al., 2016; Dewey et al., 2018). The range —1.5 < Ymsw’ < 0.5 Rwm contains 90.7% of the identified
dipolarizations. As a function of Xwmswme, the number of dipolarizations drops sharply planetward of the 8
=1 contour (magenta line), particularly in the post-midnight magnetotail. Few dipolarizations are
observed tailward of Xysm» = —2 Rw.

To account for effects from non-uniform spacecraft sampling, we display the frequency of
dipolarizations within Figure 2b. To produce this distribution, we divide the number of dipolarizations
observed within each spatial bin (Figure 2a) by the total time the spacecraft was at that location during
the 1,946 intervals (Figure 2c). Examining the frequency of dipolarizations, the strong cross-tail
asymmetry persists. The apparent decrease in dipolarizations tailward of Xmsm® = -2 Rm, however, is
removed after correcting for spacecraft sampling. Dipolarizations possess an approximately uniform
frequency tailward of the B = 1 contour for Ymsm® < —0.5 Rm. The decrease in number of dipolarizations
sunward of B = 1 does not appear to be an artifact of spacecraft sampling. Where dipolarizations are
most frequent (1.5 < Ymsw’ < 0.5 Rw), the frequency decreases by an order of magnitude about 8 = 1.
For Ymsm < —0.5 Rw, the frequency tailward of § = 1 is ~1-2 dipolarizations per minute, falling to ~0.1-
0.2 closer to the planet. The trend is less clear at local midnight (0.5 < Yumsm < 0.5 Rm). The frequency
tailward of p = 1 is ~1 dipolarization per minute, and while there are several bins planetward of =1
that reach similar frequencies, there is considerable scatter, with many bins observing dipolarizations at
a rate of ~0.2 per minute and many others observing no dipolarizations at all (light grey).
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Figure 2. Equatorial distributions in the same format as Figure 1. (a) Number of dipolarizations,
where white indicates no dipolarizations observed. (b) Frequency of dipolarizations, where light
grey indicates no dipolarizations observed and white indicates insufficient sampling time (<1
min). (c) Spacecraft sampling time, where white indicates regions of no samples. (d) Fraction of
orbits that contain dipolarizations within that spatial bin, where light grey indicates insufficient
sampling (<3 orbits) and white indicates regions of no sampling. (¢) Number of orbits, where
white indicates regions of no samples. The magenta polynomial in each panel corresponds to the
B =1 contour from Figure 1.
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As will be described in further detail below (Figure 7), when dipolarizations are observed, they tend to
be observed in series with other dipolarizations. This trend has been anecdotally described in other
studies involving dipolarizations at Mercury (e.g., Sundberg et al., 2012; Dewey et al., 2017; Dewey et
al., 2018; Sun et al., 2020). An effect of dipolarizations typically appearing in groups is that it can skew
event frequency. We therefore use the fraction of orbits that contain dipolarizations (Figure 2d) as a
metric complementary to event frequency. To produce this distribution, for each spatial bin, we
determine the number of orbits that contain one or more dipolarizations within that bin and divide it by
the total number of orbits that sampled that bin (Figure 2e). Similar to conventional frequency (Figure
2b), the cross-tail asymmetry in dipolarization occurrence persists. Post-midnight, a greater fraction of
orbits (~0.4-0.7) contain dipolarizations than pre-midnight (~0.1). About = 1, the fraction of orbits that
contain dipolarizations also drops substantially. Where dipolarizations are most common (1.5 < Ywmsw
< 0.5 Rw), the fraction of orbits with dipolarizations decreases from ~0.4-0.5 just tailward of p = 1 to
~0.1 planetward of the contour. The only location within this Ywmsw range that does not appear to follow
this trend is at Ymsme = —0.5 Rm where the fraction of orbits with dipolarizations (~0.4) remains
unchanged about = 1.

Taken together, these trends in dipolarization occurrence imply that they do not typically reach
Mercury’s nightside surface. If dipolarizations usually impacted the planet, we should expect the rate at
which dipolarizations are observed to remain approximately constant up to the planet’s surface. Rather,
we observe that the rate of dipolarization occurrence (interpreted either as the frequency of
dipolarizations or as the fraction of orbits that contain dipolarizations) decreases sharply about the p = 1
contour, which is located ~900 km altitude above the nightside surface. If dipolarizations do indeed
divert or brake before reaching the nightside surface, these signatures should be apparent in the flows
associated with dipolarizations. As described in Section 2, FIPS cannot determine flows at its nominal
time resolution, however, we can follow the procedure developed by Dewey et al. (2018) to examine
flows statistically. We refer readers to Dewey et al. (2018) for technical details of this procedure. While
Dewey et al. (2018) used 387 dipolarizations spread throughout Mercury’s magnetotail to obtain a single
representative flow, we can leverage our increased event sample size to determine statistical flows as a
function of spatial location, enabling us to examine plasma signatures of flow breaking.

In Figure 3, we apply the Dewey et al. (2018) flow-determination technique to FIPS observations of
dipolarizations. For each spatial bin, we first identify all dipolarizations that were observed within that
area of the magnetotail, then we select all FIPS scans that cover the end of each of those event’s
dipolarization fronts, and finally, we apply the Dewey et al. (2018) technique to those scans to determine
average flows. Figure 3a displays the sunward component of these flows (Vx), 3b the duskward
component (Vy), 3c the northward component (V-), and 3d the number of dipolarizations. In calculating
these statistical flows, we evaluate uncertainty from statistical and systematic sources as well as
uncertainty resulting from unobserved regions of velocity space (see Appendix B and Dewey et al.,
2018). While some spatial bins in 3d have up to 400 dipolarizations, many have between 50-100. The
number of dipolarizations used to determine statistical flows is smaller on average than that used by
Dewey et al. (2018), which results in larger uncertainties as well as prevents some flow components
from being reliably determined (grey bins in Figures 3a-c). In Appendix B, we describe quantitatively
the conditions under which we do not display flow components. Including each of the sources of
uncertainty described above, typical absolute and relative uncertainties for each velocity component
shown in Figure 3 are 32 + 9 km/s or (25 = 7)% in Vy, 22 + 10 km/s or (47 £ 22)% in V/y, and 15 =+ 8
km/s or (35 £ 19)% in V.. Finally, we expect proton flows to be representative of dipolarization
transport. Dipolarizations have dimensions ~2,000 km in Xumsm and ~750 km in Ywmswe (See Section 3.3),
which are greater than the typical proton gyroradius about dipolarizations (~300 km for a 4 keV proton
in a 30 nT magnetic field), indicating that the frozen-in condition is valid.
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Figure 3. Typical dipolarization flow components as a function of equatorial location in the
same format as Figure 2. (a) Sunward component (Vy), (b) duskward component (Vy), (c)
northward component (V-), and (d) number of dipolarizations used to determine these flows.
Light grey bins in (a)-(c) indicate spatial locations whose flow component in that direction could
not be determined reliably (see Appendix B). Light grey bins in (d) indicate regions with no
dipolarizations.

The flows in Figure 3 are indicative of both flow braking and diversion. Tailward of f =1, Vx is
dominant with speeds around 200 km/s in the sunward direction, similar to the dipolarization flow
determined by Dewey et al. (2018). Vy shows a general separation about midnight tailward of p =1
although there is considerable scatter. The mean, median, and standard deviation of Vy flows pre-
midnight is 89, 59, and 97 km/s, respectively, compared to —59, —54, and 66 km/s post-midnight. A
linear fit of Vy versus Ywusw- yields a slope of 38 + 4 km/s Rw* with a correlation coefficient of 0.62.
The large variance amongst Vy flows suggests that Vy can vary substantially between individual
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dipolarizations but with a general trend of +Vy flows pre-midnight and —Vy flows post-midnight. Flows
along Zmsw- are generally negative about local midnight and positive closer to the flanks of the
magnetotail, and are of the same approximate strength as Vy. Planetward of 8 = 1, the sunward
component decreases in magnitude. This trend is most apparent for —1 < Yumswm < 0 Rm, where Vy
decreases from ~100-200 km/s to ~0-50 km/s about p = 1. While V; cannot be reliably determined
planetward of g = 1, the Vy appears to become systematically duskward with an average value of 53 +
31 km/s. These Vx and Vy flow signatures are indicative of both flow braking and diversion.

Figure 4 displays trends along Xmsm' more clearly. Each panel examines plasma or magnetic field
parameter(s) averaged over —1.5 < Ymswm' < 0.5 Rm (where dipolarizations are most common) as a
function of AXwmsm. AXmswe IS the distance along Xmsm from the g = 1 contour (i.e., AXmswm = 0 lies on
the B = 1 contour, with AXmsw > 0 planetward of the contour). Figure 4a examines the frequency of
dipolarizations organized by AXwmswm. Similar to the observations discussed with Figure 2, the frequency
of dipolarizations remains approximately constant until = 1. For —-1.5 < AXumsm’ < 0 Rwm, the
dipolarization frequency fluctuates but remains about 0.6 min (shaded grey region) until decreasing
significantly at AXmsm = 0. By the p = 0.5 contour (lime), the frequency has dropped to half its downtail
value. Further planetward, the frequency continues to drop to ~0.1 min, suggesting that only a small
fraction (~10-20%) of dipolarizations may impact the nightside surface directly. The sunward flow
component Vy in Figure 4b displays a similar trend. For —1.5 < AXumsw < 0 Rwm, the sunward flow speed
fluctuates but remains about 192 km/s (horizontal dashed line) before beginning to decrease
meaningfully at AXmsw = 0. By the f = 0.5 contour, the sunward flow has decreased to approximately
half its downtail value. The dipolarization frequency and flow speed decreasing to half their respective
downtail values by AXwmsm = 0.15 Rwm suggests the braking region has a downtail extent of ~500 km and
begins at = 1 (an altitude of ~900 km at local midnight).

To understand the mechanism causing braking to occur in Mercury’s magnetotail, Figure 4c examines
proton plasma pressure and magnetic pressure as functions of AXwmswm'. We follow the same general
procedure in determining these pressures as for the proton plasma beta within Section 2. In order to
examine conditions that dipolarizations encounter, we use only FIPS and MAG measurements belonging
to orbits that contain one or more dipolarization. For AXmsw’ < 0, both plasma and magnetic pressures
remain small (<1 nPa) with the plasma pressure dominating magnetic pressure (consistent with § > 1).
At AXmsw = 0, both pressures are within uncertainty of each other (B = 1). For AXmsw > 0, magnetic
pressure dominates plasma pressure (f < 1) as we move closer to Mercury’s dipole center. Using these
one-dimensional pressure profiles, we can estimate the pressure gradient forces in the sunward direction.
For both AXmswm < 0 and AXwmswe > 0, we apply linear fits to both the magnetic and plasma pressure
profiles with the slope of the fit indicating the force density. For AXumsw < 0, both magnetic and plasma
pressure gradients are small (~0.1-0.2 nPa Rm™) and are within uncertainty of each other. At AXmsm: =
0, the magnetic pressure gradient increases by a factor of 60 + 20 and the plasma pressure gradient
increases by a more modest factor of 16 + 7. The strong pressure gradients, particularly in magnetic
pressure, coincident with the decreases in dipolarization occurrence and flow speed suggest
dipolarizations and their associated fast flows brake as a result of the strong magnetic pressure gradients
of Mercury’s dipole magnetic field. Finally, Figure 4d displays the local Alfvén speed (V) as a function
of AXmsm'. We do not incorporate heavy planetary ion species (e.g., Na+) in calculating the Va and find
that including them would not reduce Va significantly. We will use Va in the discussion of current
wedge formation in Section 4. For now, we illustrate that dipolarizations far downtail of the braking
region (AXmsm’ < —1 Rw) typically travel near the local Alfvén speed, consistent with magnetic
structures created from magnetic reconnection.
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Figure 4. (a) Dipolarization frequency, (b) typical dipolarization sunward flow, (c) magnetic
(Pmac) and thermal proton (Pnk) pressures, and (d) Alfvén speed as functions of AXmsw
(defined in the text). The vertical magenta line corresponds to the location of the B = 1 contour
and the vertical lime line corresponds to the location of the p = 0.5 contour (see Figure 1). In (a)
and (b), the horizontal dashed lines and grey boxes correspond to the average and uncertainty of
dipolarization frequency and sunward flow speed for —1.5 < AXmsm < 0 Rm. In (c), the
horizontal dashed line corresponds to a pressure of zero, while the colored lines correspond to
linear fits whose slopes are listed. In (d), the horizontal dashed line corresponds to a speed of 250
km/s.
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3.2 Observations of flux pileup
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Figure 5. (a) Equatorial distribution of the average detrended, background-subtracted northward
magnetic field component (3B;) following dipolarizations in the same format as Figure 3. The
color bar indicates the average 6B; of the superposed dipolarization profiles over 15 <t < 30s.
Light grey regions have insufficient number of dipolarizations for statistical analysis (<15
dipolarizations, see Figure 3d). The black arrows indicate corresponding spatial locations in (a)
for the two example profiles in (b) and (c). For (b) and (c), the thick black line indicates the
mean 6B; over the N-dipolarizations at each time step and the light grey indicates the standard
error. The vertical dashed lines correspond to t = 0 s (the midpoint of dipolarization fronts that
the profiles are organized by) and t = 15 s. The horizontal dashed lines correspond to 0 nT.

Observations of dipolarization frequency and flow speed in Section 3.1 establish that dipolarizations
typically brake before reaching Mercury’s nightside surface. Within this section, we investigate whether
the flow braking of dipolarizations is associated with magnetic flux pileup. We begin by first examining
dipolarization profiles as a function of location within Mercury’s magnetotail, similar to the frequency
maps of Figure 2 and the flow maps of Figure 3. In Figure 5, we examine the northward component of
the magnetic field (B;) following dipolarizations. We standardize dipolarizations by converting to new
time and magnetic field coordinates. For time, we use t, which is the time in seconds local to the
midpoint of a dipolarization’s dipolarization front (i.e., the midpoint of a dipolarization front is defined
to be t = 0 s). For the magnetic field, we are interested in how the field changes after the dipolarization
compared to before it, so we define 6B, the background-subtracted, detrended magnetic field. To
construct 6B, we first remove the effects of the spacecraft’s motion through Mercury’s dipole magnetic
field after which we subtract the average magnetic field over —20 <t <-10 s. Using the same spatial
gridding as in Figure 3, we examine the superposed epoch profiles of dipolarizations in the new (t, 6B;)
coordinates as a function of equatorial location.
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The average 6B; over 15 <t <30 s from each spatially-resolved superposed dipolarization profile is
shown in Figure 5a, while Figures 5b and 5¢ show two example profiles, one tailward and one
planetward of the § = 1 contour, respectively. Tailward of § = 1, dipolarizations do not exhibit large,
prolonged enhancements of the magnetic field following the initial dipolarization. In Figure 5b, for
example, the magnetic field decreases slightly prior to the sharp, step-like increase of the dipolarization
front (centered at t = 0) after which the northward component of the magnetic field remains enhanced
for several seconds before falling to near pre-dipolarization values. The average 6B; over 15<t<30s
remains close to within uncertainty of the value over —20 <t <-10 s. Correspondingly, the average oB;
over 15 <t < 30 s for regions tailward of = 1 in Figure 5a is small, < 5 nT. In contrast, dipolarizations
at and planetward of B = 1 display substantial, prolonged increases in the magnetic field. The superposed
dipolarization profile in Figure 5c, for example, shares similar features as the profile in Figure 5b,
however, after the initial dipolarization front, the magnetic field remains enhanced by ~25 nT for a
substantial duration of time (i.e., greater than the typical dipolarizing flux bundle duration of ~10 s, see
Dewey et al., 2017). Correspondingly, the average post-dipolarization 6B; at and planetward of the p = 1
contour in Figure 5a has values ~10-40 nT, with a median value of 29 nT. Planetward of = 1, the post-
dipolarization 8B; is asymmetric about local midnight, with greater strength pre-midnight (~36 nT) than
post-midnight (~26 nT). Synoptically, the prolonged 6B; enhancement planetward of § = 1 appears to be
a large-scale dipolarization of Mercury’s near-tail region.

These spatially-resolved superposed dipolarization profiles indicate flux pileup occurs in Mercury’s
magnetotail alongside flow braking. Tailward of § = 1, superposed dipolarization profiles exhibit only
transient increases in the magnetic field consistent with dipolarizations travelling rapidly sunward and
passing quickly over the spacecraft and resulting in a small 6B; over 15 <t < 30 s. Planetward of 3 = 1,
coincident with where substantial braking occurs, the superposed dipolarization profile indicate a more
permanent increase in the magnetic field with magnetic flux pileup resulting in a large average 6B; over
15 <t < 30 s. To determine if the synoptic pileup (i.e., large-scale dipolarization) signature across
Mercury’s near-tail region is physical, we turn to magnetic flux budget analysis in Section 3.3 and
examine a case study in Section 3.4.

3.3 Flux budget of statistical pileup signature

To determine if the statistical, synoptic flux pileup signature (i.e., large-scale dipolarization) is physical,
we first look to determine if dipolarizations could supply sufficient magnetic flux to establish it. We
integrate 8B; in Figure 5a planetward of B = 1 and within [Ymsw’| < 1.25 Rwm to estimate that the large-
scale flux pileup contains 0.28 £ 0.08 MWhb magnetic flux. We wish to determine if it is possible for
dipolarizations to supply this flux to the inner magnetotail.

The typical magnetic flux transported by a dipolarization can be estimated by
& ~ 24YV, J B, dt

where AY is the half-width of the dipolarization, assumed to be approximately constant. We can use
superposed dipolarization profiles and typical dipolarization flows to estimate these terms, however, the
cross-tail half-width remains unknown. Determining the width of dipolarizations is challenging, even
when multi-spacecraft observations available (e.g., Sergeev et al., 1996; Nakamura et al., 2004).
However, taking advantage of our expanded dipolarization event list, we can employ statistical
techniques to provide some insight into their cross-tail width. Similar to determining dipolarization
flows, we will not be able to determine the cross-tail width of dipolarizations on an event-by-event basis,
but rather, we can use the following statistical analysis to determine a representative value.
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Figure 6. (top) Superposed dipolarization profiles of 6B, and 6By for dipolarizations observed at
their local dawn (black) and local dusk (red) sides in the same format as Figure 5b and 5c.
(bottom) Cumulative distribution function of the spacecraft Ywmsw: location when it encountered a
dipolarization on the dipolarization’s local dawn (black) or local dusk (red) side. The separation
between the curves (vertical blues lines) indicates the typical cross-tail half-width of
dipolarizations. The dashed vertical black lines indicate the 25" and 75" percentiles.

Dipolarizations possess several current structures (e.g., Sun et al., 2013). At the dipolarization front, a
dawn-to-dusk current separates the surrounding plasma from the enhanced B, within the dipolarization.
While some of this current closes about the dipolarization, most is expected to close as field-aligned
currents of the Region-2 sense (e.g., Birn et al., 2019). These field-aligned currents produce
perturbations in the magnetic field that we can use to determine if the spacecraft observed the local
dawn or dusk flank of the dipolarization. For example, for spacecraft observations of the local dawn side
of dipolarizations whose field-aligned current closes into the northern hemisphere, we expect a negative-
then-positive perturbation in By (i.e., 5By < 0 followed by 6By > 0) at the dipolarization front. By
examining the distribution of where the spacecraft observed the local dawn versus local dusk sides of
dipolarizations, we can determine the characteristic cross-tail width. For example, consider if
dipolarizations at Mercury typically encompass the entire width of the magnetotail (-2 < Ymsm® < 2 Rwm).
Observing the local dawn side would only occur when the spacecraft is post-midnight (Ymsm < 0), and
observing the local dusk side would only occur when the spacecraft is pre-midnight (Ywmsm > 0). The
typical separation between observations of local dawn (on average, Yuvswm’ = —1 Rm) and of local dusk
(on average, Ymsw = 1 Rwm) would be 2 Ry, the half-width of the full structure (4 Rwm).
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We implement this methodology to determine the typical dipolarization half-width AY in Figure 6. We
select dipolarizations in the > 1 region (to avoid contamination from braking dipolarizations) that
possess significant bipolar signatures in 6By at the dipolarization front. We use the polarity of the 6By
signature and the spacecraft’s Zmsw' location to estimate if the spacecraft observed the local dawn or
local dusk side of the event. A total of 815 dipolarizations met these criteria, with the spacecraft
observing local dawn for 450 of these events, and local dusk for the remaining 365. The top panels of
Figure 6 display the superposed epoch 6B; and 6By profiles of these events. We invert the sign of 6By
for events when Zvsm < 0 to produce clear signals in the superposed 8By profiles (i.e., for events with
Zvsw < 0, we display —0By in Figure 6). The profiles look nearly identical in magnitude and timing,
with just the polarity of the 6By bipolar signature reversed. The bottom panel displays the cumulative
distribution function of the spacecraft’s Ymswm position for both local dawn (black) and local dusk (red)
observations. As expected, the spacecraft position is systematically shifted to greater Ywmsm When it
observed dipolarizations’ local dusk side. The separation between the two distribution functions
indicates the typical dipolarization half-width. To avoid outliers, we use the 25" to 75" percentiles
(dashed vertical lines) to estimate AY = 0.15 + 0.04 Rm. We combine the dipolarization half-width with
the Figure 6a B; profiles and the average downtail Vx flow (192 + 44 km/s; the horizontal dashed line in
Figure 4a) to estimate that a single dipolarization typically transports 0.053 + 0.019 MWb.

To supply the magnetic flux observed in the flux pileup region would therefore require 5 + 2
dipolarizations. The number of dipolarizations required to build the flux pileup signature is supported
observationally, shown in Figure 7. Figure 7a displays the number of dipolarizations identified during an
orbit versus the median time between those dipolarizations (time between successive dipolarization
fronts). We include the time between dipolarizations as it suggests a causal link; dipolarizations
separated by >2-3 min, for instance, may not be considered to be of the same substorm. Figure 7b shows
the marginal distribution of the number of dipolarizations observed per orbit, while Figure 7c shows the
time between individual dipolarization fronts (as opposed to the median separation time per orbit in 7a).
From Figure 7b, nearly half of orbits (818/1946 ~ 0.4) contain no dipolarizations. Of the remaining
orbits, more orbits contain more than one dipolarization than a single dipolarization. Approximately
~18% of all orbits (345/1946) contain 5 or more dipolarizations, with the most extreme containing 32.
Examining the time between dipolarizations (Figure 7c), most dipolarizations are observed in series with
one followed soon by another. The typical time between dipolarization fronts is between 5-20 s while
the typical dipolarization duration is ~10 s (Dewey et al., 2017). Combining these distributions together
in Figure 7a, only ~6% of orbits contain a sufficient number of dipolarizations (5) with median time
between dipolarizations < 20 s. While this is a small fraction of orbits, this determination is sensitive to
the number of active reconnection sites in Mercury’s magnetotail (e.g., if two reconnection sites are
active we may require the spacecraft to observe 2-3 dipolarizations for the orbit to qualify). We do not
intend this fraction of orbits to communicate how common large-scale pileup may occur, but rather that
the flux pileup signature identified statistically in Figure 5 is indeed possible to establish via multiple
dipolarizations.
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Figure 7. (a) Distribution of the number of dipolarizations observed per orbit versus the median
time between dipolarizations during that orbit, where the color bar indicates the number of
occurrences. White indicates no occurrences. (b) The marginal distribution of the number of
dipolarizations per orbit. (c) The distribution of the time between successive dipolarization
fronts. The dashed red lines correspond to thresholds discussed in the text. Arrows in (a) and (c)
indicate the number of orbits and dipolarizations, respectively, beyond the range of the plot.

3.4 Flow braking and flux pile-up example

Thus far, our investigation into flow braking and flux pileup at Mercury has been statistical in focus. To
ground these statistical results, we conclude this section by presenting an example of flow braking and
flux pileup in Mercury’s magnetotail, demonstrating that the statistical results described above are
representative of Mercury’s magnetosphere. Figure 8 displays MAG and FIPS observations on 07
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575  October 2014 from 18:17:00 to 18:20:00. During this interval, the spacecraft was located in Mercury’s
576  post-midnight magnetotail (Ymsm = —0.33 Rwm) close to Mercury’s nightside surface (altitude of ~700
577  km). At these coordinates, we expect the spacecraft to be within the typical braking region identified in
578  Section 3.1. The spacecraft crossed Mercury’s central current sheet, as evidenced by the change in sign
579  of both Bx and the Zmswe. During this crossing, MESSENGER encountered several dipolarizations,

580  marked by vertical red lines, and observed multiple magnetic and plasma signatures of flow braking and
581  flux pileup.

582
7 October 2014 18:18:28-18:18:49
[
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584 Figure 8. FIPS and MAG observations over 18:17:00 to 18:20:00 on 10-07-2014. The panels
585 from top to bottom are FIPS proton flux (values indicated by the color bar, units of s cm), By,
586 By, Bz, and magnetic field strength |B|. Below the bottom panel, the time and spacecraft position
587 are listed. The vertical red lines indicate dipolarization fronts as identified by the selection
588 algorithm (see Section 2 and Appendix A). The cyan and lime arrows correspond to magnetic
589 fluctuations described in the text. The grey shaded regions in each magnetic field panel indicate
590 typical magnetic field conditions at this location in Mercury’s magnetotail. In the FIPS proton
591 flux spectrogram, the gold and magenta boxed scans correspond to the integrated proton flux
592 maps above the panels. Each flux map indicates the proton flux observed by FIPS as a function
593 of direction in a Mollweide projection. The color bins correspond to the same color bar (units of
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st ecm sr?), light grey regions are those within the FIPS field of view but with no observed
plasma, and the white regions are those outside the FIPS field of view. Direction labels (e.g.,
+Xwmsw’) indicate the direction the protons are travelling towards.

To provide context to the magnetic field signatures observed during this interval, we include the typical
magnetic field conditions at the spacecraft’s location as shaded grey regions in each of the magnetic
field panels. To determine these conditions, for each point in the magnetic field time series within this
interval, we select the 10,000 magnetic field measurements taken closest to the spacecraft’s current
position that do not belong to the current orbit. We perform a weighted average on these measurements,
using the squared distance from each measurement to the current spacecraft position as that
measurement’s Weight, and evaluate variance. These statistical magnetic field conditions not only reflect
typical or background observations but also reveal effects of the spacecraft’s orbit. For example, the
crossing of the central current sheet marked by the reversal in Bx agrees well with the statistical
magnetic field description, confirming that this crossing is a result of spacecraft motion rather than
current sheet motion.

Prior to the arrival of the dipolarizations, the northward component of the magnetic field (B-) is weak at
~10 nT. At this location, the spacecraft typically observes B, ~ 70 nT (grey shaded region) indicating
that the current sheet is substantially thinned compared to nominal conditions. Each dipolarization
increases the northward component and total field strength, however, the first three dipolarizations
represent only transient increases (i.e., local plasma sheet thickening). The dipolarization fronts of the
first three dipolarizations increase the northward component (AB;) by 68.2 nT, 38.6 nT, and 45.6 nT
over atime of 0.75s, 0.45 s, and 0.45 s, respectively. Although each of these three dipolarizations reach
field strengths of ~40-50 nT following their dipolarization fronts, the enhancements are short-lived, with
the magnetic field returning to pre-dipolarization values 5.50 s, 1.65 s, and 4.55 s after the start of each
dipolarization, respectively. The final, and largest, dipolarization is associated with a prolonged
enhancement of the magnetic field. The final dipolarization front increases B, by 83.4 nT over 0.90 s,
reaching the statistically-observed B; for the only time during this interval. The final dipolarization front
reaches a local maximum in B; (95 nT), but unlike the other dipolarizations, the magnetic field does not
return to pre-dipolarization values. Instead, B, remains enhanced at ~55 nT with fluctuations of £13 nT
through the remainder of the interval. This magnetic field is still weaker than what is normally observed
at this location (~100 nT) but is notably enhanced above the field at the beginning of the interval,
representing a more permanent dipolarization of the field.

In addition to these B; signatures, the dipolarizations within this interval are also associated with By and
By perturbations. The first dipolarization is associated with intensification of both Bx and By, while the
final three dipolarizations display larger-amplitude quasi-periodic fluctuations in both Bx and By. These
quasi-periodic structures are most readily observed with the third and fourth dipolarizations. Between
the third and fourth dipolarizations, the enhancements in B last for ~1 s over which By changes by ~13
nT. The largest By perturbation is associated with the final dipolarization front, with ABx =30 nT. This
large By perturbation is associated with a bipolar By perturbation, consistent with the structure of an
electromagnetic pulse associated with Alfvén waves (e.g., Parks et al., 2007). Following the final
dipolarization front, additional fluctuations in Bx and By are observed. These perturbations (marked by
cyan arrows) are perpendicular to the magnetic field direction, have amplitudes ~6 nT, and period ~3.5
s. Near ~18:18:55, additional fluctuations are observed in the magnetic field (marked by lime arrows),
although these are predominately parallel to the magnetic field (primarily along B;). These perturbations
are similar to those analyzed at higher latitudes by Sun et al. (2015). The perpendicular fluctuations
following the final dipolarization front are consistent with Alfvén waves, while the later parallel
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fluctuations are consistent with compressional wave modes. Following the interpretation of Sun et al.
(2015), these waves are suggestive of flow braking.

To determine if these dipolarizations are associated with bulk plasma flows, we examine FIPS proton
flux maps. The two FIPS scans that cover the first three dipolarizations correspond to the gold-boxed
flux map, while the scans that cover the final dipolarization correspond to the magenta-boxed flux map.
For both ranges, the FIPS field of view is oriented such that it most readily detects protons traveling in —
Ywmsme and —Zuswe directions. While the missing regions of velocity space are too large to
unambiguously determine flow direction and magnitude, the FIPS scans that cover the first three
dipolarizations (18:18:07 to 18:18:28) are suggestive of a sunward flow with more plasma traveling in
+Xwmsm’ than in —Xwuswe. In contrast, the final dipolarization does not appear to be associated with a
substantial flow, with its flux map (18:18:28 to 18:18:49) appearing substantially more isotropic. The
average energy of protons within 45° of +Xwmsw is 11.2 + 4.6 keV in the first distribution and 3.6 £ 1.3
keV in the second. In contrast, the average energy of protons along all directions in each distribution is
2.8 0.4 keV and 3.2 £ 0.2 keV, respectively. The energy of protons near +Xwmsm’ decreases from much
greater than the distribution-average energy in the first distribution to within uncertainty of it within the
second distribution, consistent with the deceleration of a sunward flow.

Taken together, these magnetic field and plasma observations are indicative of flow braking and flux
pileup in Mercury’s magnetotail. In the span of ~30 s, the spacecraft observed four dipolarizations. The
first three appear associated with sunward flow and pass over the spacecraft, resulting in temporary,
transient increases in the magnetic field. The final dipolarization, in contrast, displays no meaningful
flow along Xmswme, and is instead associated with a prolonged magnetic field enhancement, characteristic
of flow braking and flux pileup. Additionally, perturbations in the magnetic field following the final
dipolarization are consistent with Alfvén and compressional waves expected to be associated with flow
braking at Mercury (Sun et al., 2015). From the first dipolarization to the last in this time series, the
spacecraft moved only 40 km sunward, 3 km duskward, and 60 km northward. For the spacecraft to
observe a series of sunward-traveling dipolarizations followed by an approximately stagnant flux pileup
region while moving only a small distance in Mercury’s magnetotail, it is possible that the final
dipolarization may in fact be the piled-up signature of the first three dipolarizations after they
experienced intense flow braking.

4. Discussion

Using an algorithm to identify magnetotail dipolarizations in the magnetic field time series, we have
presented both statistical and case study evidence for the flow braking and subsequent magnetic flux
pileup associated with dipolarizations in Mercury’s magnetotail. We find that downtail of the braking
region, the frequency of dipolarizations and the typical sunward flow speed of these structures remains
approximately constant. As dipolarizations approach Mercury’s near-tail region, as indicated by where
the proton plasma beta (B) reaches unity, both the frequency and flow speed of dipolarizations decrease
substantially. These observations are analogous to the earliest evidence for the existence of a flow-
braking region at Earth (e.g., Shiokawa et al., 1997). While Mercury’s braking region is thinner (~500
km) and situated closer to the planet (~900 km in altitude) than Earth’s, the intense magnetic pressure
gradients at both planets appear responsible for flow braking and deflection. Coincident with the
decrease in dipolarization frequency and flow speed, the magnetic pressure gradient in Mercury’s near-
tail region increases by a factor of 60 £ 20. The proton plasma pressure gradient also increases at this
location, but it increases by a more modest factor (16 £ 7).
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We find that as these dipolarization flows brake, they accumulate magnetic flux in Mercury’s near-tail
region. Within the braking region, dipolarizations are associated with prolonged enhancements in the
magnetic field, as opposed to transient enhancements observed with dipolarizations traveling quickly
over the spacecraft upstream of the braking region. We examine the magnetic flux budget of both this
pileup region and of individual dipolarizations to determine that spacecraft observations support these
statistical findings. Indeed, although building the synoptic flux pileup signature requires several
dipolarizations (5 * 2), dipolarizations are typically observed in series, such that the spacecraft has
observed this number or more of dipolarizations in sequence. More simply, we estimate that the flux
pileup region contains 0.28 + 0.08 MWb. Loading of Mercury’s magnetotail increases the magnetic flux
content of the lobes by 0.69 + 0.38 MWb (Imber & Slavin, 2017), so there is sufficient magnetic flux
loaded into the magnetotail during a typical substorm at Mercury to develop the flux pileup region (i.e.,
large-scale dipolarization).

4.1 Westward expansion of magnetic flux pileup

We find that the synoptic signature of magnetic flux pileup associated with dipolarizations in Mercury’s
magnetotail exhibits an asymmetry about local midnight, with a stronger dipolarized field pre-midnight
than post-midnight. This asymmetry in pileup is likely related to the asymmetry in dipolarization
occurrence and westward expansion of the pileup region. Consistent with previous studies of Mercury’s
dipolarizations (Sun et al., 2016; Dewey et al., 2018), we find that dipolarizations are more common to
Mercury’s post-midnight magnetotail as measured both by frequency and by fraction of orbits that
possess them. Without the ability to constrain the magnetic flux transported by each dipolarization
independently, we interpret the increased rate of dipolarizations post-midnight to indicate that more
magnetic flux is usually transported to the post-midnight inner magnetosphere than that pre-midnight,
such that we expect pileup to initiate more commonly post-midnight. If pileup is usually initiated in the
post-midnight sector, then its expansion westward into the pre-midnight sector may be responsible for
the statistical pileup signature we observe there. In Figure 3b, the average Vy flow of bins that intersect
the B = 1 contour or are planetward of it is 53 + 31 km/s, consistent with westward motion about the
planet. Westward expansion may explain why there are instances of pileup observed pre-midnight but it
does not immediately explain why the statistical pre-midnight pileup signature is stronger than that post-
midnight.

We hypothesize that two factors may contribute to the pileup strength asymmetry. For bins within the
breaking region in Figure 5a, we observe that the post-midnight bins contain a greater average number
of dipolarizations (44 + 7) than the pre-midnight bins (17 £+ 5). Similarly, the standard error in 6B is
greater post-midnight (5.0 £ 0.9 nT) compared to pre-midnight (2.8 £ 0.5 nT). We interpret the larger
number of dipolarizations and the greater variance in the pileup signature post-midnight to indicate that
the post-midnight statistical pileup signature may be averaged down by weak or non-instances of pileup.
One explanation could be that there is a threshold of pileup above which flux expands pre-midnight. At
Earth, azimuthal expansion occurs after substantial pileup. If this is true for Mercury, then while pileup
of all strengths may be observed post-midnight, only sufficiently strong instances of pileup expand
westward and can be observed pre-midnight. In other words, weaker instances of pileup act to dilute the
statistical post-midnight pileup signature. A second and similar explanation could be that some
dipolarizations within the typical breaking region may not have experienced strong breaking when they
are observed by the spacecraft. Such dipolarizations are not expected to produce a pileup signature, so
when they are observed in the braking region, they would weaken the statistical pileup signature there.
For example, the case study examined in Section 3.4 contains four dipolarizations, only the last of which
exhibits pileup. The four dipolarizations map to the same bin in Figure 5a so the first three
dipolarizations dilute the pileup signature of the fourth. These two factors have different physical
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mechanisms but the same implication: the pre-midnight pileup signature is biased by stronger, less
frequent instances of pileup resulting from westward expansion while the post-midnight signature is
averaged down by weak or non-pileup events. Future investigations into this topic at Mercury will be of
particular value in addressing the degree to which these mechanisms explain the asymmetry in pileup.

4.2 Substorm current wedge formation

At Earth, flux pileup is associated with the substorm current wedge: could a current wedge exist at
Mercury? Without ground magnetometers or multi-point spacecraft observations, it may be difficult to
determine unambiguously. However, the results described in Section 3 suggest it may be possible, if not
common, to Mercury’s substorms. Alfvén waves, and the field-aligned currents they carry, communicate
motion of magnetic field lines of the magnetosphere to the inner conducting boundary in which they are
rooted (Southwood & Kivelson, 1991). For Earth, this boundary is the ionosphere, while at Mercury, it
is its large conducting core. For a static field-aligned current system like the substorm current wedge to
establish, it requires multiple bounces of the current-carrying Alfvén waves (see, e.g., Kepko et al.,
2015b). At Mercury’s braking region, we find a typical Alfvén speed of ~1,000 km/s (see Figure 4d).
We estimate, by assuming dipole field line geometry, that field lines are ~2 Rw in length above
Mercury’s conducting core at local midnight within the braking region. For such locations close to the
planet, the assumption of dipole field line geometry is expected to be valid (see, e.g., Rong et al., 2018).
To execute a complete round-trip bounce would therefore require ~10 s for an Alfvén wave assuming
the Alfvén speed remains constant along the field line. If we assume the magnetic field strength along
the field line scales like that of a dipole field line, then the round-trip time would be ~6 s. The typical
substorm unloading time at Mercury is ~100 s (Imber & Slavin, 2017), allowing for many bounces of
Alfvén waves within the braking region.

Although the typical substorm unloading duration allows for many (~10-16) bounces of Alfvén waves to
attempt to establish a static current system, the resistive regolith that covers Mercury conductive core
presents additional restraints on establishing a current wedge. To communicate with the core, the skin
depth of the Alfvén wave must be greater than the depth of the regolith. With a period of ~6-10 s and a
height-integrated regolith conductivity of ~1 siemen (Anderson et al., 2014), the skin depth of these
Alfvén waves would be between 750-960 km, which is greater than the regolith layer (~400 km). While
these Alfvén waves reach the conductive core, their passage through the resistive regolith reduces their
current density. In a round-trip bounce, the waves pass through an accumulated ~1,600 km of regolith,
such that the amplitude (i.e., current density) of the waves after a complete bounce would only be ~12-
19% the initial value. Therefore, while a single Alfvén wave within the braking region may complete a
sufficient number of bounces during a typical substorm unloading to establish a static field-aligned
current system, the resulting current density would be negligible. Furthermore, while the bounce time is
substantially smaller than the substorm unloading time at Mercury, it is on the similar time scale as an
individual dipolarization. As observed by dipolarizations passing over the spacecraft, the transient
increase in the magnetic field associated with individual dipolarizations last for ~10 s (see Dewey et al.,
2017 and Figure 5b above). Dipolarizations are expected to interact with the braking region for about
this duration as well. This timescale allows for only ~1-2 round-trip bounces of an Alfvén wave, an
insufficient number to prevent the dipolarization structure from dissipating. Both the damping of Alfvén
waves and the dissipation of an individual dipolarization structure before a static field-aligned system
can be established point towards a common solution: continuous supply of dipolarizations.

When observed, dipolarizations are more commonly observed in series with other dipolarizations than as
isolated events (see Figure 7b). A series of dipolarizations, one after another, would supply new Alfvén
waves to the braking region (e.g., Sun et al., 2015 and Section 3.4 above) and allow existing Alfven
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waves to maintain the magnetic shear about incoming dipolarizations that separate them from the
surrounding plasma (i.e., prevent dissipation). Indeed, from flux budget analysis of a typical
dipolarization compared with the flux loaded into the magnetotail (Imber & Slavin, 2017), we expect
multiple (13 £ 9) dipolarizations during a substorm unloading phase. With most dipolarizations observed
~5-20 s apart (Figure 7c), these dipolarizations would arrive at the braking region within 1-2 Alfvén
bounce times of another. Therefore, despite the limitations imposed by the conducing core, the resistive
regolith, and the Alfvén bounce times, observations of dipolarizations at Mercury suggest a current
wedge structure appears possible to form in Mercury’s magnetotail. With the expectation that such a
current wedge at Mercury would require the interaction between the field-aligned current systems (i.e.,
Alfvén waves) of multiple, successive dipolarizations, it is surprisingly similar to the “wedgelet”
conceptual model of Earth’s substorm current wedge.

With the formation of a current wedge possible at Mercury, we determine its characteristics by
examining the synoptic flux pileup signature (i.e., large-scale dipolarization) of Figure 5. Using a simple
current wedge line model (e.g., Poh et al., 2017b), we estimate that the current consistent with this
enhanced 8B would need to be ~14.6 + 5.0 kA in the plasma sheet. This current is ~20 times weaker
than that at Earth (e.g., Kepko et al., 2015b; Birn et al., 2019). From the weak sunward flow in the
braking region (~50-100 km/s), we estimate that the potential drop across the current wedge in the
equatorial plane would be ~12.2 + 3.4 kV, indicating a height-integrated electrical conductance of ~0.8
+ 0.4 siemens, which is consistent with recent estimates from Mercury’s Region-1 static current system
(Anderson et al., 2014).

4.3 Core induction and surface precipitation

The substorm current wedge may not be the only means by which dipolarizations and the magnetotail
couple to Mercury’s conducting core. Mercury’s core responds to compression of the magnetosphere by
inducing currents on its surface to resist these changes. The topic of induction has been most thoroughly
studied with regards to changes in solar wind dynamic pressure (e.g., Slavin et al., 2014; Jia et al., 2015;
Zhong et al., 2015; Johnson et al., 2016; Jia et al., 2019) but studies of Mercury’s magnetotail have also
discussed the possibility of inducing currents on the core’s nightside surface in response to compression
of the planet’s nightside inner magnetosphere (e.g., Dewey et al., 2018). Based on our findings, we
expect that dipolarizations are unlikely to elicit a strong inductive response from the planetary core.
Dipolarizations provide only small increases in dynamic pressure with which to compress Mercury’s
nightside magnetic field. Given the characteristics of dipolarizations described in Section 3 and by
Dewey et al. (2018), the typical dynamic pressure of a dipolarization is of order ~0.1 nPa. Mercury’s
inner magnetosphere has magnetic pressure of order ~5 nPa (see Figure 4) so individual dipolarizations
are unlikely to substantially compress the nightside inner magnetosphere and generate inductive currents
on the core. By comparison, changes in solar wind dynamic pressure along Mercury’s highly eccentric
orbit (~11 nPa at aphelion to ~26 nPa at perihelion, Slavin & Holzer, 1981) result in induction currents
that change Mercury’s magnetic moment by only ~5% (Johnson et al., 2016). To reach similar dynamic
pressures in Mercury’s magnetotail, dipolarizations would need to be associated with extreme density (>
5 cm®) and flow speeds (>1,000 km/s). Even then, dipolarizations are localized in cross-tail extent so
they would only compress the nightside inner magnetosphere regionally. Increases in solar wind
dynamic pressure compress the dayside magnetosphere globally so any nightside inductive currents
would be much smaller in spatial extent on the core than the dayside equivalents.

Dipolarizations also interact with Mercury’s surface. There is some evidence that a small fraction of
dipolarizations may reach Mercury’s low latitude nightside surface. The occurrence maps of
dipolarizations (Figure 2) indicate that some dipolarizations are observed at < 200 km altitude.
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Furthermore, organizing dipolarization frequency about g = 1 (Figure 4) indicates that far downstream
of the braking region (e.g., AXmswm' = 0.5 Rwm) dipolarizations are still observed even if at a low rate. At
these locations, the rate of dipolarizations (~0.1-0.2 min™) is much lower than the downtail occurrence
(~0.6 min't) implying that no more than ~10-20% of dipolarizations travel far beyond the braking
region. At the flanks of the magnetotail, dipolarizations traveling this far beyond 3 = 1 may return their
magnetic flux to the dayside directly, while those behind the planet may impact the low latitude surface
(or approach within a gyroradius of the surface). As most precipitation in Mercury’s plasma sheet is
expected at mid- or high-latitudes (e.g., Korth et al., 2014), the opportunity for dipolarizations to
transport plasma and magnetic flux directly to the low latitude surface may have consequences for
exospheric generation and space weathering (e.g., Raines et al., 2016). Aside from dipolarizations
reaching the low-latitude nightside surface, the close proximity of the braking region to the planet’s
surface (altitude of ~900 km) results in large expected loss cones (~25-40°) such that substantial plasma
precipitation may occur with most dipolarizations in the braking region already. The mass transport of
dipolarizations in Mercury’s magnetotail deserves further dedicated study.

5. Conclusions

We present strong evidence for flow braking and magnetic flux pileup associated with dipolarizations in
Mercury’s magnetotail. We summarize our findings in Figure 9, a schematic representation of flow
braking, flux pileup, and current wedge formation. Dipolarizations first begin in the mid-tail as a product
of reconnection and are transported sunward by the fast reconnection outflows. As dipolarizations and
their associated flows approach Mercury’s inner magnetosphere, the flows encounter steep magnetic
pressure gradients from Mercury’s planetary dipole field, causing the flows to brake and deflect. A small
fraction (no more than ~10-20%) of dipolarizations may be able to reach the dayside magnetosphere or
Mercury’s nightside surface while the remainder typically brake within a region ~500 km in thickness
located ~900 km in altitude above Mercury’s local midnight surface as evidenced by substantial and
significant decreases in dipolarization frequency and sunward flow speed. As dipolarizations brake, their
transported magnetic flux accumulates. Current-carrying Alfvén waves generated by the motion and
braking of the dipolarization field lines communicate these changes to Mercury’s conductive core. As
additional dipolarizations brake and pileup, the large-scale dipolarization near the inner magnetosphere
expands westward into the pre-midnight magnetotail. Simultaneously, the interaction of the Alfvén
waves from the braking of multiple, continuous dipolarizations may be able to establish a large-scale
current system to support the enhanced magnetic field within the pileup region, akin to Earth’s substorm
current wedge. Despite the differences between Mercury and Earth’s magnetospheres, namely the
smaller spatiotemporal scales, enhanced effects of magnetic reconnection, and lack of ionosphere at
Mercury, the dynamics of dipolarizations are surprisingly similar. While we have presented both
statistical analysis and a case study in support of our conclusions, observations from the en route
BepiColombo spacecraft mission and global modeling simulations of Mercury’s magnetosphere will be
of particular value to continue to investigate and constrain these results.
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(1) Magnetotail reconnection
(2) Flow braking and diversion

=P Dipolarization flow

Dipolarization field line S B

Figure 9. Schematic of flow braking, flux pileup, and current wedge formation from
dipolarizations within Mercury’s magnetotail. The colored boxes are the pileup observations
from Figure 5. Features are at accurate scaling with respect to each other.
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Appendix A: Dipolarization identification algorithm

The dipolarization identification technique is described briefly in Section 2. In this appendix, we
describe the procedure in greater detail. Previous approaches to determining dipolarizations via
autonomous algorithms have focused on identifying the leading edge of the event (dipolarization front)
using a sliding window (e.g., Liu et al., 2013; Sun et al., 2016). We follow a similar, but modified
approach, first identifying potential dipolarization fronts within the magnetic field time series and then
applying a series of physical tests to determine if these signals represent dipolarizations. We take
advantage of the initial statistical characterization of dipolarizations at Mercury from Sundberg et al.
(2012), Sun et al. (2016), and Dewey et al. (2017) to set several empirical limits in identifying events.

To identify potential dipolarization fronts, we examine each point in the B,(t) time series for a strong,
local, coherent, positive gradient. At point i in the time series (i.e., t = t;), we determine the minimum
time (4t) by which B, increases by 4B,, i.e., B,(t; + At) = B,(t;) + AB,. The parameter 4B, will
therefore be the minimum increase in B, of an identified dipolarization front. We use 4B, = 10 nT,
which corresponds the 5" percentile of dipolarization front 4B, identified by Dewey et al. (2017). In
other words, 95% of dipolarizations identified by Dewey et al. (2017) have dipolarization front 4B, >
10 nT. For the interval of t; to tj + At to qualify as a potential dipolarization front, we require:

1. AB,/At = 5nT/s;
2. minimum(B, (t; < t < t; + At)) = B,(t,); and
3. u(6B,(t; <t < t; + 4t)) > 0(8B,(t; < t < t; + Ab))

where 6B, (t) is the point-to-point change in B,(t), u is the mean function, and o is the standard
deviation function. The first criterion requires local gradients to be both strong and positive, while the
last two criteria require local gradients to be coherent. We set the threshold of the first criterion
empirically by examining dipolarizations of Dewey et al. (2017), the distribution of AB,(4t) across the
1,946 dipolarization-search intervals, and to avoid misinterpreting the spacecraft’s motion through the
current sheet (or the current sheet’s motion over the spacecraft) as a potential event. Each group of
sequential points in the time series that meet these three criteria is determined to be potential
dipolarization front. We require that each potential dipolarization front have a minimum duration of 0.4
s (eight or more sequential MAG observations) to ensure the dipolarization front is well resolved. For
comparison, Dewey et al. (2017) found a minimum dipolarization front duration of 0.7 s.

To determine if a potential dipolarization front corresponds to a dipolarization or not, a series of tests are
applied. These tests include physical and statistical considerations and are designed to mimic signals that
one’s eye would use to select dipolarizations and to avoid false-positives from other magnetotail
phenomena, such as flux ropes, tail flapping, and magnetospheric waves Because the duration of
dipolarization fronts can vary substantially (i.e., from < 1sto >5s, see Dewey et al., 2017), these tests
use time durations standardized by the potential dipolarization front’s duration Atpr. The first test
evaluates if the increase in B; across the potential dipolarization front is meaningful compared to the
fluctuations in the magnetic field that surround it:

u(B,(t; <t <ty +ydltpr)) — u(B,(t, — adtps < t < t;))

\/U(Bz(tz <t<t,+ )/AtDF))Z +0(B,(t; — adtpr < t < tl))2
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where t1 is the start time of the potential dipolarization front, t. is the end time of the potential
dipolarization front, and therefore Atpr = t — t1. The parameters a, y, and n are determined from
optimization, described below. The second test evaluates if the potential dipolarization has sufficient
duration:

T, > eltpr
where

T, =t(B, = @(B,(ty <t <t)));t >t;) — t,

and [ is the median function. The parameter t, reflects the duration of time following the end of the
potential dipolarization front that B; is elevated above the median B, during the potential front. The
parameter ¢ is determined from optimization. The third test evaluates if the potential dipolarization
stands above the preceding magnetic field for sufficient time:

t1 —to — Ty > (Atpp
where

t1
j A(t) dt =1,
to

and
1for B,(t) = fi(B,(t; <t < t;))

A {0 for B,(t) < fi(B,(t; <t < ty))

and ¢ is determined from optimization. This third test is similar to the second in that it determines the
duration of time before the potential dipolarization front that the magnetic field was below the median
level during the potential front, but with the addition that it allows for short intervals of time (relative to
the duration of the potential dipolarization) that the field was above the median level. We find that
dipolarizations often occur in series with other dipolarizations (e.g., see Figure 7 within Section 3.3 or
Figure 2 of Sundberg et al., 2012) and that without allowing for an interval of B, greater than the median
level, many dipolarizations in series would be disqualified. The final test evaluates how the change in B;
across the dipolarization front compares in magnitude to the preceding field:

Bz(tz) - Bz(tl)
%
u(B,(t, — {Atpp <t < ty))

where v is determined by optimization. We experimented with additional tests and tests with different
functional forms, and found that these four tests provide the minimum yet sufficient criteria to determine
which potential dipolarization fronts indeed correspond to dipolarizations.

To optimize the six (a, v, m, &, {, and v) free parameters, we developed a training set of dipolarizations
to determine algorithm performance. We selected, at random, 196 of the 1,946 intervals (~10%) and for
each potential dipolarization front within these selected intervals, evaluated by eye whether it
corresponds to a dipolarization. The 196 intervals contain 1,775 potential dipolarization fronts, of which
623 correspond to dipolarizations and 1,152 do not. By systematically varying the six free parameters,
we evaluated algorithm performance on this training set. We follow the optimization technique outlined
by Azari et al. (2018), which focuses on the Heidke Skill Score (HSS) for evaluating and optimizing
algorithm performance. HSS ranges from —o (perfect anti-prediction) to 1 (perfect prediction), with
HSS = 0 representing prediction as good as random change. For a discussion of the advantages of using
HSS for identification algorithms in space physics, see Azari et al. (2018) and references therein. For
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our algorithm, maximizing HSS to determine free parameter values led to a large fraction of false
positives identified as events. At the maximum HSS (0.806), 13.0% of events identified by the algorithm
to be dipolarizations were false positives, and 7.1% of all 1,152 non-dipolarizations were detected as
events. We therefore modified the Azari et al. (2018) approach by limiting the maximum fraction of
false positives to 5%. Setting this limit, the maximum qualifying HSS is 0.764, corresponding to free
parameter values of

a=175
y = 1.50
n =175
e=1
(=2
v=20.3

With these parameters, the rate of dipolarization detection is 73.7%, the rate of non-dipolarizations
being detected as events is 2.1%, and the fraction of algorithm-identified events that are false positives is
5.0%. The HSS of 0.76 indicates this algorithm identifies dipolarizations much better than random
chance. For comparison, semi-autonomous identification of injection events at Saturn by Azari et al.
(2018) has an HSS of 0.56, while space weather models typically have HSS < 0.5 for predicting
magnetic perturbations at ground magnetometer stations (Pulkkinen et al., 2013).
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Appendix B: Statistical flows from partial FIPS composite velocity space distributions

To estimate ion bulk flows, we follow the procedure developed by Dewey et al. (2018). We refer readers
to that study for technical details of the method and its implementation. Below we present a summary of
the method and expand its capabilities to evaluate flows from velocity space distributions less complete
than those presented in Dewey et al. (2018).

FIPS cannot measure complete velocity space distributions at its native time resolution due to limitations
imposed by the MESSENGER spacecraft. The spacecraft is three-axis stabilized so FIPS only observes
~1.15x sr of the sky during a single scan. Although the spacecraft does not spin, it does rotate slowly
over the course of its orbit (~0.04 deg/s) to keep the sunshade pointed sunward and to regulate the
pointing of remote sensing instruments. This rotation is too slow for FIPS to construct complete velocity
space distributions between subsequent scans but it does change the pointing of the FIPS instrument
over time. Constructing a complete velocity space distribution therefore requires combining FIPS scans
from different intervals. Selecting FIPS observations of similar magnetospheric phenomena (e.qg.,
dipolarizations) allows us to construct a statistical description of velocity space associated with those
events from which we can determine bulk flows.

Despite the number of FIPS scans combined to form a composite velocity space distribution, this
distribution will not be complete in velocity space. The center of FIPS’s field of view (FOV) is
approximately perpendicular to the spacecraft’s sunshade so FIPS cannot observe to within ~20° of the
spacecraft’s sunshade axis. The requirement that the sunshade points sunward therefore prevents FIPS
from observing within ~20° of £Xmsm. When calculating statistical flows, Dewey et al. (2018) mitigate
the effects of missing velocity space regions by comparing the velocity space distribution to that
produced by a software model of the FIPS instrument (Dewey, Raines, & Tracy, 2017). In our study, we
use fewer FIPS scans on average in constructing composite velocity space distributions, and as a
consequence, many of these distributions have larger missing regions than the distributions discussed in
Dewey et al. (2018). Figure B1 provides examples of distributions used in determining statistical flows
for Figure 3. Figure Bla is a nearly complete distribution similar to that of Dewey et al. (2018) while
B1b is less complete.

To determine which velocity components can be reliably determined from these less complete
distributions, we define several parameters that quantify how much of velocity space is observed and
how symmetric that coverage is. First, we define the FOV distribution F(6, ¢). This distribution has
standard spherical coordinates with 6 as the zenith angle and ¢ as the azimuth angle. The value of

F(6, ¢) is binary: F(0,¢) = 1 for velocity space directions observed by one or more FIPS scans and

F (6, ¢) = 0 for unobserved directions. We use F (0, ¢) to define the normalized effective steradians (2;
that can contribute to calculating each velocity component:

2w T

— 1 3
=5 f f F(6,$) (6, $)| sin6 dode
0 0

where i is a direction (e.g., Xmsw) and J; (8, ¢) is the expression of unit vector 7 in spherical coordinates
(e.g., J,(6, ) = sin B cos ¢). The parameter £2; has the range [0, 1] and communicates the weight of the
missing regions in determining the velocity component Vi. If 2; ~ 1 then any unobserved directions in
the composite distribution have little or no effect in determining Vi. Conversely, £2; ~ 0 indicates that
there is little or no information available to determine Vi. It is worth noting that £; of different velocity
components are not independent; 2,, = 1 requires both 2, = 1 and 2, = 1. For the distribution in
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Figure Bla, £2,, = 0.84, 2,, = 0.96, and 2, = 0.98, i.e., the distribution is practically complete along
Ywumsm and Zuswe With the missing regions mostly affecting Xwmsme. Figure B1b is less complete in
coverage and has 2, = 0.44, (2, = 0.60, and 2, = 0.59. Finally, we define the symmetry ratio &;:

'__1'_|wi
o1+ o

where
2T T

_ 1 in6 dod
wi—mofofﬂw)]i(a@sme 0de

is the normalized difference in effective steradians between the +i directions. The parameter @; has the
range [(202; — 1) > 0, 1] and communicates the relative symmetry of 2; between the i directions. In
other words, @; = 1 indicates that there is no asymmetry in the observed portions of the distribution
between +i and —i, while @; = 0 indicates that all observed portions of the distribution are in one
hemisphere (e.g., only observations of +i and none of —i). A @; = 0.5 value indicates that one
hemisphere (e.g., +i) has twice the observed velocity space contributing to determining Vi than the other
hemisphere (). Figure Bla has @, = 0.91, @, = 0.98, and @, = 1.00, while Figure B1b has &, =
0.85, @, = 0.41, and @, = 0.25. In other words, while there is little or no bias along any direction in
Figure B1la, there is substantial asymmetry along £Ywmswm and £Zuswe in Figure B1b. Used together, 0;
and @; indicate how complete and unbiased, respectively, the velocity space distribution is for
determining Vi.

We use the FIPS software model to set thresholds on 2; and @; for calculating and displaying velocity
components (e.g., Figure 3). With a set of input plasma moments, we use the software model to generate
a complete velocity space distribution to which we apply missing angular regions and calculate resulting
plasma moments. We generate 12.4 million unique combinations of plasma moments and velocity space
coverage to determine how the coverage affects determination of plasma moments. To keep root-mean-
squared errors in Vi less than either 25% or 25 km/s (whichever is greater for a given set of plasma
moments) requires £2; > 0.4 and @; > 0.7. Above these thresholds, errors in proton density are less than
8% or 0.1 cm™ and errors in proton temperature are less than 20% or 2 MK. We implement these
thresholds in calculating and displaying statistical plasma flows in Figure 3. If either 2; or &; for a given
flow component is below its threshold, we do not display that flow component in Figure 3 (i.e., it is
displayed as a grey bin). If both £2; and &, are above their thresholds, then we display the flow
component and incorporate the uncertainty from the missing velocity space regions with the statistical
and systematic uncertainties already prescribed by Dewey et al. (2018). For the example distributions in
Figure B1, we calculate and display all three flow components from the distribution in Figure Bla, but
only calculate and display the VVx component in Figure B1b.
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Figure B1. Composite velocity space distributions from FIPS measurements of dipolarizations. (left
column) Proton flux maps, where white are unobserved regions and grey are observed regions that have
no measured counts. (right column) Number of FIPS scans that contribute to constructing the proton flux
maps for each direction in velocity space. White indicates that no scans observe that direction. The text
between the distributions indicates which location of Figure 3 these distributions correspond to as well
as the number of dipolarizations used to construct the composite distributions.
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