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Abstract we present Magnetospheric Multiscale mission (MMS) observations of Hall physics in the
magnetotail, which compared to dayside Hall physics is a relatively unexplored topic. The plasma consists
of electrons, moderately cold ions (T ~ 1.5 keV) and hot ions (T ~ 20 keV). MMS can differentiate between
the cold ion demagnetization region and hot ion demagnetization regions, which suggests that MMS was
observing multiscale Hall physics. The observed Hall electric field is compared with a generalized Ohm's
law, accounting for multiple ion populations. The cold ion population, despite its relatively high initial
temperature, has a significant impact on the Hall electric field. These results show that multiscale Hall
physics is relevant over a much larger temperature range than previously observed and is relevant for the
whole magnetosphere as well as for other astrophysical plasma.

1. Introduction

In magnetic reconnection, reconfiguration of the magnetic topology and particle demagnetization, breaking
the frozen-in condition E 4+ v X B = 0, allows for mixing of plasma across boundaries and energy transfer
(Vasyliunas, 1975). Particle demagnetization occurs inside magnetic structures which are thinner than the
particle’s gyro radius (Biichner & Zelenyi, 1989). Therefore, particle demagnetization depends on the parti-
cle's mass, energy, and the magnetic field. Near the center of a thin current sheet, a particle is expected to
demagnetize and assume a meandering orbit, when its gyro radius exceeds the distance to the center of the
current sheet, the so called meandering orbit scale (Ishizawa & Horiuchi, 2005; Kuznetsova et al., 1998).

Hall physics can arise anywhere ion demagnetization occurs. The differential motion between magnetized
electrons and demagnetized ions generates the Hall current, which sets up the Hall electric and magnetic
fields (Nagai et al., 2001; Sonnerup, 1979). Magnetic reconnection is often considered a two-scale process due
to the large difference between the scales on which electrons and ions become demagnetized. The two-scale
model of reconnection assumes a single electron population and a single ion population. Observation and
simulations of reconnection with ion populations with different temperatures have shown that there exists
an outer hot ion demagnetization region with reduced Hall current and an inner cold ion demagnetization
region (André etal., 2010; André et al., 2016; Divin et al., 2016; Toledo-Redondo et al., 2015). The Hall current
introduces instabilities which may trigger reconnection onset, which means that multiscale Hall physics,
with reduced Hall current, may change the micro physics of magnetic reconnection (Biskamp et al., 1997;
Birn et al., 2001; Shay et al., 2001). However, 2-D particle-in-cell simulations have shown that introducing
cold ions, while keeping the density constant, does not significantly change reconnection rate (Dargent et al.,
2017; Divin et al., 2016).

Many observations of multiscale Hall physics come from the dayside magnetopause, and may not be appli-
cable in the magnetotail, where the conditions are different. Dayside reconnection has asymmetric inflow
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conditions, with low magnetospheric density and high magnetosheath density. This causes the Hall fields
to become more pronounced on the magnetospheric side, so that the Hall electric field becomes almost
monopolar (Mozer et al., 2008; Pritchett & Mozer, 2009). Furthermore, at the dayside magnetopause, cold
ions are mainly found on the magnetospheric side, introducing a cold ion asymmetry, whereas in the
magnetotail cold ions can be present on both sides of the neutral sheet.

The lower density in the magnetotail makes it more difficult to produce accurate particle distributions. In
addition, the Hall electric field in the magnetotail is often close to Zg, which for many missions (i.e., Clus-
ter; Time History of Events and Macroscale Interactions during Substorms; and Magnetospheric Multiscale
mission, MMS) is close to the satellite's spin axis. This means that the accuracy of the measurements of the
Hall electric field is largely dependent on the capabilities of the axial electric double probes, or in the case
of Cluster, the lack thereof.

It is known that in many cases the cold (T < 60 eV) ions dominate the tail lobe plasma (André & Cully, 2012;
André et al., 2015; Engwall et al., 2008, 2009; Huddleston et al., 2005). During high geomagnetic activity,
increased ionospheric ion outflow and enhanced convection cause an increased transport of cold ions to the
plasma sheet (Li et al., 2013). It has been unclear whether cold (tens of electronvolts) lobe ions that enter
the hot (>10 keV) dense plasma sheet can remain cold enough to behave as a separate population.

In a recent paper, Alm et al. (2018) used 3-D electric field measurements and high time-resolution particle
distributions from the MMS to characterize the Hall electric field during a partial plasma sheet crossing.
A majority of the Hall electric field was supported by the j X B term of the generalized Ohm's law, with
significant contributions from the cold ion convective electric field and divergence of the electron pressure
(Alm et al., 2018). In the aforementioned paper, the plasma sheet crossing was superficial, the reconnecting
component (By) was always <7 nT, and the satellites never crossed the neutral sheet. Furthermore, the cold
ions consisted of lobe ions (T < 100 eV) which had entered the plasma sheet without prior heating, resulting
in an extreme temperature difference between the hot and cold ions.

In this paper we present a deep partial plasma sheet crossing (min(By) = 0.6 nT), allowing us to study the
evolution of the cold ions down to the central plasma sheet. Many previous studies of multiscale Hall physics
have focused on events where the cold ions are up to 2 orders of magnitude colder than the plasma sheet
ions. In this event MMS observes mixing of hot (T ~ 20 keV) plasma sheet ions and preheated, moderately
cold (T ~ 1.5 keV) lobe ions. This allows us to investigate if previous findings are applicable when the
temperature difference between the two ion populations is less extreme, which would suggest that multiscale
Hall physics is relevant over a larger temperature range than previously thought.

2. Observations

MMS measures electric and magnetic fields using two fluxgate magnetometers (FGM), axial and spin plane
electric double probes (EDP), a search coil magnetometer, and an electron drift instrument (Ergun et al.,
2016; Le Contel et al., 2016; Lindqvist et al., 2016; Russell et al., 2016; Torbert, Russell, et al., 2016; Torbert,
Vaith, et al., 2016). The fast plasma investigation (FPI) provides 3-D electron and ion distributions in the
energy range 10 eV to 30 keV, with a burst-mode time resolution of 30 and 150 ms, respectively (Pollock et al.,
2016). The hot plasma composition analyzer (HPCA) provides energy, angular distribution, and composition
of ions 1 eV to 40 keV and is complemented by the energetic ion spectrometer (EIS), which covers 20- to
>500-keV protons (Mauk et al., 2016; Young et al., 2016).

The event described here occurred on 21 August 2017, around 17:57 UT. MMS was located in the near-Earth
tail, at [-11.7, 7.3, 6.9] R; (GSM), just north of the nominal plasma sheet boundary. While Hall physics is
usually associated with the more distant tail, Hall current systems have been reported in the near-Earth
tail, for example, Nakamura et al. (2018). The mean satellite separation was 20 km, minimum separation of
17 km between MMS3 and MMS4, and maximum separation of 29 km between MMS2 and MMS4.

Figure 1 is an overview of the event as observed by MMS2. MMS2 was initially located in the plasma sheet
boundary layer, close to the plasma sheet. This is inferred from the strong magnetic fields (Figure 1a), the
lack of high-energy ions (Figures 1b and 1c) and intermittent observation of ~3-keV plasma sheet elec-
trons (Figure 1e). The ion temperature was ~1.5 keV, more than 1 order of magnitude higher than typically
observed in the lobes but an order of magnitude lower than the ~20 keV later observed inside the central
plasma sheet.
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Figure 1. Overview of the event as observed by MMS2, vector quantities in GSM. (a) Magnetic field (FGM),

(b) hydrogen ion pitch angle spectrogram (EIS), (c) hydrogen ion energy spectrogram (EIS). The dashed lines denote
the field of view of EIS. (d) Ion energy spectrogram (FPI), (e) electron energy spectrogram (FPI), (f) ion bulk velocity
(FPI), (g) plasma density (FPI), (h) plasma temperature (FPI), (i) electric field (EDP), (j) curlometer current (FGM).
MMS = Magnetospheric Multiscale mission; FGM = fluxgate magnetometers; EDP = electric double probes; FPI = fast
plasma investigation; EIS = energetic ion spectrometer.

Between 17:56:30 UT and 17:57:20 UT, MMS observed two plasma sheet crossings, indicated by the increase
in plasma temperature and density, and the decrease in magnetic field strength. The lack of a By reversal
indicates that both plasma sheet crossings were partial. The two plasma sheet crossings were associated with
increased ion fluxes at energies >1 keV, observed by FPI and EIS. The 20-s periodicity in the EIS particle
flux is from the time required for EIS to achieve full sky coverage by sweeping the sky over the course of one
satellite spin period.

The second partial plasma sheet crossing exhibited a deep magnetic minimum (|B| < 1 nT) and an ion
temperature of more than 20 keV (Figure 1h), suggesting MMS was close to the neutral sheet. The inbound
leg did not exhibit strong electric fields or currents but an enhanced earthward ion flow of ~500 km/s. The
outbound leg exhibited a negative E, of more than 100 mV/m, which corresponds to the expected direction
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of the Hall electric field in the northern hemisphere, and currents in excess of 140 nA/m?. Furthermore,
MMS observed strong flows toward the neutral sheet, consistent with the inflow direction as well as cross
tail flows.

Figure 2 focuses on the outbound leg of the second plasma sheet crossing. The orientation of the plasma
sheet was determined using minimum variance analysis of the magnetic field (Sonnerup & Cahill Jr, 1967).
The minimum variance analysis of the magnetic field shows that for both the inbound and outbound pass,
Lis ~ Xggy [0.95 —0.10 0.31], M is [—0.18 0.62 0.77], and N is [-0.27 —0.78 0.56]. These results are also
supported by maximum variance analysis of the current and maximum directional derivative analysis of
the magnetic field (Haaland et al., 2004; Shi et al., 2005). From here on, LMN coordinates will be used to
describe vector quantities.

The agreement between the electric field and the electron convective electric field —v, x B, seen in
Figures 2b-2d, indicates that the electrons are magnetized. In contrast, —v; X B is smaller than the observed
electric field but nonzero, indicating that the ions are demagnetized. The presence of both demagnetized
ions and magnetized electrons indicates that MMS was located inside a Hall region. Since —v; X B was cal-
culated using the FPI bulk ion moments, which do not cover the full energy range of the hot ion population.
HPCA spans a higher energy range, covering more of plasma sheet ion, but the time resolution (10 s) is
insufficient for studying Hall physics. As seen in Figure 1b, EIS detects higher ion fluxes for low pitch angles,
which indicates they are mostly field aligned and should not contribute to —v; x B.

As seen in Figure 2e, inside the plasma sheet it is hard to distinguish between the two ion populations based
on their energy. The two populations have comparable total energy but the cold ions have more energy in
the bulk velocity than thermal velocity. Figure 2f, illustrates the difference between the two ion populations.
Outside the central plasma sheet (after 17:57:13 UT), the ion flux is enhanced for pitch angles around 90°,
which is expected from magnetized particles with comparable bulk and thermal velocity. Deeper inside the
plasma sheet, MMS observes moderately cold ions around 90° pitch angle and hotter ions at pitch angles
<45°. The moderately cold ions will hereafter be referred to as cold ions. The cold ion moments were calcu-
lated by restricting the integration of the distribution function to pitch angles between 45° and 135°, seen
in Figure 2f.

Between 17:57:12.4 and 17:57:12.8 UT the electron energy spectrograms (Figure 2g and 2h) exhibit periodi-
cal modulations in the electron flux, coinciding with oscillations observed in the magnetic field (Figure 2a),
electric field (Figures 2b-2d), and current (Figure 2i). These oscillations at the lower-hybrid frequency
(~15 Hz) cannot be resolved by the FPI ion time resolution (150 ms). The waves propagate along the —M
direction, which is similar to lower-hybrid waves driven by interaction between cold and hot ions that have
been observed at the magnetopause (Graham et al., 2017), suggested as a mechanism for heating cold ions
(Toledo-Redondo et al., 2017). Around 17:57:12.1 UT MMS observed a j,, current sheet with a peak current
of 180 nA/m? and a thickness of ~24 km (~1.8 p,), denoted by the first vertical line in Figure 2. At approxi-
mately 17:57:12.2 UT, MMS observed weaker but thinner current sheet, with a thickness ~11 km (~0.8 p..),
denoted by the second vertical line.

The motion of MMS, normal to the plasma sheet, was determined using the spatiotemporal difference
method on the B; component (Denton et al., 2016; Shi et al., 2005). Prior to 17:57:12 UT, where B; < 5nT,
the magnetic field and its gradients are too weak to provide an accurate estimate of the motion of MMS.
The extended region of low and constant B;, suggests that MMS is mostly moving in the plane parallel to
the neutral sheet. After 17:57:12 UT, the plasma sheet can be modeled as a Harris sheet, by fitting B; as a
function of the position along the normal direction (Figure 2j). The meandering orbit scale (I,,,), on which
particles become demagnetized, is defined as where the distance to the neutral line is equal to the local gyro
radius, p.(l,,) = 1, (Ishizawa & Horiuchi, 2005; Kuznetsova et al., 1998). Using our Harris sheet model and
cold ion gyro radius, calculated using the local magnetic field and cold ion temperature, we can estimate
that the cold ion meandering orbit scale was 318 km.

HPCA shows that heavier ions were present but accounted for <1% of the total number density (not shown).
Therefore, the Hall electric field was modeled using one electron population, a cold hydrogen ion population,
and one hot hydrogen ion population. The electric field E can be expressed as

n.

1. ic i 1
E=—jxB- Vi, XB— —vy,, XB— —V- P, 1
en’ n ¢ n i en ¢ ®
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Figure 2. Electron and ion spectrograms from MMS3. (a) Magnetic field (FGM); (b)-(d) electric field from EDP
(black), —v, X B (blue), and —v; x B (red); (e) ion energy spectrogram (FPI); (f) ion pitch angle spectrogram (FPI);

(g) electron energy spectrogram (FPI); (h) electron pitch angle spectrogram (FPI); (i) curlometer current (FGM); (j) By,
as a function of position along N. The blue line represent a Harris type current sheet fitted to the data. The gray bar
along the x axis represents the meandering orbit scale or the cold ions. The vertical lines in panels (a)-(i) denote the
position of the two thin current sheets. MMS = Magnetospheric Multiscale mission; FGM = fluxgate magnetometers;
EDP = electric double probes; FPI = fast plasma investigation.
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where e is the elemental charge, n is the plasma density, j is the current (Robert et al., 1998), B is the magnetic
field, n;.(ny,) is the cold(hot) ion density, v;.(v;,) is the bulk velocity of the cold(hot) ions, and P, is the
electron pressure tensor (Stiles et al., 1978). Electron inertia is ignored since we are focusing on ion scale
physics, where electron inertia plays little role (André et al., 2016; Toledo-Redondo et al., 2015).

The cold ion moments were calculated by restricting the integration of the distribution function to pitch
angles between 45° and 135°, discussed previously. The remaining ions were considered to be part of the hot
ion population. Note that part of the hot ion population extends above the FPI energy range. However, as
seen in Figure 1b, these ions are mostly field aligned and should not contribute significantly to v;;, X B. The
hot ion density can be estimated by assuming that n, = n; = n;. + ny,. As discussed by Alm et al. (2018), the
hot ions are accounted for indirectly, as part of the Hall current, which is calculated using the curlometer
method rather than from particle moments.

The terms of the right-hand side (RHS) of equation (1) represent three characteristic length scales. The
1/(en)j x B and (ny, /n)vy, X B terms can be used to identify the outer edge of the hot ion demagnetization
region. Using the 1/(en)j X B term is preferable over using the —v;, X B term since MMS cannot observe the
entire hot ion population with high enough time resolution. Since the j x B term arises from the differential
motion between magnetized and demagnetized particles, its first appearance suggest that the hottest ions are
demagnetized. The cold ion term (—(n;. /n)v;. XB) describes the behavior of the cold ions, where E # —v; . xB
indicates a cold ion demagnetization region. Lastly, a finite electron pressure term (1/(en)V-P,) is indicative
of being inside an electron demagnetization region.

Figure 3b compares the observed electric field with the electron, cold ion, and hot ion convective electric
fields. Between 17:57:11.5 UT and 17:57:13.2 UT, —v;. X B is finite but smaller than the observed electric field.
This difference cannot be explained by the lower time resolution of the FPI ion moments. After 17:57:13.2
UT, the electric field and cold ion convective electric field are in agreement, indicating that the cold ions are
frozen in. The hot ion convective electric field (—vy, X B) is always <4 mV/m and does not track the evolution
of the observed electric field, suggesting that the hot ions are demagnetized. The agreement between —v,xB
and the observed electric field indicates that on the FPI time scale, 30 ms, the electrons were magnetized. The
smoother appearance of the electrons, compared to the electric field, is primarily due to the lower sample
rate of FPI compared to EDP. The oscillations in the electron convective electric field seen after 17:57:13.2 UT
are primarily due to the low counts.

Figure 3c shows the normal component of j x B, using the full 7.8-ms time resolution of FGM. Since the
curlometer current is both a spatial and a temporal average, it underestimates current sheets which have
thickness smaller than, or comparable to, the 20-km spacecraft separation. The normal component of the
j X B term is primarily generated by the out-of-plane (j,,) current. For a single spacecraft, performing a nor-
mal crossing of a 1-D current sheet, j,, can be estimated by yj,, = AB; /AN, where AN is the thickness along
the N direction, given by timing analysis. The blue circles in Figure 3c show j x B estimated using the sin-
gle spacecraft method, performed on each satellite individually, and averaged over all satellites. The current
sheets observed between 17:57:12.0 and 17:57:12.2 UT have a thickness of ~24 km (~1.8 p..) and ~11 km
(~0.8 p..), respectively, and the curlometer method underestimates the peak current by a factor ~1.2 and
~1.5 compared to the single spacecraft method. For the two current sheets observed between 17:57:12.3
and 17:57:12.4 UT, the curlometer and single-spacecraft method agree within 5%. This is expected since the
current sheets have a thickness 34 km (~3 p..) and 41 km (~4 p..), which is larger than the spacecraft sepa-
ration. After 17:57:12.4 UT, the single-spacecraft method cannot be used since the lower-hybrid dominated
current sheets cannot be described using our simple 1-D approximation.

Figure 3d shows the normal component of the divergence of the electron pressure, which is calculated across
the tetrahedron. This makes it sensitive to artifacts introduced when resampling and comparing the data
from different satellites. This is especially true for temporal variations which cannot be resolved by FPI, as is
the case for the lower-hybrid waves observed between 17:57:12.4 and 17:57:12.8 UT (not shown). Temporal
variations which exhibits a phase difference across MMS can then be interpreted as spatial gradients. The
only feature which stands out is the peak observed at approximately 17:57:12.2 UT, with a maximum of
1 pPa/km. This feature coincides with the second thin current sheet, discussed above.

As seen in Figure 3e, the plasma sheet density is ~0.19 cm~3 with ~40% cold ions and ~60% hot ions. As
MMS moves toward the plasma sheet boundary layer the plasma density increases initially, reaching a peak
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Figure 3. Normal component of generalized Ohm's law. (a) Magnetic field; (b) electric field from EDP (black), —v, X B
(blue), and —v; X B (red); (c) normal component of j X B, calculated from curlometer (black) and single-spacecraft
method (blue); (d) divergence of the electron pressure; (e) plasma density (black), cold ion density (blue), andhot ion
density (red); (f) terms of the generalized Ohm's law; (g) electric field and sum of the right-hand side of generalized
Ohm's law; and (h) gyro radii of electrons (black) and cold ions (blue). The upper horizontal dashed line indicates the
cold ion meandering orbit scale [,,, and the lower dashed line indicates full-width half-maximum of the current sheet
observed at 17:57:12.2 UT. The bars along the time axis indicate the electron demagnetization region (black), cold ion
demagnetization region (blue), and hot ion demagnetization region (red). EDP = electric double probes.
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density of ~0.27 cm~3 at 17:57:12 UT. This is due to increasing cold ion density, while the hot ion density is
decreasing.

Figure 3f compares the terms of equation (1). The data have been downsampled to the time resolution of
the FPI ion moments (150 ms). After 17:57:13 UT, the cold ion term dominates, with a peak magnitude of
21 mV/m. The magnitude of the hot ion term never exceeds 4 mV/m. As can be inferred from Figures 3b
and 3e this is not due to an absence of hot ions but rather that —v;, X B is small, suggesting that hot ions are
present but demagnetized. Prior to 17:15:13 UT the j X B term dominates the RHS of equation (1).

The j x B term exhibits the same trend as the electric field but can only account for ~50% of the observed
electric field. The j x B term exhibits the largest peak value of the four terms (—33 mV/m), similar to previous
studies of dayside (André et al., 2004; Khotyaintsev et al., 2006; Retino et al., 2006) and magnetotail Hall
fields (Alm et al., 2018).

For most of the event, the electron pressure term has an average value of ~0, with considerable noise.
Between 17:57:12 UT and 17:57:13 UT, MMS observed a finite electron pressure term, with two peaks of
~16 mV/m. The first peak corresponds to when MMS observed the two thin current sheets and the peak in
—V - P, (Figure 3d). The second peak in the electron pressure term of Figure 3f does not correspond to any
feature in Figure 3d and appears to mainly be generated from noise which is amplified by the low plasma
density through the 1/en scaling factor in equation (1).

As can be seen in Figure 3g, the observed electric field can be accurately described by the sum of the j X B,
Vi X B and vy, X B terms of equation (1). This combination tends to underestimate the electric field by ~7%.
Including the V - P, term does not provide a better estimate of the electric field and underestimates the
electric field by ~25% on average.

3. Discussion and Conclusions

We argue that MMS encountered a hot ion demagnetization region, a cold ion demagnetization region, and
an electron demagnetization region. The extent of the three demagnetization regions are indicated by the
vertical lines and the colored bars along the time axis of Figure 3. MMS encountered the outer edge of the
hot ion demagnetization region at 17:57:13.5 UT, denoted by the vertical line labeled 1. After this time MMS
does not observe a significant j x B term, indicating that all particle populations are magnetized.

The outer edge of the cold ion demagnetization region was observed at 17:57:13.2 UT, denoted by the vertical
line labeled 2. This is indicated by the transition from E # —v,. X B to E = —v;, X B. This happens where
the local gyro radius of the cold ions exceeds the meandering orbit scale, which is expected from theory
(Ishizawa & Horiuchi, 2005; Kuznetsova et al., 1998). The small separation between the hot and cold ion
demagnetization regions can at a first glance appear problematic. In this particular case, the cold ions are
not lobes ions, with a temperature of a few tens of electronvolts, but have been heated to ~1.5 keV inside
the plasma sheet boundary layer. However, the temperature is still significantly lower than in the central
plasma sheet (~20 keV) and cold enough to warrant treatment as a separate ion population.

We believe that MMS briefly crossed an electron demagnetization region, inside the thin current sheet
observed at 17:57:12.2 UT, denoted by the vertical line labeled 3. The current sheet's thickness was 11 km,
~0.8 p.., which suggests it is a possible site for electron demagnetization. This would explain the peak in
-V - P, observed at the same time (Figure 3d). Unfortunately, the combination of FPI not being able to
resolve this structure and the highly variable electric field makes it impossible to unambiguously determine
if electrons were in fact demagnetized by comparing the electric field with —v, x B.

If MMS did briefly cross an electron demagnetization region, why does the agreement between the observed
electric field and the RHS of equation (1) become worse when including the electron pressure term? As
shown in Figure 3c this current sheet cannot be resolved by the curlometer method and we underestimate
the j x B term by a factor ~1.5. Inside this current sheet, the RHS of equation (1), including the electron
pressure term and using the single spacecraft method to calculate the j x B term, differs from the observed
electric field by ~5%. Thus, inside the thin current sheet, the electron pressure term is required to explain
the observed electric field suggesting that MMS observed local electron demagnetization. The thin current
sheet is only barely resolved when using the 7.8-ms resolution of FGM and cannot be resolved with the 30-ms
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electron distributions, nor the 150-ms ion distributions. This means that it does not have a significant impact
on the terms of equation (1), which are calculated using the time resolution of the FPI ion distributions.

To summarize, compared to many previous studies of cold ions, the initial temperature of the cold ion
population is relatively high, ~1.5 keV, more than an order of magnitude higher than those of the typical
cold lobe ions. Despite this, the cold ion term of equation 1 is finite except in the central plasma sheet.
This indicates that the multiscale physics introduced by cold ions is relevant over a wider range of plasma
temperatures than has been discussed in previous studies and thus relevant for the whole magnetosphere
as well as other astrophysical plasma. These findings further highlight the importance of considering a
multipopulation/multiscale perspective when modeling Hall physics and magnetic reconnection.
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