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Key points:
Verification at high resolution that cold ions introduce a new length-scale at the magnetopause.

Verification at high resolution that cold ions modify the Hall physics of magnetic reconnection
and reduce Hall currents.

Separatrix normal electric field balanced by the Hall term, the cold ion term, and the divergence
of the electron pressure tensor.
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Abstract

Observations by the four Magnetospheric Multiscale spacecraft are used to investigate the Hall
physics of a magnetopause magnetic reconnection separatrix layer. Inside this layer of currents
and strong normal electric fields, cold (eV) ions of ionospheric origin can remain frozen-in
together with the electrons. The cold ions reduce the Hall current.

Using a generalized Ohm’s law, the electric field is balanced by the sum of the terms
corresponding to the Hall current, the vxB drifting cold ions, and the divergence of the electron
pressure tensor. A mixture of hot and cold ions is common at the subsolar magnetopause. A
mixture of length-scales caused by a mixture of ion temperatures has significant effects on the
Hall physics of magnetic reconnection.



Introduction

Magnetic reconnection is a process whereby microscopic plasma processes cause macroscopic
changes in magnetic topology. Initially separated plasma regions become magnetically connected
and energy stored in magnetic fields is converted into kinetic energy of charged particles (Priest
and Forbes, 2000; Fujimoto et al., 2011). Reconnection is important in magnetospheric physics
for solar wind entry and coupling (Paschmann et al., 2013; Phan et al., 2015; Hesse et al., 2015;
Burch et al., 2016), in several astrophysical environments (Cassak et al., 2008; Goodman and
Uzdensky, 2008; Drake et al., 2010) and is regarded as one of the major obstacles for reaching
plasma confinement in fusion and laboratory plasma devices (Koepke, 2008; Moser and Bellan,
2012).

For reconnection to occur, the MHD “frozen-in” condition must break down in the thin current
sheet separating two plasma regions. In somewhat wider regions some particles with small
enough gyroradii can be frozen-in (typically electrons) while particles with larger gyroradii can
not fit inside the region (typically ions). Reconnection can be studied in detail at Earth’s
magnetopause using the four Magnetospheric Multiscale (MMS) spacecraft (Burch et al., 2015;
Fuselier et al., 2015). Here ion distributions with different temperatures and gyroradii are
present, introducing multiple length-scales. Magnetosheath and hot magnetospheric ions have
energies from a few hundred eV to several keV. Additional low-energy (few eV) positive ions of
ionospheric origin are often present as well. Such ions are known to exist in the magnetosphere
(Chappell et al., 1980; 1987; Moore et al., 1997; Cully et al., 2003) but are hard to detect
onboard a spacecraft in a low-density plasma. The spacecraft can be positively charged to several
tens of volts due to photoelectron emission, preventing the ions from reaching onboard detectors.
A technique based on the detection of the wake behind a charged spacecraft in a supersonic ion
flow has been developed to detect low-energy ions (Engwall et al., 2009; André et al., 2015). A
statistical study using this “wake method” and other techniques shows that cold ions are present
about 90% of the time just inside the subsolar magnetopause (André and Cully, 2012). Here a
“wind” and higher density “plumes” from the plasmasphere contribute plasma of ionospheric
ions (Darrouzet et al., 2008; Dandouras, 2013; Walsh et al., 2014a). However, most previous
studies of reconnection at the magnetopause, including simulation studies, do not consider cold
ions (Cassak and Shay, 2007; Birn et al., 2008; Pritchett and Mozer, 2009). Cold ion plumes can
increase the density and decrease the Alfven velocity, and hence decrease the reconnection rate
(Walsh et al., 2014b). In addition, physics at the scale of the gyro radius and shorter
(microphysics) is modified by the presence of cold ions.

In the ion diffusion region, ions are demagnetized while the electrons remain magnetized and
carry so-called Hall currents. In separatrix regions, separating the inflow and outflow plasmas
and extending away from the X-line, the situation is similar. Numerical simulations using one ion
population predict a strong electric field normal to the magnetopause separatrix layer (Pritchett
and Mozer, 2009; Pritchett, 2013). At high magnetopause latitudes, where cold ions are not so
common, observations by the four Cluster satellites show that this electric field is balanced
mainly by the Hall term (jxB)/(e n), i.e.by ExB drifting electrons (André et al., 2004; Retino et
al., 2006; Khotyaintsev et al., 2006). At low latitudes, cold ions are very common, have a smaller
gyroradius than the hot magnetosheath and magnetospheric ions, and remain magnetized down to
smaller spatial scales. The cold ions introduce a new length-scale between the often discussed ion
and electron scales. This is somewhat similar to the larger scale introduced by heavy ions (Shay



and Swisdak, 2004; Markidis et al., 2011). In a separatrix region, the cold ions can ExB drift
together with electrons and reduce the Hall currents. This scenario is consistent with observations
by the Cluster spacecraft (André et al., 2010, Toledo-Redondo et al., 2015; 2016). We present
MMS observations at much higher resolution (Burch et al., 2015). The physics at these scales is
relevant for particle energization and the reconnection rate (Drake et al., 2008; Yamada et al.,
2010; Liu et al., 2014).

Generalized Ohm’s law with cold ions

To study structures at scales between the ion and electron scales we use a generalized Ohm’s law
including both ion and electron terms:

E = (1/e n)(jxB) — 1/(e n) div Pe — (nn/n)(VhxB) - (Nm/n)(VmxB) — (nc/n)(vexB) 1)

neglecting time variations and the electron inertial term (valid for scales above the electron
inertial length) (Toledo-Redondo et al., 2015). Here E and B are the electric and magnetic fields,
Pe is the electron pressure tensor, nn, nm and nc are the densities of the hot, medium and cold ion
populations, n = nh + nm + nc and the current is given by j=e(NhVh+ NmVm + NcVe - NVe) Where v,
Vm, Vc and Ve are the velocities of the ion components and the electrons. At large (MHD) scales
all fluids move together and equation (1) describes the frozen-in condition, while at scales below
the cold ion gyroradius pc all ion populations are demagnetized and localized electric fields must
be supported by the first two terms on the right side of the equation. A new effect introduced by
cold ions occurs at scales L, pc < L < pm. Here only cold ions and electrons are magnetized and
the Hall term (jxB)/(e n) is partially cancelled by the cold ion term (nc/n)(vexB) while other ions
are not frozen-in.

Observations

We study the microphysics of reconnection and in particular the effects of cold ions in the
separatrix region. We have searched MMS observations in the subsolar magnetopause region
when the spacecraft are in a tetrahedron formation with a separation of about 10 km, and when
burst mode data are available. We use data from the Fluxgate Magnetomer FGM (Russell et al.,
2015), the Electric Double Probes EDP (Lindqvist et al., 2015; Ergun et al., 2015) and the Fast
Plasma Investigation FPI (Pollock et al., 2016). As compared to previous Cluster studies (André
et al., 2010; Toledo-Redondo et al., 2015), the MMS configuration and detectors give many
advantages since several assumptions in the data analysis can be removed. Four MMS spacecraft
can be used for reliable velocity estimates of current sheets using timing (time differences of
structures passing all spacecraft), and for estimates of currents from the curlometer technique
(Dunlop et al., 2002; Russell et al., 2015), and of the divergence of the pressure tensor, at the
scale of the cold ion gyroradius. Previously one or two Cluster spacecraft and assumptions were
used. Using MMS, electron and ion distributions can be obtained every 30 and 150 ms,
respectively. Previously Cluster spacecraft potential and assumptions were used to obtain density
at similar resolution (particle distributions were obtained at 4 s). Also, MMS has a 3D electric
field instrument (including booms along the satellite spin axis) as opposed to the Cluster 2D



observations.

One event with clear signatures of reconnection was selected, including a narrow region likely to
be a separatrix with a strong (> 10 mV/m) electric field and clear observations of cold ions. An
overview of the selected event (2015-11-12) is shown in Fig.1 (upper part). The spacecraft
location and separation are shown in Fig. 2a and b. MMS is moving from the magnetosheath,
finally entering the magnetosphere around 06:19:20 UTC (Fig. 1, upper part). This is clear from
the magnetic field becoming nearly northward (large B: GSE (Geocentric Solar Ecliptic), panel
a), the density decreasing (panel ¢) and the electron energy changing from around 100 eV to two
components at tens of eV and a few keV (panel €). There are clear indications of a southward
reconnection ion jet before entering the magnetosphere (vz about -250 km/s, panel b, the
predicted jet speed using parameters from the magnetosphere and the magnetosheath is 285 km/s,
Cassak and Shay (2007)). The ion energy change from around a keV to two populations on the
magnetospheric side, hot (several keV) and cold, panel d. The cold ions are cold in the sense that
the thermal energy is tens of eV (verified by detailed studies of the ion distributions as discussed
below) while the total energy can be a few 100 eV due to ExB drift. Hence these ions can reach
the spacecraft and be directly detected (Chandler et al., 1999; Sauvaud et al., 2001; Chandler
and Moore, 2003; Chen and Moore, 2004; 2006; McFadden et al., 2008; Lee and Angelopoulos,
2014). (The spacecraft potential is about +5 V in the magnetosheath and about +15 V in the
magnetosphere). The electric field X and Y components in GSE coordinates, essentially the
components observed with the Spin Double Probe SDP instrument with a probe-to-probe
separation of 120 m (Lindgvist et al., 2015), are shown in panel f. Also displayed is the X
component of the (jxB)/(e n) term in equation (1) (where j is estimated from the curlometer
technique). This term is non-zero in the regions of strong electric fields indicating that not all
particles are frozen in (ions and electrons move independently in the perpendicular direction) and
can partly, but not fully, balance the normal electric field.

Figure 1, lower part, is similar to the upper part but for a shorter time interval and with the data
shown in an LMN reference system. Using Minimum Variance Analysis applied to B (for the
time period 06:19:02 to 06:19:23 UTC) the direction normal to the magnetopause N is estimated
and is found to be approximately aligned with GSE X, consistent with the subsolar magnetopause
region. The L direction is defined to be the maximum variance direction and M closes the system
(see also caption of Fig. 1). The ion density is obtained for three energy intervals: hot, medium
and cold (panel i). In panel j, cold ions can be easily identified after about 06:19:20.5 as a frozen-
in ExB drifting population. As developed in the next paragraph, at earlier times more detailed
analysis is needed to separate cold and magnetosheath ions. From about 06:19:20.0
magnetosheath ions can be observed only at increasingly higher energies (from a few hundred
eV, later only above a keV). We interpret this as a finite gyroradius effect (pm is about 100 km).
Using Hot Plasma Composition Analyzer data (Young et al., 2015) we find that most ions are
protons, with the exception of some He?* in the magnetosheath (not shown). While higher density
plumes often include He* and O, a lower density cold plasma population may be mainly H*
(André and Cully, 2012). The electric field components in panel | are obtained assuming E-B=0
(the MMS axial booms are not used for the final electric field in this varying plasma environment
in this first investigation). The normal electric field En is larger than about 10 mV/m during about
one second. Timing using four spacecraft, and the ion velocity in the normal direction, show that
this region is moving roughly sunward at about 70-80 km/s, implying a separatrix region with a



width of about 70-100 km (see an approximate length-scale in Fig. 1). We investigate in detail
which terms in equation (1) can balance this normal electric field.

Cold ions of ionospheric origin in the separatrix region have thermal energies of tens of eV but
have drift energies of up to a few hundred eV. On the magnetospheric side the total cold ion
energy is much lower than the hot magnetospheric ion energy (several keV), while on the
magnetosheath side the total cold ion energy overlaps with the energy of shocked solar wind ions
(Fig. 1). To determine the cold ion density, we use distributions in 3-dimensional ion velocity
space (0.15 s time resolution). As cold ion density we use the total density in conical shaped
regions in velocity space, from 100 eV up to 2 keV, approximately + 45 degrees wide, centered
on maximum differential particle flux of cold ions. On the magnetospheric side after 06:19: 21.0,
this gives essentially the same result as integrating the density for all ion energies up to about 300
eV. For all times, the cold ion distributions are well separated in velocity space from the
magnetosheath particles. Figure 3 shows examples of distributions when the densities of cold and
medium energy ions are approximately equal (indicated by red bars in Fig. 1, panel j). Excluding
bulk drift motion, these cold ion distributions have a temperature of about 50 eV. The cold ion
drift determined from particle instruments agrees well with the ExB drift from electric and
magnetic field observations. At higher energies, in our definition, hot (magnetospheric) ions have
energies of 7-25 keV, and medium energy (magnetosheath) particles are all the remaining ions,
with an average energy of about 0.8-1 keV, corresponding to gyroradii of 320 km and 100 km,
respectively. The magnetosheath ions are not magnetized within the separatrix region (Fig. 3).
Rather, these distributions are consistent with magnetosheath flow and a reconnection jet.

The terms in equation (1) are estimated using data from different instruments so we first compare
the data sets. The four upper panels in Fig. 4 show the normal electric field from the four MMS
spacecraft estimated in different ways. We have added 2 mV/m to the Ex (GSE, first using default
calibration) EDP electric field to obtain better agreement with other estimates. The normal
component En (using E-B=0) is shown together with -(vcxB) and -(vexB). When the electrons and
cold ions are frozen in, all three estimates should agree. Since the gyroradii of cold ions and
electrons are around 25 km and 1 km, respectively, and the region with strong En is about 70-100
km wide, all estimates should be similar. In the region of strong electric fields (> 10 mV/m),
about 06:19:20.0 to 21.0, on average all three estimates agree well, with the electron term
typically slightly larger than the other terms. The estimate of the cold ion term is varying
smoother than the other estimates. The time resolution (0.15 s) of the ion detectors is higher than
on previous comparable missions but still lower than for the other simultaneous observations.
Also, the ions have a gyroradius (about 25 km) and gyro period (1.3 s), longer than the spatial
and temporal distance between data points, and can not follow changes in the electric field at high
frequencies. The estimate of the cold ion velocity is not reliable when these ions are a small
fraction of the total ion population in the higher density magnetosheath (before about 06:19:20.0
UTC). On the other hand, here the electron velocity is well determined and En agrees well with -
(vexB). For the whole intervall, the EDP En and electron term estimates (here both displayed with
a resolution of 0.03 s) show rather detailed agreement. This includes short (about 0.1 s) and
strong (> 20 mV/m) electric fields observed mainly on MMS 3 and 4. After the region of strong
electric fields, entering the lower density magnetosphere, the ion and electron terms agree, on
average. These electric fields estimated from particle and magnetic field observation are here
slightly lower than the EDP estimate (1-2 mV/m). This can partly be due to a changing effective



SDP boom length due to lower density and longer Debye length. In conclusion we find that the
EDP and electron term estimates in general agree well and that it is meaningful to compare EDP
electric field observations and estimates of this field from particle moments.

To investigate which terms in equation (1) balance En, we plot all terms for all four spacecraft in
the next four panels of Fig. 4. For each spacecraft, En is from the EDP instrument, Ec is the
normal component of the (nc/n)(vexB) term and Emand En are defined in a similar way for
medium energy and hot ions. Note that this cold ion term is different from the upper panels since
now the cold ion density (nc/n) is included. In the Hall term (jxB)/(e n) the current is estimated
from the curlometer method, using magnetic field data from all four spacecraft, so this is an
average over the volume defined by the spacecraft configuration (this term is the same in all four
lower panels). Estimates of the currents using particle moments from individual spacecraft are
more variable while for the cold ions an average over the gyroradius (roughly the spacecraft
separation) is relevant. The divergence of the electron pressure tensor 1/(e n) div Pe is estimated
from observations on all four spacecraft (this term is the same in all four lower panels). The
MMS electron FPI instruments have high time resolution (Pollock et al., 2016) and with the
present tetrahedron configuration the divergence term can be directly estimated.

Overall the normal electric field En observed with the EDP double probe instrument (black line
in Fig. 4) is in good agreement with the sum of the estimated terms on the right side of equation
(1) (red dashed line). Thus, the generalized Ohm’s law in this form is a meaningful way to
describe the electric field on the ion scale in the separatrix region. In this region with a strong
electric field, roughly 06:19:20.0 to 21.0, not all ions are frozen-in. This is seen by the Hall
(jxB)/(e n) term being non-zero (not all particles are moving together in the perpendicular
direction). Early in the separatrix (on the magnetosheath side) the Hall term can balance En, but
is then decreasing towards the lower density magnetosphere. Considering the terms including ion
moments, Em and En corresponding to medium and hot ion energies, are close to zero on all
spacecraft. This is consistent with typical gyroradii at these energies, 100 and 320 km, wider than
the separatrix region, so these ions are not frozen-in. (For the highest energy ions in this study,
tens of keV, the width of the instrument energy channels is similar to the expected drift energy,
hundreds of eV, making drifts hard to determine. However, these ions certainly have a gyroradius
larger than the width of the separatrix.) The cold ion term in equation (1), Ec, is small before the
spacecraft enter the strong electric field, before about 06:19:20.0 UTC, due to the relatively small
cold ion density. After this time, the cold ion term is reliable and gradually increasing.
Comparing the Hall and cold ion terms, our interpretation is that both electrons and cold ions
(with a gyroradius of 1 and 25 km, respectively) ExB drift together inside the separatrix region,
Fig. 2c. The cold ion density gradually becomes a larger fraction of the total density meaning that
these ions gradually reduce a larger fraction of the Hall current. The Hall and cold ion terms
become roughly equally important when the cold ion density is about half the total ion density
(about 06:19:20.7 to 21.0). At the end of this short interval the divergence of the electron
pressure tensor gives a significant contribution, 2-3 mV/m, all three terms summing up to about
10 mV/m. For comparison, in the lowest panel in Fig. 4 all observations are averaged over all
four spacecraft. Here the EDP electric field, vxB, jxB and the divergence of the electron pressure
tensor, all have similar spatial resolution. These detailed observations show how En in a
separatrix region can be balanced by a sum of Hall (jxB)/(e n) and cold ion (nc/n)(vexB) terms
(representing frozen-in electrons and cold ions) and a term including the divergence of the



electron pressure tensor. We observe how the relative importance of these terms gradually varies
as the relative density of cold ions varies.

Summary and Conclusion

We use high resolution observations by the four MMS spacecraft at the magnetopause to
investigate the Hall physics of a reconnection separatrix layer. The separatrix is about 70-100 km
wide, roughly the size of the magnetosheath (0.8-1 keV) ion gyroradius. Inside this layer cold
(tens of eV) ions of ionospheric origin with smaller gyroradius can ExB drift together with
electrons. The drifting ions reduce the Hall current. We speculate that a reduced current may
change the instabilities in a separatrix. The normal electric field is balanced by the frozen-in
particles (electrons carrying the Hall current and cold ions), together with the divergence of the
electron pressure tensor, in regions where other particles (hotter ions) are not frozen in. This can
be described by a generalized Ohm’s law including multiple ion components. We observe how
the relative importance of the Hall and cold ion terms change as the relative density of cold ion
varies within a separatrix.

A mixture of hot and cold ions is common at the subsolar magnetopause. A mixture of ion
temperatures and scale lengths is probably common in many astroplasmas. A mixture of length-
scales caused by a mixture of ion temperatures has significant effects on the Hall physics of
magnetic reconnection.
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Figure 1

MMS 1 magnetopause crossing. (a) Magnetic field in GSE coordinates; (b) and (c) lon velocities
and density; (d) lon differential energy flux and average energy obtained in the perpendicular
direction; (e) Electron differential energy flux and spacecraft potential; (f) Electric field and X-
component of the Hall term; (g) magnetic field in LMN coordinates (in GSE: L =[0.41, -0.63,
0.66]; M =[0.03, -0.72, -0.70]; N =[0.91, 0.31, -0.28]); (h) lon velocity; (i) lon densities for
three energy levels, cold (nc), medium (nm) and hot (nn), and the total density n; (j) lon
differential energy flux, average energy obtained in the perpendicular direction, and energy
corresponding to ExB drift of protons (k) Electron differential energy flux and spacecraft
potential; (1) Electric field. The spacecraft is crossing a separatrix region with a large En where
not all particles are frozen-in: significant Hall term, panel f, and average (perpendicular) ion
energy not corresponding to ExB drift energy, panel j.

Figure 2

Subsolar magnetopause crossing. (a) Location of the MMS spacecraft in the GSE X-Z plane. (b)
Three-dimensional configuration of the MMS spacecraft. (c) Illustration of the separatrix region
with a large normal electric field Ex and the gyroradii of hot (magnetospheric), medium energy
(magnetosheath) and cold (ionospheric origin) positive ions, and electrons. Only cold ions and
electrons remain magnetized in the region of large En.

Figure 3

Separatrix region ions. Differential ion flux (1/(cm? s sr keV)) in the direction parallel to B versus
the perpendicular ExB direction (determined from field observations, corresponding velocity
given by red circle), averaged over + 30 degrees in the second perpendicular direction (time
resolution: 0.15 s). Two examples show frozen-in ExB drifting cold ions, together with
magnetosheath ions at higher energies.

Figure 4

Electric field and the generalized Ohm’s law. Upper four panels, for each spacecraft: Normal
component of the electric field from the EDP instrument (En), and from the cold ion and electron
drifts (-(vexB) and -(vexB)). Next four panels, for each spacecraft: En as in the upper panels, the
Hall term (1/e n)(jxB), the ion drift terms -(vxB) in equation (1) including the relative density of
cold, medium and hot ions (Ec, Em, En) and the divergence of the electron pressure tensor (Eep)
from the same equation. The lowest panel is similar to the middle panels, but all observations are
averaged over all four spacecraft. The upper panels show in general good agreement between
direct and indirect electric field estimates. The lower panels show that En is balanced by a
combination of the Hall term, ExB drifting cold ions, and the divergence of Eep.
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