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Abstract. Turbulent magnetic fields play an important role in plasmas leading to
magnetic reconnection, which is a complex phenomenon that still remains a challenge
for contemporary physics. We have already considered magnetic turbulence using ob-
servations from the Magnetospheric Multiscale (MMS) mission on kinetic (ions and
electron) scales, which are far shorter than the scales characteristic for description of
plasma by magnetohydrodynamic (MHD) theory. In particular, we have shown that a
clear break of the magnetic spectral exponent to about -11/2 at frequencies 20 — 25 Hz
agrees with the predictions of kinetic theory (-16/3) Ref. [10]. It is worth noting that
the unprecedented very high (millisecond) resolution of the magnetic field instrument
enabled us to grasp the mechanism of reconnection in the magnetotail on ion and
electron scale lengths [11]. As expected from numerical simulations, we have verified
that when the field lines and plasma become decoupled a large reconnecting electric
field related to the Hall current (1-10 mV/m) is responsible for fast reconnection in
the ion diffusion region both at the magnetopause and in the magnetotail regions. Al-
though inertial accelerating forces remain moderate (1-2 mV/m), the electric fields
resulting from the divergence of the full electron pressure tensor provide the main
contribution to the generalized Ohm’s law at the neutral sheet (of the order of 100
mV/m), see Ref. [12]. In our view, this illustrates that when ions decouple electron
physics dominates. The results obtained on kinetic scales may be useful for better
understanding the physical mechanisms governing reconnection processes in various
magnetized plasmas in the Universe.
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1 Introduction: Importance of Reconnection

Turbulent magnetic fields play an important role in space environments [2],
leading to magnetic reconnection in space plasmas [1,4,6,18,19,22-24]. Notwith-
standing great progress in theoretical studies employing computer simulations
within magnetohydrodynamic (MHD; Hall-MHD, two-fluid) theory, the phys-
ical mechanism for reconnection still remains a challenge for contemporary
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science. Admittedly, the reconnection processes on the Sun or in remote astro-
physical systems in the Universe cannot be studied directly in situ. However,
the solar wind is a stream of charged particles (mainly ions and electrons)
flowing from the Sun with the embedded interplanetary magnetic field (IMF).
Interaction of this plasma of solar origin that fills-up the Solar System with
the Earth dipole magnetic field results in the terrestrial magnetosphere includ-
ing the magnetopause, plasmasheet, and magnetotail displayed in Fig. 1. The
structure of the Earth’s magnetosphere is controlled by reconnection. Hence,
the terrestrial magnetosphere could be considered a natural laboratory for
investigating the reconnection processes responsible for the redistribution of
kinetic and magnetic energy in space environments and laboratory plasmas.
As is known, reconnection occurs in two main regions of the magnetosphere:
the dayside magnetopause and the nightside magnetotail, which are marked by
red boxes in Fig. 1.
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Fig. 1. Reconnection in the magnetosphere

One of the the main objectives of the Magnetospheric Multiscale (MMS)
mission is to determine the role of turbulence in the reconnection processes and
the roles of ions and electrons in these processes. Reconnection occurs mainly
when the electrons cannot supply the current needed to support antiparallel
magnetic fields. Inflowing plasma curries oppositely directed magnetic field
lines into the ion (IDR, in blue) and electron (EDR, in pink) diffusion regions,
as sketched in Fig. 2. The four MMS spacecraft (marked by red crosses) make
the measurements needed to determine the processes that drive reconnection.
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Fig. 2. Mechanism of reconnection

1.1 Research Hypothesis

e Reconnection depends on the deviations from MHD, including Hall-MHD,
electron pressure, and inertia effects on both ion and electron scales as seen
in the MMS data.

e Hence, our basic research hypothesis is that the gross features of recon-
nection should be determined by small scales, which are essential for un-
derstanding of the physical mechanisms of reconnection. In our view, it is
necessary to investigate the experimental data at scale lengths below the
magnetohydrodynamic scales.

e This naturally leads to a description of space plasmas within kinetic theory,
instead of an ideal MHD approach.

Following our previous study of turbulence and reconnection using MMS
data [10-12], we analyze the electric fields on sub-ion scales at the magneto-
pause and in the magnetotail near the X-line within highly variable plasmas
to compare the characteristics of reconnection processes in both regions shown
in Fig. 1, when going from the ion to electron kinetic scales, Fig. 2.

2 Data from the MMS Mission

The MMS mission was launched on 13 March 2015 at 02:44 UTC, as illustrated
in Fig. 3. The planned mission duration was 2 years, 5.5 months, but now is



Fig. 3. The MMS is a NASA unmanned space mission to study the Earth’s magneto-
sphere, using the four identical spacecraft flying in a tetrahedral formation, Credits:
NASA.

in its b5th year of operation, and its characteristics are, as follows, launch mass:
1,360 kg (2,998 1b); inclination: 28.0°; perigee: 2,550 km (1,580 mi); apogee:
day phase: 70,080 km (43,550 mi); night phase: 152,900 km (95,000 mi). The
location and formation of four spacecraft near the apogee are depicted in Fig. 4
and 5, respectively.

MMS is also equipped with a new navigator based on extremely sensitive
GPS equipment to provide absolute position information, Figs. 6 and 7. The
observatories require such sensitive sensors because the satellites fly in an orbit
higher than that of the GPS satellites, so they must rely on the weaker signals
from GPS satellites on the far side of the Earth. The MMS spacecraft were
developed at NASA’s Goddard Space Flight Center in Greenbelt, MD, USA.

In situ evidence for the reconnection diffusion regions (IDR, EDR) at the
dayside magnetopause using MMS measurements in a case study on 16 Octo-
ber 2016 was discussed in Ref. [3,20]. A list of 32 such magnetopause events
has also been reported in Ref. [26]. Observations of electron scale structures
and magnetic reconnection signatures in the turbulent magnetosheath using
MMS measurements are also reported [27], including reconnection jets at the
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Fig. 6. lustration of MMS spacecraft with systems labeled, Credits: NASA.

magnetopause [14] and a current plasmasheet on electron scales in the near-
Earth magnetotail without bursty reconnection [25]. By contrast, a reconnec-
tion event on 11 July 2017 in also studied in Ref. [21]. The authors reported
that the spacecraft entered the EDR in the magnetotail, suggesting that elec-
tron dynamics in this region was mostly laminar despite turbulence near the
reconnection region. A kinetic simulation of magnetopause reconnection are
provided in Ref. [5], while simulation results for a magnetotail case are given in
Ref. [13]. MMS observations of an electron-scale magnetic cavity embedded in
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Fig. 7. MMS data access and resolution

a proton-scale cavity are also found [9]. One can hence expect that a detailed
analysis of the high-resolution MMS data will provide significant insight into
the nature of reconnection processes in space plasmas.

3 Methods of Data Analysis

In the one-fluid magnetohydrodynamic (MHD) theory the electric field, E. =
E +V x B, is seen in the rest frame for the plasma moving with the velocity
V, see Ref. [8]. In a case of the ideal fluid (with zero resistivity) this should be
equal to zero, but in the case of a more realistic two-fluid theory, consisting of
ion and electron components (denoted herein by subscript i and e, respectively),
the Hall term Ey = —jxB/(en), with the electron elementary charge e, density
n = n; = Ne, and the current density j = e(n; Vi — ne V), should be taken into
account: E' = E! + Eg. In the reconnection region the difference of the
acceleration of electrons and ions eE, = med(V, — V;)/dt should result in an
additional inertial term, E,.

It is important noting that according to our research hypothesis (sub-
section 1.1), on very small kinetic scales when electrons decouple from ions,
as schematically sketched in Fig. 2., the nonideal contribution to the electric
field should result from the divergence of the fully anisotropic pressure (dyadic)
tensor [7],

PEm/(V—U)(V—U)fd3V. (1)

Note that by averaging over velocity space for a given position r = (z,y, 2)
within an infinitesimally small fluid element of volume d3r = dzdydz, one can
write P = mn < (V — U)(V — U) > [17]. This means that the pressure
term should have a somewhat similar structure to that of the inertial term,
but with the distribution function f for individual particles moving randomly



with velocities V around the mean (bulk) velocity U =<V >= % JVid*V.
Because mo/m; < 1, the contribution from the ion pressure tensor can be
neglected and we only have the electron tensor electric field [16]:

L v .p, = "9 [, < (Vo — U)(V, - U) >], 2)

en, ene

where the diagonal thermal pressures are given by pj = nekpT|e and pie =
neksT e, parallel and perpendicular with regard to the magnetic field B, and
kg is the Boltzmann constant, 7). + 27" . = TrTe, including the off-diagonal
components are responsible for non-gyrotropic (crescent) features of the elec-
tron distribution function f, and the temperature tensor T, = P./(nkg).

FPI L2 DES/DIS Moments -- Methodology

FPI plasma moments are calculated as follows:

Quantity

Number Density: n = int(f d3v)

Bulk Velocity Vector: U=intfvd)/n
Pressure Tensor: P = m*int(f (v-U) (v-U) dgv}
Temperature Tensor: I=P/(nkp)

Parallel Temperature: T = (bT T h)

Perpendicular Temperature: Tperp = (MM =T/ 2

Heat Flux Vector: g=m*intfvvddd)/2—(nmU3PU/2-(IrP/2) |+ P)D - U

where b is the unit vector of the magnetic field averaged over the measurement interval
Fig. 8. MMS data moments

All theses moments of plasma parameters (density n, velocity U, pressure
tensor P, temperatures T} and 7 can be calculated by using the Dual Ions and
Electron Spectrometer (DIS, DES) instruments of Ref. [15], shown in Fig. 6,
as summarized in Fig. 8.

Finally, the sum of all the contributions to the electric field, Eyq¢, consisting
of various terms

Etot = E/o + EH + Ea + Epa (3)

where E/, Ey, E,, and E,, denote the ideal, and the respective nonideal Hall,
inertial, and pressure contributions should be equal to the dissipation nj created
by an anomalous resistivity 7, which is called the generalized Ohm’s law [16].



The electric field given by Equation (2) becomes important in the region
where ions decouple and electron physics dominate, Fig. 2. Hence, we propose
that the ratio of the thermal pressure term E, of Equation (2) to the sum
of other terms including the ideal E! with Hall term Eg, and the electron
(inertial) accelerating E, contributions,

re = [Bp|/[E; + En + Eal, (4)

to be a useful signature indicating approaches to the EDR.

4 QObservations of Reconnection Electric Fields

We have thoroughly discussed the plasma and magnetic field data together
with various components of the electric fields responsible for reconnection in
the magnetotail. Namely, following various observations of reconnection in the
dayside magnetopause [26] and one case in the nightside magnetotail [21], as
displayed (in red) in Fig. 1, we have studied three new MMS events at the
current sheet crossings on 23 and 24 July 2018, see Ref. [11]. The observed
magnetic field reversal on current sheet approach is followed by an ion flow
reversal, but with large fluctuations in the electron velocity. Compared with
the temperature asymmetry observed in the EDR of July 2017, this approach
to the neutral sheet charged particle exhibit some heating, up to energies of
a few tens keV for ions and 1-10 keV for electrons, but with rather isotropic
ion (3-6 keV) and electron temperatures (2-3 keV).

These newly observed electric fields when approaching the EDR [11], cases
(c—e), together with the first crossing of the EDR in the magnetotail by MMS
on 11 July 2017 reported in Ref. [21] on the night side magnetosphere, case (b),
were then compared with those at the magnetopause, Ref. [12], case (a). The
estimated values for all these selected cases (a—e) are now displayed in Table 1.

Table 1. List of selected MMS spacecraft (s-c) interval samples in the magnetopause
(a) and the magnetotail (b — e) (hh.min:ss) with the current j(zA/m2), the ideal Ef,
(mV/m) and the nonideal Hall, inertial, and pressure contributions, Ex, E,, and E,,
respectively, together with the parameter r. indicating approaches to the electron
diffusion region (EDR)

Case S-c Time (y.m.d) Begin End j E., En E, E, Te
(a) 2 2016.11.23 07.49:32 07.49:35 0.45 5-10 8 0.1-0.3 1-2.5 0.10

(b) 3 2017.07.11 22.34:01 22.34:05 0.064 3-8 12 1-2.5 2-3 0.08
(c) 2 2018.07.23 11.37:57 11.38:05 0.009 1-5 0.7 0.1-0.3 810 1.5
(d) 1-3 2018.07.24 17.46:33 17.46:41 0.037 1-1.5 0.25 0.15-0.25 100-200 90
(e) 1-3 2018.07.24 17.47:06 17.47:14 0.0056 <0.8 0.2 1-3  100-200 200




5 Conclusions

In addition to ideal electric fields, our cases exhibit large electric field compara-
ble in magnitude (1-10 mV/m) to those associated with the Hall current, which
together with the rather moderate inertial accelerating fields (1-2 mV/m), are
responsible for fast reconnection in the ion diffusion region (IDR). However,
during the approaches to the electron diffusion region (EDR), as indicated by
a large value of our newly devised reconnection parameter r, of Equation (4),
the electric fields E, arising from the divergence of the full electron pressure
tensor P, according to Equation (2) provide the main contribution (as large as
100-200 mV /m) to the generalized Ohm’s law, see Equation (3); both regions
are marked in Fig. 2. We can hence expect that when ions decouple electron
kinetic physics should provide the mechanisms responsible for reconnection
processes. The MMS mission may also be useful for better understanding the
physical mechanism governing reconnection processes in various laboratory and
astrophysical plasmas.
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