Space Science Reviews (2023) 219:71
https://doi.org/10.1007/s11214-023-01010-9

™

Check for
updates

Cross-Scale Processes of Magnetic Reconnection

K.-J. Hwang'® - R. Nakamura? - J.P. Eastwood? - S.A. Fuselier’ - H. Hasegawa* -
T. Nakamura®® . B. Lavraud’ - K. Dokgo’ - D.L. Turner® - R.E. Ergun® . P.H. Reiff'®

Received: 13 July 2023 / Accepted: 30 September 2023
© The Author(s) 2023

Abstract

Various physical processes in association with magnetic reconnection occur over multiple
scales from the microscopic to macroscopic scale lengths. This paper reviews multi-scale
and cross-scale aspects of magnetic reconnection revealed in the near-Earth space beyond
the general global-scale features and magnetospheric circulation organized by the Dungey
Cycle. Significant and novel advancements recently reported, in particular, since the launch
of the Magnetospheric Multi-scale mission (MMS), are highlighted being categorized into
different locations with different magnetic topologies. These potentially paradigm-shifting
findings include shock and foreshock transient driven reconnection, magnetosheath turbu-
lent reconnection, flow shear driven reconnection, multiple X-line structures generated in
the dayside/flankside/nightside magnetospheric current sheets, development and evolution
of reconnection-driven structures such as flux transfer events, flux ropes, and dipolarization
fronts, and their interactions with ambient plasmas. The paper emphasizes key aspects of
kinetic processes leading to multi-scale structures and bringing large-scale impacts of mag-
netic reconnection as discovered in the geospace environment. These key features can be
relevant and applicable to understanding other heliospheric and astrophysical systems.
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Turbulent reconnection - Flow shear - Flux rope - Flux transfer event - Dipolarization front -
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1 Introduction

This paper addresses recent advancements to understand the cross-scale processes that unify
the kinetic physics operating during magnetic reconnection (Genestreti et al., Liu et al., Nor-
gren et al., this collection) and global magnetospheric context of reconnection (Fuselier et
al., this collection), as well as reconnection in other regimes encompassing solar and plane-
tary physics (Gershman et al., Drake et al., this collection). Magnetic reconnection is initi-
ated in the electron diffusion region (EDR; microscales) where electrons are demagnetized
and electron physics dominates, and then entails dynamics in the ion diffusion region (IDR;
mesoscales) where ions are demagnetized and Hall physics due to ion-electron decoupling
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becomes important. The region where electron jets from the EDR brake and electrons be-
come re-magnetized is called the outer EDR. Across the diffusion region, the energy stored
in the magnetic field is converted into particle energy. The separatrix is the narrow line (in
2-D) or surface (in 3-D) that separates inflowing and outflowing plasmas before and after
undergoing the reconnection process. Reconnection ultimately propagates its effect to the
macroscopic or global (scale sizes of Earth radii, Rg) region where magnetohydro-dynamics
(MHD) governs. Even though these sub-structures show distinct physical features, they ad-
join each other and interact by exchanging/transporting particles, momentum, and energy.
Therefore, the reconnection process is intrinsically multi-scale and cross-scale with different
physics predominantly identified at each boundary layer of different scales.

The near-Earth space provides the most accessible laboratory for the multi-scale physics
at work during reconnection that can be applied to various heliospheric systems as well
as laboratory plasma experiments. In particular, a key advantage of geospace observations
is that all relevant (from microscopic to macroscopic) scales are separated to the extents
measurable by in situ. E.g., the EDR ranges on the order of electron gyroradius (p.) or
electron inertial length (d,), which is ~5 km in Earth’s dayside magnetopause and ~30 km
in the nightside magnetotail. On the other hand, e.g., p, in solar corona is of the order
of 1 m, much smaller than observable scales. Therefore, comprehensive understanding of
the terrestrial plasma system will fill the gaps between theoretical/analytic predictions and
in-situ observations of micro-to-macro-scale processes that underly reconnection occurring
throughout the heliosphere and the universe.

Two of the most fundamental and long-standing science questions in near-Earth plasma
physics are how plasmas are transported and how particles are energized (Oka et al., this
collection). The large-scale magnetospheric convection regarding the former has been de-
scribed as the Dungey Cycle, which is powered by dayside and nightside reconnection
(Fuselier et al., this collection). This global and general picture, however, leaves impor-
tant missing links in cross-scale aspects of reconnection in the terrestrial environment.
Frequently-occurring and recently-highlighted ingredients attributed to the multi-scale na-
ture reconnection include, but are not limited to: reconnection upstream of, at, or down-
stream of the bow shock; the coupled shock-reconnection-turbulence process whose effects
convect to the dayside magnetopause and affect dayside reconnection; formation, extent,
and orientation of an X-line depending on the background magnetic topologies; develop-
ment and evolution of multiple X-lines, resultant multi-scale structures, and their interac-
tions with ambient plasmas; and velocity shear effects on reconnection and flow shear-driven
reconnection.

This paper focuses on bridging these gaps in cross-scale aspects of magnetic reconnec-
tion via understanding the reconnection onset and the structure, evolution, and consequences
of reconnection that can be organized in terms of the location in the geospace. For example,
reconnection at/around the bow shock is often characterized by turbulent micro-to-meso-
scale current sheets. The dayside magnetopause current sheet is typically asymmetric with a
significant guide field, whereas the nightside magnetotail current sheet is generally symmet-
ric along the current sheet normal direction with no or little guide field. The tail current sheet
is, however, asymmetric along the nominal magnetic field direction, i.e., the x direction in
geocentric solar magnetospheric coordinates (GSM). The current sheets formed at higher
latitudes than the equatorial dayside magnetopause or developed along the flankside mag-
netopause are subject to large velocity shear. Although the tearing instability is suppressed
by the velocity shear, the flow shear-driven instability can compress an initially thick cur-
rent sheet, triggering reconnection. These different reconnection geometries and magnetic
topologies lead to different extent and orientation of the X-line, which subsequently drives
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various channels for the evolution and consequence of reconnection including 3-D and/or
multi-scale structures. Thus, we structure this paper as follows:

1. Introduction

2. Reconnection in the shock region and magnetosheath

2.1 Introduction

2.2 Reconnection in the shock transition region

2.3 Reconnection in the foreshock

2.4 Interaction of discrete current sheets with the bow shock and associated reconnection
onset

2.5 Influence of shock dynamics and reconnection on the downstream magnetosheath

3. Reconnection in the dayside magnetopause

3.1 Introduction

3.2 Multi-scale aspects of dayside reconnection processes
3.3 Extent of reconnection X-lines and 3-D complexities
3.4 Flux ropes and Flux transfer events (FTEs)

4. Reconnection in the flankside magnetopause

4.1 Introduction

4.2 In-plane 2-D reconnection in the presence of a velocity shear
4.3 Mid-latitude reconnection associated 3-D magnetic topologies
4.4 Plasma mixing, transport, and turbulence

5. Reconnection in nightside magnetotail

5.1 Introduction

5.2 Onset conditions for local/global current sheet thinning
5.3 Multi-scale aspects of the nightside reconnection region
5.4 Transient structures in the exhaust region

g

Key aspects with relevance and applications to other plasma systems

The importance of multi-scale perspectives of reconnection has been indicated by re-
cent multi-point in-situ measurements and integration with state-of-the-art numerical simu-
lations. Each section introduces the topic that has drawn wide attention among the magneto-
spheric community, what is currently known, and what remains elusive about the topic. We
highlight what advancements have been achieved by the high time-resolution dataset from
the four Magnetospheric Multi-scale (MMS) satellites of inter-spacecraft spacing down to
electron scales. We address how these findings can be a key to connect the missing links in
the multi-scale reconnection process that is applicable to other heliospheric or astrophysical
systems.

2 Reconnection in the Shock Region and Magnetosheath
2.1 Introduction
Shocks, reconnection, and turbulence are often held up as three processes that are fundamen-

tal to understanding plasmas, particularly in the space environment. This is, in part, because
they all control the transport and repartition of energy. This issue is generally of importance
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Fig. 1 (a) Schematic of Earth’s shock, foreshock, and magnetosheath (adopted from Balogh and Treumann
2013). (b-i) Adopted from Gingell et al. (2020) showing a small-scale reconnection event in the transition
region of the quasi-perpendicular shock observed by MMS. The reconnection current carried mostly by elec-
trons (c-¢) and electron outflow jet (h; blue profile) indicate that MMS traversed the current sheet undergoing
reconnection along the trajectory shown as a red arrow in panel (i). (j, k) Ilustration of the quasi-parallel
shock structure and the expanded view of the reconnecting current sheet and the magnetic null observed in
the turbulent transition region (adopted from Gingell et al. 2019)

in astrophysics where collisionless shocks are believed to be important for creating energetic
particles in a variety of circumstances (e.g., Bohdan et al. 2020; Matsumoto et al. 2015).

Prior to the launch of MMS, it was increasingly understood that these three processes
may well co-exist in a more tightly-coupled sense (e.g., Karimabadi et al. 2014). The turbu-
lence properties were found to be qualitatively different downstream from the quasi-parallel
shock (0g, < 45°, where Og, is the angle between the shock normal and the interplane-
tary magnetic field, IMF; Fig. 1a) and quasi-perpendicular shock (6g, > 45°). Field-aligned
populations backstreaming from the quasi-parallel shock give rise to the formation of the
extended foreshock, where the counterstreaming component interacts with the pristine solar
wind plasma generating waves, which penetrate the shock, leading to more turbulent mag-
netosheath (Fig. 1a). Important evidence from Cluster demonstrated the existence of thin
ion-scale current sheets in the turbulent magnetosheath exhibiting reconnection signatures
in the electric and magnetic field (Retino et al. 2007; Sundkvist et al. 2007). These stud-
ies highlighted the importance of the shock itself as an interplay between turbulence and
reconnection.

Notable progress has since stemmed from the analysis of MMS observations of the shock,
foreshock, and magnetosheath. A number of studies show that reconnection can operate in
all of these regions on a variety of scales, providing a pathway to new understanding of how
shocks, turbulence, and reconnection co-exist as well as revealing new questions.

Here we review recent important studies concerning reconnection in the coupled fore-
shock, bow shock, and magnetosheath system as well as the interplay between turbulence
and reconnection. Instead of a comprehensive review of MMS-based magnetosheath recon-
nection studies detailed in Stawarz et al. (this collection), we focus on multi-scale aspects
of the bow shock and its vicinity together with their effect and impact on the dayside mag-
netopause dynamics to be discussed in Sect. 3.
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2.2 Reconnection in the Shock Transition Region

The shock transition region is the front side (ramp) of the shock where the flow speed de-
creases gradually from the upstream to the shocked downstream region. MMS has pro-
vided evidence of magnetic reconnection in the shock transition region for both quasi-
perpendicular and quasi-parallel shock configurations. An example for the former is illus-
trated in the Fig. 1(b-1) event on 23 Dec 2016, where 0, ~ 85°. A coordinate system used in
Fig. 1 represents the maximum (L), intermediate (M) and minimum (N) variance directions
of the magnetic field over the current sheet crossing. The magnetic field reversal (Fig. 1b,
h) is coincident with the electron jet and temperature peak (Fig. 1c, e, h), indicative of
electron-engaged reconnection. Another quasi-perpendicular-shock case study from 9 Nov
2016 (Wang et al. 2019), where 6g, ~ 60°, identified both the diffusion region and a sep-
arate reconnection exhaust. In the diffusion region, Hall electric and magnetic fields were
observed as well as enhanced local energy conversion. In the exhaust region observed a few
seconds earlier, accelerated ion flow was observed together with evidence of multi-beam
mixed populations in a current sheet of ~4 ion inertial lengths (d;) half-thickness.

At the quasi-parallel shock with 6, = 21° (Gingell et al. 2019), many small-scale cur-
rent sheets were observed in a transition region of ~2 minute duration crossing on 26 Jan
2017 as shown in the sketch in Fig. 1j. Reconnection was identified at one such current
sheet (Fig. 1k). An unexpected feature was that although the reconnecting current sheet
was apparently ion scale in thickness (~3 d;), only an electron jet was observed. Whilst
similar to the MMS observations of electron-only reconnection in the magnetosheath (Phan
et al. 2018), it was proposed that the thicker current sheet could be younger than an ion-
gyroperiod and therefore in the early stage of its development, consistent with the proximity
of the observation to the shock ramp.

Further analysis of both these events, and another event reported in Gingell et al. (2019)
used the First Order Taylor Expansion (FOTE) (Fu et al. 2015) to identify the existence of
magnetic nulls in the vicinity of MMS (Fig. 1k) when MMS was close to the X-line rather
than in the exhaust (Chen et al. 2019). This reconstruction also enabled the reconnection rate
to be estimated, finding that it is comparable to observations both in the magnetotail and at
the magnetopause.

A follow-up study examining ~900 MMS events of the bow shock observations made
in burst mode (Gingell et al. 2020) found that actively reconnecting current sheets were
a feature of ~40% of shock crossings and observed in both quasi-parallel and quasi-
perpendicular geometries. Given that reconnecting current sheets were encountered for all
observed Mach numbers (in addition to 6g,), it is suggested that reconnection within the
shock transition region is a universal process. However, quasi-parallel and high Alfvén Mach
number cases exhibited reconnecting current sheets more frequently. In general, the recon-
nection events were found to typically show only weak ion heating and ion jets with prefer-
ential electron coupling. Moreover, the current sheets were reported to be thicker than those
observed in the turbulent magnetosheath, and with slower electron jets.

Simulations, as illustrated in Fig. 2, support interpreting and understanding novel MMS
observations of reconnection in the shock transition region. The 2-D PIC (particle-in-cell)
simulations of a quasi-parallel shock (05, = 25°) showed that reconnecting current sheets
form both in the transition region of the shock and downstream (Bessho et al. 2019), with
good agreement to observations made by MMS (Bessho et al. 2022).

Similarly, at quasi-perpendicular shocks it has been shown that cyclical reformation of
the shock front leads to the formation of small current sheets where electron-only recon-
nection may occur (Lu et al. 2021). In general, for high Mach number shocks the shock
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Fig. 2 Abundant current sheets formed in the shock transition and downstream regions of a quasi-parallel
shock (adopted from Bessho et al. 2022). In the simulation domain plasmas flow from right (upstream of a
shock) to left (downstream). Left panel shows the out-of-plane current density. In the right panel, electron-
only and regular (both ion and electron-involving) reconnection sites are marked in magenta and yellow,
respectively. Regardless of electron-only or regular reconnection, the reconnection rate ranges between 0.1
and 0.2 (Bessho et al. 2019)

transition tend to become more turbulent with more reconnection sites, exhibiting electron-
only reconnection on ion-scale current structures (Bessho et al. 2020). This study further
revealed that non-reconnecting current sheets with the magnetic field reversal are also sites
for the field-to-particle energy conversion, indicating that this feature is not unique to re-
connection events. The energy conversion rate (J - E/, where J is the electric current and
E' is the electric field in the electron frame) in non-reconnecting current sheets is, however,
smaller than that in reconnecting current sheets.

These data-model analyses provide important context for how shocks, turbulence and
reconnection co-exist. In particular, the reconnection rate in the electron-only reconnection
current sheets was obtained to be between 0.1 and 0.2, similar to the regular reconnection
rate around 0.1 (Bessho et al. 2019). This further poses a new question, whether or not
electron-only reconnection is the evolutionary stage before reaching the ion reconnection.

2.3 Reconnection in the Foreshock

The foreshock is defined as the region upstream of the bow shock that is magnetically con-
nected to the shock and contains particles backstreaming from the shock. The combination
of backstreaming particles and the inflowing solar wind makes velocity distribution func-
tions subject to a variety of instabilities on a range of spatial and temporal scales, leading
to wave generation and particle acceleration/thermalization. The continuously varying solar
wind means that the foreshock is not a purely static region but can host a number of transient
structures. In particular, the interaction of discontinuities in the solar wind magnetic field
with the bow shock can cause changes in particle reflection and localized transient regions
of enhanced thermal pressure that may also play a role in particle acceleration processes.
These transients are often identified as hot flow anomalies and foreshock bubbles (Archer
et al. 2015; Schwartz 1995). Data from MMS has provided new insight and understanding
about the role played by reconnection in foreshock dynamics.

In a survey of foreshock transients observed by MMS (Liu et al. 2020), evidence of re-
connection was found in five examples of foreshock transients from an examination of 130
events over 2 years of MMS observations. Both anti-parallel and strong guide field recon-
nection events were reported as shown in Fig. 3. In both cases electron-only reconnection in
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Fig.3 Adopted from Liu et al. (2020). Two MMS events compare reconnection with a strong guide field (left)
and no guide field (right) observed in the turbulent region of a foreshock transient. Both events show electron-
only outflows (panel c), indicating electron-only reconnection in a thin (~1 d;) current sheet. The guide-field
reconnection event shows more dominant heating and energy conversion along the parallel direction within
the current sheet (bounded by vertical dashed lines)

a thin (~1 d;) current sheet was identified in the turbulent interior of a foreshock transient.
These events (particularly the guide field event) were in many ways similar to observa-
tions of electron-only reconnection in the turbulent magnetosheath (Phan et al. 2018). This
demonstrates a new role for turbulent reconnection in potentially contributing to the ener-
gization of particles in the foreshock, which is relevant for understanding the production of
seed populations that undergo subsequent energization during the shock crossing and further
downstream the shock.

Magnetic reconnection can be responsible for the formation of flux ropes. Within the
foreshock MMS has observed a flux rope inside a hot flow anomaly (Bai et al. 2020). This
complements previous (prior to MMS) observations of a flux rope confined inside a hot flow
anomaly in the magnetosheath (Hasegawa et al. 2012). Bai et al. (2020) reported a small
flux rope (size of 6-8 d;) encountered at the trailing edge of the hot flow anomaly. A flux
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rope was not observed by the Wind spacecraft in the upstream solar wind, thus the flux rope
was likely to be locally generated, potentially triggered by the interaction of the underlying
discontinuity and the bow shock.

Jiang et al. (2021) used MMS observations in conjunction with the first-order Taylor
expansion (FOTE) method to infer the existence of reconnecting current sheets in the fore-
shock more generally. In two separate examples from the dawn- and dusk-side foreshock,
but both upstream of the quasi-parallel shock, thin current sheets were observed to exhibit
electron-only reconnection signatures, consistent with magnetic geometry derived from the
FOTE analysis.

2.4 Interaction of Discrete Current Sheets with the Bow Shock and Reconnection
Onset

It is well established that reconnection occurs in large scale current sheets in the solar wind
(e.g., Gosling 2012). These current sheets are convected in the solar wind flow through
the bow shock, leading to large-scale reconnection observed in the magnetosheath (e.g.,
@ieroset et al. 2017). Although the MMS instrumentation is not optimized to observe solar
wind reconnection per se, it is capable of resolving such current sheets in the magnetosheath.
MMS has provided new, detailed information about large-scale reconnection current sheets
in the magnetosheath that likely originated in the solar wind, revealing the following fea-
tures: evidence of reconnection at ~100 d; downstream from the X-line; asymmetric Hall
electric and magnetic fields and inhomogeneous (predominantly parallel) ion and electron
heating across the exhaust associated with the guide field; a density cavity confined near
one edge of the exhaust where electron cooling and enhanced ion heating occur due to the
parallel electric field (Eastwood et al. 2018).

When interacting with the bow shock, or near to the magnetopause in the magnetosheath,
a non-reconnecting current sheet can be compressed (Kropotina et al. 2021), which can
lead to the onset of reconnection in the magnetosheath (Maynard et al. 2007; Phan et al.
2007). Pre-MMS observations suggested that the interaction of a current sheet with the
shock can interrupt reconnection, with it being triggered again by compression at the mag-
netopause (Phan et al. 2011). During a quasi-perpendicular shock crossing on 20 Dec 2015,
a solar wind discontinuity was fortuitously observed by MMS embedded just behind the
shock front (Hamrin et al. 2019). Although not in burst mode, MMS provided evidence for
Hall fields and particle energization indicating ongoing reconnection. By comparing with
multiple other satellites in the solar wind, foreshock, and magnetosheath it was concluded
that the observed reconnection was triggered by the compression of the discontinuity at the
shock.

Global 3-D hybrid simulations of the dayside shock region have shed further light on
this process. A simulation of the interaction of a rotational discontinuity with 180° magnetic
shear with the quasi-perpendicular shock suggests that reconnection can be triggered by the
shock compression leading to the formation of reconnection jets and flux ropes, initially
on ion scales (Guo et al. 2021a). Other simulations focusing on the interaction of rotational
discontinuities with the quasi-parallel shock reveal more complex behavior. In particular, the
discontinuity can be affected by the enhanced fluctuations in the foreshock, causing more
complex structure and local current sheet thinning and reconnection (Guo et al. 2021b).

2.5 Influence of Shock Dynamics and Reconnection on the Downstream
Magnetosheath

On the question of how the shock influences the magnetosheath, data from MMS has pro-
vided apparently conflicting conclusions. Yordanova et al. (2020) concluded that behind the
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particular for black dots (o > 100°), potentially corresponding to reconnecting current sheets

quasi-parallel shock the magnetosheath exhibits stronger current sheets and discontinuities
(Fig. 4) whereas Gingell et al. (2021) examined the prevalence of thin current sheets in the
magnetosheath, finding no strong dependence on the local plasma beta or the shock g, and
Alfvén Mach number. The two analyses used different approaches. The former employed
the Partial Variance of Increments (PVI) approach for detection of coherent structures such
as current sheets (Greco et al. 2018) and the latter directly searched for discrete 1-D current
sheet structures. Gingell et al. (2021) suggested that the unexpectedly low prevalence in the
quasi-parallel magnetosheath could be due to the difficulty of designing automated routines
to identify current sheets in a more generally disturbed plasma. In simulations, global 3-D
hybrid modelling has shown that foreshock waves can pass through the shock, where they
are compressed and can undergo reconnection (Lu et al. 2020). While this type of simulation
cannot capture electron-only reconnection, it provides further insight into the differences be-
tween the magnetosheath downstream of different bow shock magnetic geometries, which
remains an active area of research.

Of particular interest is the role that thin current sheets embedded in the turbulent down-
stream flow of the shock may play in energization, and therefore the overall energy conver-
sion process that the solar wind experiences as it flows around the magnetosphere. In a case
study of a quasi-parallel shock which benefited from a very long acquisition of MMS burst
mode data on 21 Dec 2017, thin current sheets were found to occupy 3% of the downstream
magnetosheath volume with many of them showing evidence of reconnection (Schwartz
et al. 2021). These current sheets were estimated to process 5—11% of the upstream en-
ergy flux incident at the bow shock. This indicates that these thin current sheets initiated at
the bow shock continue to influence energy processing throughout the downstream magne-
tosheath to the arrival at the dayside magnetopause. The detailed pathways and impacts of
these fluctuations driven by reconnection, shock, and turbulence toward the magnetopause
and beyond require further investigation.

3 Reconnection in the Dayside Magnetopause
3.1 Introduction

The dayside magnetopause reconnection current sheet is characterized by local asymme-
tries that arise from the density gradient across the magnetopause, a velocity shear in the
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(magnetosheath) region is on the left (right). Effects of each of these and combined effects are illustrated
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reconnection plane across the current sheet, and the presence of a guide field (Fig. 5). The
density asymmetry leads to a shift in the flow stagnant point toward the low-density mag-
netospheric side from the X-line due to the high-density magnetosheath plasmas that carry
momentum (Fig. 5a). In the presence of a velocity shear (Fig. 5b), which is expected at the
high-latitude dayside magnetopause away from the subsolar region, the inflow is slanted
from the normal direction. When the two are combined (Fig. 5c), the X-line site is occupied
by magnetosheath plasmas, resulting in an L-directional X-line drift. A guide field creates a
similar slanted inflow due to the Lorentz force, which occurs near the center of the current
sheet (Fig. 5d).

When the density gradient is combined with a guide field (Fig. 5e), the diamagnetic
effect controls the drift of an X-line. If the diamagnetic drift is larger than the outflow speed,
reconnection ceases to operate (Swisdak et al. 2010, 2003). The presence of a velocity shear
(Fig. 5b and 5c) has, in general, a similar effect on the reconnection rate as diamagnetic
suppression (Fig. 5e) since the slanted inflow decreases the efficiency of the reconnected
field line to drive the outflow (La Belle-Hamer et al. 1995; Cassak and Otto 2011; Doss
et al. 2015).

These asymmetries across the dayside magnetopause give rise to significant variations
in the multi-scale boundaries of the reconnecting current layer. The density asymmetry
(Fig. 5a) leads to the deviation from the quadrupolar Hall fields: strong Hall E along the
magnetospheric separatrix region; more bipolar than quadrupolar Hall By,. The effect of a
guide field (Fig. 5d) further introduces the quadrupolar density variation and asymmetric
quadrupolar Hall fields. (See more details in Genestreti et al., this collection.) The effect
of a velocity shear (Fig. 5b), which is most ubiquitous in the flankside magnetopause, is
discussed in Sect. 4.1.

The following subsections focus on the multi-scale characteristics of dayside reconnec-
tion (Sect. 3.2), the extent and orientation of the X-line over the surface of the dayside
magnetopause (Sect. 3.3), and evolution and consequences of dayside reconnection such as
flux ropes and flux transfer events (Sect. 3.4).
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3.2 Multi-Scale Aspects of Dayside Reconnection Processes

Typical scale lengths of the terrestrial dayside magnetopause current layers are on the order
of d, (the electron inertial length; ~5 km) for EDR, d; (the ion inertial length; ~200 km)
for IDR, and thousands of km to tens of Rg for, e.g., the length of an X-line. The first ob-
servation of the EDR at the dayside magnetopause was made by MMS (Burch et al. 2016).
The high time-resolution MMS data revealed typical features of the EDR, including elec-
tron agyrotropy, i.e., electron crescent distribution in the plane perpendicular to the magnetic
field, electron jet reversal, and positive Ohmic energy exchange, as predicted from PIC sim-
ulations (Hesse et al. 2014).

Using these common features of the EDR, Webster et al. (2018) reported 32 MMS events
of the dayside reconnection EDR. Small separation between the four MMS spacecraft down
to electron scales enabled evaluating relative contributions of each term in the generalized
Ohm’s law. Webster et al. (2018) showed general agreement between the reconnection elec-
tric field and the gradient of the electron pressure tensor, while presenting a wide range of
electron distribution and energy exchange patterns around the EDR. Torbert et al. (2016)
found that the electron inertial term in the generalized Ohm’s law is not negligible in the
EDR. The EDR was found to be unaffected by turbulence, as seen in a magnetotail recon-
nection event (Ergun et al. 2022) where the electron physics in a turbulent EDR does not
differ from a laminar EDR (Sect. 5.3).

Hwang et al. (2017) reported observations where MMS passed through the edge of the
elongated EDR (i.e, the outer EDR) in the dayside reconnection current sheet. Characteris-
tics of the outer EDR included the parallel electron crescent distribution and the out-of-plane
electric field exhibiting an opposite polarity to the reconnection electric field. The former
(Fig. 6b) is explained by cyclotron turning of the accelerated electrons by the reconnected
magnetic field in the outer EDR (Chen et al. 2016). The latter is caused by the electron
outflow jet outrunning the moving magnetic field, as evidenced by the observed energy con-
version from bulk kinetic energy to field and thermal energy (Zenitani et al. 2011; Chen
et al. 2016; Fig. 6a). This indicates the outer EDR as an ingredient in the energy partition
during reconnection.

The role of the outer EDR in the cross-scale coupling of reconnection was further inves-
tigated by Genestreti et al. (2020). They used the MMS observation of the interface between
the EDR and the IDR to assess how electron-scale dynamics affect the ion-scale reconnec-
tion rate (Fig. 6¢c-d). The Hall electron flow in the high-density magnetosheath side leads to
the formation of intense pileup of reconnected magnetic flux, consistent with energy con-
version from electron kinetic energy to field energy. Thus, electron dynamics affects the
opening angle, which is closely related to the reconnection rate.

At the nearby EDR, electron-scale magnetic field fluctuations were observed (Hoili-
joki et al. 2021). The higher (lower) reconnection rate can make the opening angle larger
(smaller) by increasing (decreasing) the magnetic field pileup. Thus, time variation of the re-
connection rate can result in the magnetic field fluctuations. Another generation mechanism
for electron-scale magnetic field fluctuations is electron vorticity due to electron Kelvin-
Helmbholtz instability (Fermo et al. 2012).

The separatrix is an active region where reconnection inflows and outflows are mixed. In
the separatrix of dayside reconnection, spiky parallel electric field structures are observed,
including double layers and electrostatic solitary waves (Genestreti et al. 2020; Holmes et al.
2019; Hwang et al. 2017). The two-stream instability between inflow and outflow electron
plasma, the bump-on-tail instability due to high-speed tail, and the Buneman instability
caused by different drifts of ions and electrons can all be important in this region of mixing
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Fig. 6 (a-b) Adapted from Chen et al. (2016) and Hwang et al. (2017) showing the out-of-plane electric
field of an opposite polarity to the reconnection electric field, negative Ohmic energy exchange, and parallel
electron crescent in the outer EDR. (c-d) Adopted from Genestreti et al. (2020). MMS1-3 passed the IDR,
while MMS4 went closer to the EDR through IDR and outer EDR. MMS observed substructures of the IDR
including the Hall fields and super-Alfvenic electron flow, sub-Alfvenic ion outflow, and magnetized electron
outflow within the exhaust layer. The electron dynamics in the outer EDR can affect the opening angle, thus,
the reconnection rate. In this event the opening angles were calculated (magnetosphere side ¢ = 24° + 4°,
magnetosheath side 6 = 6° £+ 4°)

between magnetospheric and magnetosheath plasmas (Chang et al. 2021; Graham et al.
2017).

The interaction between inflow and outflow can also generate electron vorticity in the
separatrix layer (Ahmadi et al. 2022). Such vortices and current loops can induce magnetic
field disturbances (Hwang et al. 2019; Stawarz et al. 2018). However, in the magnetospheric
separatrix, the net potential of spiky structures is not enough to accelerate the observed elec-
tron inflows. Instead, the spiky structures contribute to a rapid electron-time-scale thermal-
ization of plasmas that are transported into the magnetospheric inflow region by ion-scale
lower-hybrid drift waves (Holmes et al. 2019). These heating processes engaging multi-scale
waves can lead to pre-heating of inflowing plasmas before they enter the EDR.

Beyond this coupling of kinetic reconnection boundaries, the global-scale characteristics
of the X-line as well as evolution and consequences of multiple X-lines developed on the
dayside magnetopause are discussed in the following Sects. 3.3 and 3.4, respectively. The
multi-scale processes and structures occurring in the exhaust region are detailed in Sect. 3.4.

3.3 Extent of Reconnection X-Lines and 3D Complexities

When the IMF is southward, magnetic reconnection at the magnetopause occurs at relatively
low latitudes between magnetic field lines in the magnetosheath and field lines in the mag-
netosphere. This reconnection produces long, continuous, quasi-stationary X-lines that can
extend across the entire dayside and possibly along the flanks of the magnetopause. These
conclusions about reconnection X-lines were developed from multi-spacecraft observations
at the magnetopause (e.g., Dunlop et al. 2011; Phan et al. 2000), global auroral imaging
(Fuselier 2002), observations in the magnetospheric cusps (Trattner et al. 2021a, 2007) and,
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more recently, observations from the MMS mission (Fuselier et al. 2019b; Hasegawa et al.
2016; Trattner et al. 2021b).

Recent MMS observations indicate that X-line length appears to depend on where re-
connection is occurring at the magnetopause and whether there is a guide field at the X-line
(Fuselier et al. 2021). Together with the outflow velocity data, multi-species ion distribu-
tions imply the location of X-line and magnetic topology (Fuselier et al. 2019a; Petrinec
et al. 2020). These recent observations also indicate that the orientation of X-lines at the
magnetopause is also a complicated function of these two conditions. Figure 7(a) shows the
shear angle between the draped magnetosheath and the magnetospheric field lines at the
magnetopause. High (low) magnetic-shear regions are shown in red (blue/purple). These
magnetic shear angles at the magnetopause are projected onto the Y-Z plane in GSM. Fig-
ure 7(a) depicts the magnetic shear conditions when MMS was at the magnetopause on 22
January 2017 and the IMF (brown vector in the lower right) was strongly southward with a
duskward component. Under these conditions, the maximum magnetic shear model (Trattner
et al. 2007, 2021b) predicts that there is a more-or-less continuous reconnection X-line that
stretches from the dawnside along a “ridge” of oppositely-directed (anti-parallel) magne-
tosheath and magnetospheric field lines. The X-line cuts across the noon meridian (Ygsy =
0), forming the component X-line in Fig. 7. This component X-line connects the two anti-
parallel ridges on the dawnside and duskside. Anti-parallel reconnection occurs along the
ridges, where the shear is 180° and component (or guide field) reconnection occurs along
the “component X-line” that cuts across the noon meridian where the shear is <180°.

The orientation of the X-line is different for the component X-line and for the anti-
parallel X-lines. Fuselier et al. (2021) investigated the X-line orientations for 37 events
where the MMS spacecraft were at or very close to the X-line. The X-line is oriented along
the M direction in the standard LMN coordinate system at the magnetopause. Figure 7(b)
shows that the component X-line is oriented along the M direction. This orientation implies
that the component X-line is many Rg long and continuous. Crossings anywhere along this
X-line show the same orientation.

For the anti-parallel X-lines on the duskside and dawnside, the orientation and the length
of the X-lines are different from the component X-line. The X-lines are oriented perpendicu-
lar to the anti-parallel ridge in the region between the “knee” in the ridge and the component
X-line as shown in Fig. 7(c). This orientation implies that this part of the anti-parallel X-line
is actually composed of short (~1 Rg) X-lines that are stacked as stairsteps along the ridge.
Along the anti-parallel ridge from the knee to the beyond the dawn terminator, the X-line is
oriented along the ridge.

Thus, the length of the X-line depends on the location at the magnetopause and on the
magnetic shear angle where reconnection occurs. While the maximum shear model predicts
the extent and orientation of X-lines over the entire magnetopause surface, PIC simulations
(Liu et al. 2018b) showed that when a primary X-line misaligns with the optimal orienta-
tion due to, e.g., time-varying upstream conditions, secondary X-lines develop to adjust the
orientation. Such multiple X-lines, similar to Fig. 7(c), may facilitate the formation of flux
ropes and/or secondary islands, which is discussed in Sect. 3.4.

3.4 Flux Ropes and Flux Transfer Events (FTEs)

The flux ropes formed on the surface of the magnetopause, termed flux transfer events
(FTEs), are the manifestation of cross-scale or multi-scale aspects of magnetopause recon-
nection. The observational phenomena of these structures include a bipolar signature in the
magnetic field component normal to the nominal magnetopause (By), an increase or de-
crease in the magnetic field strength at (or bounding, in the case of crater FTEs) the center
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Fig. 7 Shear angle between the magnetosheath and magnetospheric magnetic fields at the magnetopause
projected onto the Y-Zgsy plane (a). These shear angles are for 22 January 2017 at 1048 UT when MMS
was at the magnetopause and the IMF was strongly southward with a duskward component. The thick blue
line traces out a continuous X-line stretching from the dawn flank to the dusk flank magnetopause. The
orientations of X-lines are determined by the M direction in the LMN coordinate system. The component
X-line is long and continuous and crossings of this X-line show the same orientation of the reconnection
structure (b). Part of the anti-parallel ridge is composed of short X-lines that are oriented perpendicular to the
ridge (c)

of the By reversal, and coexistence of the magnetospheric and magnetosheath plasma inside
the FTE.

These characteristics of FTEs are explained by their generation mechanisms invoking
1) transient bursts (spatially and temporally) of dayside reconnection (Russell and Elphic
1978), 2) the turn-on-and-off or temporal modulation of the reconnection rate of single X-
line reconnections (Phan et al. 2004; Scholer 1988; Southwood et al. 1988), or 3) multiple
X-lines (in 2-D representations) or separator lines (in 3-D representations) (Lee and Fu 1985;
Scholer 1995). Different generation mechanisms necessarily give rise to different magnetic
topologies or magnetic field connectivities within and around the FTEs.

MMS with its high-resolution measurements enabled us to resolve the detailed substruc-
tures of FTEs: multi-layered substructures within a crater FTE (Hwang et al. 2016); re-
connecting current sheets between interlinked flux tubes (Kacem et al. 2018; Kieokaew
et al. 2020; Gieroset et al. 2019; Hwang et al. 2020b); electron-scale reconnecting current
sheets at the leading edge of an FTE or a flux rope (Poh et al. 2019; Zhong et al. 2021);
electron- or ion-scale current layers at the interface of two coalescing FTEs (Wang et al.
2017; Zhou et al. 2017); and ion-scale flux ropes growing from an electron-scale current
layer (Hasegawa et al. 2023).

Figure 8(b-e) show the observations of a series of the ion-scale FTEs (marked by shaded
areas) when MMS crossed between the low-latitude boundary layer (LLBL; green bar at
the top of panel b) and the magnetopause current sheet (red bar). Four-spacecraft measure-
ments allow the force analysis across FTEs: the magnetic tension force (Fig. 8c) is relatively
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Fig.8 Adopted from Hwang et al. (2018), Zhou et al. (2017), and Akhavan-Tafti et al. (2020). The observa-
tion of a series of ion-scale FTEs generated in the magnetopause current sheet (a-e): across FTEs the magnetic
tension force (c) is relatively balanced by the total pressure gradient force (d). The relative motion between
the initial and later X-lines (a) facilitates the formation of FTEs via tearing instability. These FTEs can in-
teract via reconnection which dissipates the magnetic field at the interface of the two flux ropes to coalesce

(&)

balanced by the total pressure gradient force (Fig. 8d). Throughout the current sheet, the
low-energy electrons consist of two populations (Fig. 8e): a field-aligned population accel-
erated by the electrostatic potential (Egedal et al. 2008) and a trapped (centered on 90° pitch
angles) population locally bouncing within the reconnection exhaust (Lavraud et al. 2016).
Both indicate ongoing reconnection around the FTEs.

Figure 8(a) illustrates the MMS trajectory (cyan dashed arrow) across these small-scale
FTEs. The relative drift between the initial and later X-lines facilitates the formation of
multiple secondary islands or FTEs via tearing instability. These FTEs can interact with
each other or the ambient magnetic field to either coalesce (Fig. 8g) or erode. Simulation
studies by Akhavan-Tafti et al. (2020) predicted the Fig. 8(a-e) FTEs to grow Earth-sized
within 10 min, and continuous reconnection at adjacent X-lines between FTEs is the dom-
inant source of magnetic flux and plasma of the resulting large-scale FTEs. Possible inter-
actions between flux ropes and the resulting magnetic geometry are summarized in Fig. 8(f)
in terms of the change in the enclosed area inside an FTE and its magnetic flux content
(Akhavan-Tafti et al. 2020). These studies indicate that microscale (electron) and mesoscale
(ion) processes associated with reconnection occurring around FTEs play a crucial role in
the generation, structure, and evolution of FTEs, which, in turn, modulate the structure and
evolution of pre-existing or primary reconnection.

Formation and evolution of FTEs are directly linked to magnetic field connectivity with
Earth’s magnetosphere, affecting solar wind mass, momentum, and energy transfer into
the magnetosphere down to the ionosphere. Implications of these FTEs on the large-scale
magnetosphere-ionosphere coupling (MIC) processes are obtained from the sequential ob-
servations of FTEs, poleward moving auroral forms, and polar cap patches (Hwang et al.
2020b).
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Fig. 9 Adopted from Hwang et al. (2021). Interlinked flux tubes form via multiple reconnection X-lines
(a-b-c, a-b-e). Two reconnected flux tubes interact at the center of the interlinked flux tubes via localized
reconnection (c, €). Resultant structures keep evolving their magnetic connectivity (d, f). This entanglement
can suppress the tailward transition of this type of FTEs

MMS identified the generation and evolution of interlinked flux tubes. Figure 9 shows
how the interlinked flux tubes can form and evolve via localized reconnection, which neces-
sarily entails the change of the magnetic connectivity. Figure 9(a, b) illustrate the generation
of interlinked flux tubes under the southward IMF with a significant B, component. This
condition leads to two X-lines developed on the dayside magnetopause, and two recon-
nected flux bundles collide with and entangle each other. A notable difference in the energy-
dependent electron pitch-angle distributions before and after the center of the flux rope/FTE
indicates such interlinked flux tubes (Hwang et al. 2021; Kacem et al. 2018; Russell and Qi
2020)

At the interface of the two flux tubes (Fig. 9c, e), converging jets together with the mag-
netic pile up (Qieroset et al. 2016; Gieroset et al. 2019; Maheshwari et al. 2022) lead to
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the formation of a compressed current sheet giving rise to the onset of reconnection (Far-
gette et al. 2020). As a result, the two flux tubes change their connectivity either with both
ends connected to the magnetosphere or with both ends connected to the magnetosheath
(Fig. 9d, f). Furthermore, reconnection at the leading edge of FTEs between the FTE field
lines and the magnetospheric (closed), magnetosheath (unconnected), or boundary layer
(open or complex topology) field lines will affect whether FTEs significantly contribute to
nightside flux transport or not, as will be different for loosely- vs. tightly-interlinked flux
tubes (Fig. 9d vs. 9f). These scenarios indicate that the localized physics occurring in FTEs
can make macroscopic impacts such as the global circulation of magnetic flux through the
magnetosphere and solar wind-magnetosphere coupling, affecting the content and rate of
the magnetic flux and solar wind transfer.

Mejnertsen et al. (2021) studied the propagation, evolution, and fate of FTEs generated
by multiple reconnection X-lines. They simulated a real solar wind event using the MHD
code to find that 1) the extent to which FTEs add magnetic flux to the tail depends on their
topology and 2) the resulting FTEs transit around the flankside magnetopause before they
eventually dissipate due to non-local (nightside magnetotail) reconnection altering the FTE
topology. The FTEs drifting on the flanks of the magnetopause also affect local dynamics
occurring there that typically involve velocity-shear driven multi-scale processes, which is
the topic of Sect. 4.

4 Reconnection in the Flankside Magnetopause
4.1 Introduction

Figure 5(c) represents the reconnection geometry typically occurring on the flank-side mag-
netopause. The combined flow shear and density asymmetry have multiple effects on recon-
nection such as the drift of the X-line (Fig. 5c) and the reconnection efficiency (Cassak and
Otto 2011; Doss et al. 2015). These combined effects also drive an additional asymmetry in
the reconnection exhaust region (La Belle-Hamer et al. 1995). In the upper (tailward) ex-
haust of Fig. 5(c), the outflow is in the same direction as the upstream magnetosheath flow.
A smaller force is required to drive the outflow. On the other hand, the larger density on the
magnetosheath side requires a larger accelerating force to drive the outflow. Thus, the effects
of shear flow and density gradient compete on one side but enhance each other on the other
side. The tailward exhaust, where the two effects compete, exhibits a broader magnetic field
transition region often bounded by bifurcated current sheet. The sunward exhaust, where the
two effects enhance each other, becomes a narrow current sheet with the accelerated flow
entrained toward the magnetospheric side.

Tanaka et al. (2010), using PIC simulation codes, studied the effects arising from the
combination of a guide field as well as a flow shear in density-asymmetric reconnection.
They showed that both an initial upstream flow and the Lorentz force acting on inflow-
ing plasmas due to a guide field produce a slanted inflow to the current sheet, giving rise
to asymmetries in the quadrupolar exhaust similar to the MHD simulation by La Belle-
Hamer et al. (1995). The MMS observation reported by Hwang et al. (2021) indicated the
predicted quadrupolar reconnection current layer with asymmetric exhaust patterns. Tanaka
et al. (2010) also showed that the X-line motion is controlled either by the ion flow when the
shear flow effects dominate or by the electron flow when the guide field effects dominate, as
well as the development of asymmetric exhausts.
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These studies considered the case where the velocity shear co-exists with the magnetic
shear in the reconnection plane. Although this is a valid case for high-latitude dayside re-
connection as well, the intrinsic difference of flankside reconnection comes from the fact
that Kelvin-Helmholtz instability (KHI) driven by fast magnetosheath shear flows efficiently
compresses the magnetopause current sheet, facilitating the onset of reconnection (details in
Sect. 4.2).

Furthermore, under mostly southward IMF the current sheet configuration on the flank-
side magnetopause is typically a largely antiparallel magnetic field with a perpendicular
shear flow (Fig. 1 of Ma et al. 2014a). In this case, both reconnection and KHI can simulta-
neously operate. In the linear stage, the initial perturbations (magnetic shear vs. flow shear)
determine the primary process. In the nonlinear stage, the two modes interact with each
other: for the case of initially dominant KHI, reconnection is driven and strongly modified
by nonlinear KH waves, producing complex flux ropes via patchy reconnection (Ma et al.
2014b, 2014a); for the case of initially dominant reconnection, the onset of reconnection
causes a thinned shear flow layer, generating small wavelength KH waves, which in turn
modulate the diffusion region and increase the reconnection rate (Ma et al. 2014b).

Reconnection can also occur out of the shear plane due to a 3-D twist of magnetospheric
and magnetosheath magnetic fields induced by KH vortices (Sect. 4.3). This section lastly
addresses an important question concerning mass transport, i.e., solar wind entry across the
flankside magnetopause and plasma mixing in the LLBL induced by KHI-driven reconnec-
tion (Sect. 4.4).

4.2 In-Plane 2-D Reconnection in the Presence of a Velocity Shear

When the velocity shear exists in the same 2-D plane as the reconnection plane, the linear
growth of the tearing instability is stabilized by the velocity shear (e.g., Chen and Morrison
1990). However, when the shear flow speed V, exceeds the Alfvén speed based on the mag-
netic field component parallel to the velocity shear (Vo > V), the KHI becomes unstable
overcoming the in-plane magnetic tension (e.g., Chandrasekhar 1961; Miura and Pritchett
1982).

Numerical simulations treating non-linear physics of the KHI demonstrated that under
such super-Alfvénic conditions the vortex flow produced by the non-linear growth of the
KHI can locally compress the pre-existing magnetic shear layer (current sheet), and secon-
darily induce reconnection (Knoll and Chacén 2002; Nakamura et al. 2006, 2011; Pu et al.
1990), as shown in Fig. 10(a). This process is termed vortex-induced reconnection (VIR)
or the Type-I VIR (Nakamura et al. 2008). Note that when the KHI produces highly rolled-
up vortex arms, which can form with a strong velocity shear in a range of Vo > 2-3 V4
(Miura 1984; Nakamura and Fujimoto 2005), the highly-swirled magnetic field lines in-
volved within the arms can newly form thin secondary current sheets and induce reconnec-
tion (Faganello et al. 2008; Nakamura and Fujimoto 2005; Nykyri and Otto 2001). This type
of VIR is categorized as Type-1I VIR (Nakamura et al. 2008).

It is notable that the VIR can be triggered even when the initial shear layer is too thick to
cause fast spontaneous reconnection, because the non-linear vortex flow rapidly compresses
the thick layer down to electron-scales (Nakamura et al. 2008, 2011) (Fig. 10a). Indeed,
evidence of VIR has been reported at the Earth’s dayside-to-flank magnetopause (Eriks-
son et al. 2016; Hasegawa et al. 2009; Hwang et al. 2020a; Nakamura et al. 2013) whose
thickness is typically of the order of 10* km and larger than ion-scales (e.g., Berchem and
Russell 1982). It is also notable that the rate of VIR is basically higher than that of regu-
lar reconnection since the super-Alfvénic vortex flow produces a strong inflow towards the
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Fig. 10 (a) Time evolution of the perpendicular component of the convection electric field and two selected
magnetic field lines in a 2-D fully kinetic simulation, showing the onset of VIR and resulting magnetic island
(flux rope) formation in the compressed current sheet (adopted from Nakamura et al. 2011). (b) 3-D views of
(top) selected field lines near the VIR-produced transverse/oblique flux ropes and (middle) the vortex surface
with the reconnected field component By, and (bottom) corresponding magnetic power spectrum (ky, kz) in
a 3-D fully kinetic simulation, showing the 3-D evolution of VIR and resulting flux ropes over a broad range
of oblique angles (adopted from Nakamura et al. 2013)

VIR region (Nakamura et al. 2011). Namely, VIR is a kind of strongly-driven reconnection
process, which has been less explored in the reconnection physics. This process results in
an efficient plasma mixing and transport across the shear layer along the reconnected field
lines (Nakamura et al. 2011).

Recent 3-D kinetic simulations of VIR also demonstrated that the VIR can be triggered
at more than one sites in 3-D, with X-line orientations distributed over the entire range of
angles between the field direction on one side and that on the other side. As a result, multiple
oblique flux ropes are formed along the vortex surface (Fig. 10b), which further enhances
the rate of the mass transfer (Nakamura et al. 2013, 2017b).

MMS has provided observational evidence of VIR-generated flux ropes. Figure 11 shows
MMS observations of a flux rope locally generated at the KH vortex boundary (Hwang et al.
2020a; Kieokaew et al. 2020). Both outer-leading (‘O-L’) and outer-trailing (‘O-T’) edges
of the flux rope exhibit reconnection signatures including flow reversals (blue arrows in Fig-
ure 11Ab, c). This is consistent with the prediction from the Grad-Shafranov reconstruction
of the magnetic field (Fig. 11Ba, b; see details in Hasegawa et al. 2023). The magnetic-field
map (black contours) demonstrates an elongation of the flux rope associated with ion flows
converging toward the FTE center (colored arrows in Fig. 11Ba). Both plasma flow and
density patterns (Fig. 11Ba, b) are consistent with the flux rope generated by VIR (Fig. 10).

At the center of the By reversal (marked by vertical dashed black lines, ‘C’ on the top of
Fig. 11A), the rapid By change across ‘C’ with a dip in the magnetic field strength (black
profile in Fig. 11Aa; blue in Fig. 11Ad) indicates the existence of local reconnection at the
FTE center, as evidenced by ion outflow jets (red arrow in Fig. 11Ab) and out-of-plane
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Fig. 11 A. A flankside FTE observed by MMS: (a) the magnetic field, B (LMN components and B); (b,
¢) ion and electron bulk velocities; (d) the plasma (red; P,;) and magnetic (blue; Pp) pressures, and the
sum of Pp; and Pp (black); (e) the electric current density; (f) the pitch angle distribution for electrons of

0.2-2 keV energy; (g) the energy conversion rate in the electron frame (J - E'); illustration of VIR-driven
flux rope generation (h) and the onset of mid-latitude reconnection (i; Sect. 4.3). Inner-leading (trailing) and
outer-leading (trailing) edges are denoted by ‘I-L’ (‘I-T") and ‘O-L’ (‘O-T"), respectively. B. Reconstruction
of the magnetic field of the flux rope shown in panels A(a-h) using the Grad-Shafranov (a, b) and SOTE (c)
reconstruction methods. Adopted from Hwang et al. (2020a)

current-carrying electron jets (green arrow in Fig. 11Ae), non-zero J - E’ (Fig. 11Ag), and
electron agyrotropy (not shown; Hwang et al. 2020a). Polynomial or second-order Taylor
expansion (SOTE) reconstruction methods (Denton et al. 2020; Liu et al. 2019) present
an interlinking of two flux tubes (Fig. 11Bc; Sect. 3.4). Indeed, MMS observed notable
difference in the electron pitch angle distribution across ‘C’ (Fig. 11Af) and strong magnetic
tension force toward the FTE center (not shown).

The Fig. 11 event demonstrates that reconnection occurs at diverse locations on a va-
riety of scales within the KH vortex, suggesting that KHI and reconnection cooperate
on the plasma transport and mixing across the flank magnetopause. 3-D PIC simulations
(Nakamura and Daughton 2014; Nakamura et al. 2017a) showed that the rate of the VIR-
produced mass transfer across the flank magnetopause, such as the diffusion coefficient
(Dgisr ~ 10'%-"" m?/s), could be one-to-two orders of magnitude higher than the previously
predicted rate (Dgir ~ 10° m?/s; Nykyri and Otto 2001) to form the LLBL where the solar
wind and the magnetospheric plasmas are mixed. These results indicate that the multi-scale
evolution of the VIR may crucially contribute to large-scale mass transfer across the bound-
ary layer where the magnetic and velocity shears co-exist such as the Earth’s magnetopause.

4.3 Mid-Latitude Reconnection, Associated 3D Magnetic Topologies

Figure 11A exhibits a distinctive out-of-plane (northward in this event) electron jet at
the inner-trailing edge (‘I-T") of the flux rope (Fig. 11Ac), carrying most of the current
(Fig. 11Ae). The field-aligned jet was not consistent with acceleration by the local electric
field, leading to negative J - E’ (Fig. 11Ag). Observed open field-line topology (illustrated
in Fig. 11i) further indicated that the magnetic field lines at ‘I-T” might be connected to
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Fig.12 Adapted from Faganello
et al. (2012). Left frame: blue/red
colors show tracers of the
original side of each field line in
the simulations, at the equator
and two mid-latitude (X,
Y)-planes, light green shows
current isosurfaces of large
currents, and selected field lines ‘
of various colors show the \ KH vortices
complex magnetic topologies that
arise. Right frame: at a later time

Mid-latitude
(northern)
reconnection

in the simulation, the green
ochre, and grey field lines show
pristine magnetospheric, and

Mid-latitude
(southern)
reconnection

once-reconnected and
double-reconnected field lines,
respectively

mid-latitude reconnection between twisted field lines of magnetosheath (black curves in
Fig. 11Ai) and magnetosphere (blue) origin in the southern hemisphere.

Thus, in addition to Type-I and Type-II VIR triggered within KH vortices (Sect. 4.2),
reconnection can also occur at mid-latitudes in association with the 3-D growth of the KHI.
The fact that this type of reconnection is different from VIR occurring in the velocity shear
plane is clearly illustrated in Fig. 12 from Faganello et al. (2012).

For the purely northward IMF case as simulated for Fig. 12, Type I and II reconnection
would occur in association with the main vortex development in the equatorial plane. Mid-
latitude reconnection, by contrast, is triggered away from the equatorial plane as a result of
the relative flow shears at the two locations, producing magnetic shears at mid-latitudes that
are prone to the triggering of reconnection. The twisting of magnetic field lines as induced
by this process also has impacts on coupling to the ionosphere, i.e., the generation of field-
aligned currents (e.g., Hwang et al. 2022; Johnson and Wing 2015; Johnson et al. 2021;
Petrinec et al. 2022). Mid-latitude reconnection can relax the 3-D twist of the field lines,
thus, affecting the large-scale MIC.

Borgogno et al. (2015) studied in further detail the changes in the global magnetic topolo-
gies that result from this process in 3-D. They showed in particular that field lines can be
reconnected in different ways as the process evolves in the simulation. Magnetic field lines
in the simulation domain are found to be reconnected at either one or both reconnection
regions at mid-latitudes, with occurrence rates evolving over the time (cf. Faganello et al.
2022; Sisti et al. 2019). Using high-resolution MMS data, Vernisse et al. (2016) showed in-
situ signatures of the mid-latitude reconnection process. The observations further suggested
that both mid-latitude reconnection (in both hemispheres) and Type-I VIR in the equatorial
plane may be occurring at the same time. A direct implication of this possibility is that mag-
netic field topologies can be even more complex than suggested by Borgogno et al. (2015)
since the possible magnetic topologies then become a combination of not only two but three
reconnection regions for the same field lines (Type-I or Type-II reconnection in the equa-
torial plane and the two reconnection regions at mid-latitudes in the northern and southern
hemispheres). This is illustrated in Fig. 13, where the various possible combinations are
sketched.

Further simulations by Fadanelli et al. (2018), using non-purely northward IMF con-
ditions, showed that in such cases the whole geometry of the KH process is skewed: the
distinction between reconnection in the equatorial plane and at mid-latitudes is not clear
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Fig. 13 Adopted from Vernisse et al. (2016). (a-g) Possible topologies of a field line observed on the magne-
tosheath side of a wavy magnetopause induced by the KHI. SH corresponds to the magnetosheath side and
SP to the magnetosphere side. A dashed line within the rectangle between the SH and SP parts means that re-
connection is occurring at this particular site. A solid line within the rectangle signals that the magnetopause
is closed at this site. (h and i) Example of field line changing topology. Two closed magnetospheric field lines
(blue) and one magnetosheath field line (red) before (h) and after (i) reconnection has occurred in the local
KH wave and at midlatitude in the northern hemisphere. The resulting open field line is depicted in green

anymore, such that there exists a broad region of possible reconnection from mid-to-low
latitudes in one of the hemispheres. The fact that reconnection sites may occur over a broad
range of latitudes was later confirmed with MMS observations by Vernisse et al. (2020).
Also, similar or even more complex features were found in simulations by Sisti et al. (2019)
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or Faganello et al. (2022). For the specific conditions of the MMS KHI event on 8 Sep 2015
(cf. Eriksson et al. 2016; Vernisse et al. 2016), the late nonlinear phase of the KHI simulation
(Faganello et al. 2022) showed the development of broad regions of reconnection and vortex
pairing at all latitudes. They also found that secondary KHI develops, but only in the north-
ern hemisphere, leading to an enhancement of the occurrence of off-equator reconnection,
which is also consistent with observations by Vernisse et al. (2020).

In a symmetric configuration between the northern and southern hemispheres described
in Faganello et al. (2012), the double mid-latitude reconnection process with an equal oc-
currence and rate does not provide a net transport of mass. Under asymmetric conditions,
however, transport may occur and be quantified. For such asymmetric conditions Ma et al.
(2017) identified doubly-reconnected field lines and estimated the mass transport rate to be
on the order of 10'° m?/s, comparable to the VIR-produced mass transport rate (Nakamura
and Daughton 2014). The importance of KHI for mass transport into the magnetosphere is
now well established, as addressed in a review by Faganello and Califano (2017), which
also describes in more details the roles of magnetic reconnection in association with the
instability. We further discuss this topic in Sect. 4.4.

4.4 Plasma Mixing, Transport, and Turbulence

Magnetic reconnection induced by the nonlinear development of the KHI at the flank mag-
netopause has been invoked to have cross-scale or large-scale impacts, including turbulence
generation, plasma mixing in KH vortices, and plasma transport across the magnetopause
and possibly into the near-Earth portion of the magnetotail. Stawarz et al. (2016) reported a
magnetic power spectrum with a power-law index —5/3, namely, a traditional Kolmogorov-
type turbulence feature at the MHD scale, for the 8 Sep 2015 event of magnetopause KH
waves with reconnection jet signatures (Eriksson et al. 2016). Interestingly, a 3-D fully ki-
netic simulation of this MMS event showed that VIR in 3-D can generate such a turbulent
power spectrum even in an early nonlinear stage of the KHI (Nakamura et al. 2017b). Con-
sistently, a study by Hasegawa et al. (2020), in which the same MMS event was compared
with a dayside magnetopause crossing event without KHI activity, suggested that magnetic
turbulence can be enhanced as a consequence of the KHI growth. Notably, the cross-scale
energy transfer rate was shown to be larger on the magnetospheric side of the KH-unstable
magnetopause, where the turbulence level was low initially but VIR may grow more vigor-
ously, than on the magnetosheath side where turbulence may be already developed (Quijia
et al. 2021). [See Stawarz et al., this collection, for further discussion on an interplay be-
tween the KHI, VIR, and turbulence.]

The simulation by Nakamura et al. (2017b) also showed that in a fully developed phase
of the KHI and thus of VIR, the rate of particle entry across the magnetopause per one
KHI wavelength can be of order 10%° s~! and a dense LLBL of ~1 R thickness can form
around the dawn-dusk terminator (Nakamura et al. 2017a). The study thus suggests that VIR
significantly contributes to plasma mixing across the flank magnetopause and the LLBL for-
mation. A question from the viewpoint of macroscale impact is then whether LLBL plasmas
could be transported beyond the boundary layer into the central or midnight portion of the
magnetotail through the KHI or VIR.

Figure 14 shows energy-dispersed ion beams at energies less than 1 keV (thus most
likely of magnetosheath origin) observed by MMS in the duskside plasma sheet during a
northward IMF period. Nishino et al. (2022) applied both time-of-flight (Lockwood and
Smith 1989) and pitch-angle dispersion analyses (Burch et al. 1982) to the observed field-
aligned and anti-field-aligned ion beams in order to estimate the source location of these
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Fig. 14 Adopted from Nishino et al. (2022). MMS observations of repeated energy dispersed magnetic-field-
aligned ion beams in the duskside magnetotail during northward interplanetary magnetic field conditions.
Panels (c) and (d) show fast and slow dispersions, respectively, consistent with source locations of the beams
on the tailward and dusk side of MMS, which may well be a dusk-flank boundary layer where vortex induced
reconnection can occur (g, h). Time-of-flight analysis (e) suggests a distance to the source region of ~5 Rg

ions. The results show that under the observed solar wind conditions, they can be traced
back to a dusk-flank boundary layer at a distance ~5 Rg on the tailward and dusk side
of MMS. Interestingly, the field-aligned (earthward traveling) energy-dispersed ions were
observed repeatedly with a recurrence time of order a few min (Fig. 14c), which is similar
to the KH wave period in the tail flanks (e.g., Hasegawa et al. 2006). This suggests their
possible connection to KHI activity; magnetic reconnection induced in a KH-active flank
boundary layer may have injected cool ions of magnetosheath origin toward the near-Earth
plasma sheet. Their results indicate that, in addition to poleward-of-the-cusp reconnection in
both northern and southern hemispheres (e.g., Li et al. 2008), VIR may play a role not only
in plasma transport across the magnetopause and mixing in the LLBL but also in large-scale
plasma transport, namely, the formation of the cold-dense plasma sheet under northward
IMF (Terasawa et al. 1997).

Another aspect from the viewpoint of cross-scale processes is that velocity fluctuations
or turbulence in the magnetosheath, which can act as seeds for the KHI and thus VIR, are
generally more intense on the dawn than dusk side (e.g., Nykyri et al. 2017). In the presence
of such magnetosheath turbulence, larger KH vortices can grow, leading to larger-scale and
faster plasma transport (Nakamura et al. 2020; Nykyri et al. 2017). Resulting dawn-dusk
asymmetric transport may be responsible, at least partially, for dawn-dusk asymmetries in
the plasma sheet density and ion spectra (Wing et al. 2005).
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When the plasma and magnetic fluctuations caused by KHI-associated reconnection at
the flank magnetopause penetrate toward the midnight region, they provide perturbations in
the central tail current sheet that can modify background parameters around the reconnecting
current sheet and/or possibly serve triggers of the marginally stable current sheet in the
central plasma sheet. Section 5 discusses multi-scale dynamics of reconnection occurring in
the magnetotail.

5 Reconnection in Nightside Magnetotail
5.1 Introduction

The background magnetotail current sheet is generally symmetric between the northern and
southern hemispheres across the current sheet with no or only small guide field compared to
dayside boundaries. Instead, the magnetotail current sheet is asymmetric along the magne-
totail axis bounded between the hotter plasma population trapped by Earth’s dipole field in
the inner magnetosphere at the earthward side and the solar wind plasma on the wake side
(tailward side).

Magnetotail reconnection is expected to have, therefore, nearly 2-D geometry locally
around the diffusion region in the first place. Corresponding scale sizes for EDR and IDR
in the terrestrial magnetotail are on the order of d, (d, < 40 km) and d; (d; < 1600 km),
respectively. The reconnection X-line is most likely to be localized with an extent of a few
Rg in the magnetotail as inferred from the localized cross-tail (dawn-dusk) scales of fast
plasma flows, called bursty bulk flows (BBFs; Angelopoulos et al. 1992), about one order
smaller than the magnetotail dimension. Hence the evolution and consequence of the recon-
nection propagating from localized reconnection sites involve 3-D and transient processes,
producing complex multi-scale structures.

One of the most important consequences of the energy transport from the reconnection
site is a variety of instabilities in the transition region from tail-like to dipolar magnetic
fields. In this region the reconnection jets brakes and/or diverts and energy is deposited to
the ionosphere (Fuselier et al., this collection) as well as energetic particles are injected
toward the inner magnetosphere (Oka et al., this collection).

In the following we highlight recent advances in our understanding of the multi-scale dis-
turbances beyond the diffusion regions (Norgren et al., Genestreti et al., Liu et al., this collec-
tion) that are connected to the large-scale magnetotail processes (Fuselier et al., this collec-
tion). We focus on the onset (Sect. 5.2), evolution (Sect. 5.3), and consequences (Sect. 5.4)
of magnetotail reconnection.

5.2 Onset Conditions for Local/Global Current Sheet Thinning

Formation of the thin current sheet during substorm growth phase (before the onset of recon-
nection) takes place due to the magnetic flux accumulation in the lobe (Birn and Schindler
2002) and/or enhanced loss of the closed magnetic flux toward the dayside magnetosphere
(Hsieh and Otto 2014). Both processes are due to enhanced dayside magnetopause recon-
nection (Fuselier et al., this collection).

Cluster, THEMIS, and MMS observations in the region between 10-25 Rg, where the
near-Earth reconnection takes place, showed that the thin current sheet is embedded in a
thicker plasma sheet in stretched magnetic field configuration with a small B, (normal)
component (Artemyev et al. 2021, 2016; Petrukovich et al. 2007). Such intense ion-scale
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current sheets are maintained by the stress balance between the enhanced electron anisotropy
and agyrotropic ions (Artemyeyv et al. 2017). Current sheet thinning, therefore, occurs on a
macroscopic spatial scale of several to tens of Rg (hundreds of d;) along the tail axis, while
being dominated by kinetic processes that also require the inclusion of multicomponent ion
and electron distributions including low-energy plasma from the ionosphere (Runov et al.
2021).

The magnetotail reconnection region, however, is expected to be localized in the dawn-
dusk direction based on the few Rg dawn-dusk extent of BBFs (Nakamura et al. 2004).
THEMIS observations during a current sheet thinning support this view as the pressure gra-
dient during the thinning was observed to increase both in the dawn-dusk direction and along
the tail axis, suggesting that the thinning may take place in a localized manner (Artemyev
et al. 2019).

The current sheet configuration can also be modified by the local magnetic flux trans-
port such as dipolarization flux bundles. Nakamura et al. (2021) showed from the conjugate
MMS-Cluster event (Fig. 15), where a dipolarization front developed by the fast flow is
followed by a thin current sheet configuration at the wake of the flow activity, consistent
with the simulation of localized fast flows/BBFs (Birn et al. 2004; Merkin et al. 2019). The
localized stretched current sheet facilitates the triggering of reconnection, as predicted in
the simulation of a newly formed reconnection at the wake of a dipolarization front (Sitnov
et al. 2013). Statistics of the dipolarization fronts and BBFs (e.g., Dubyagin et al. 2011;
Richard et al. 2022; Schmid et al. 2011) showed a dawn-dusk asymmetry in the event occur-
rence, skewed toward the dusk side. This represents an asymmetry in the current sheet along
the dawn-dusk direction. Another possible creation of the dawn-dusk inhomogeneity of the
current sheet is the flapping waves, although so far the reported flapping modes are rather
consequence of reconnection (see Sect. 5.3) than the mechanism of the localized current
sheet thinning.

Still there are also observations of a thin current sheet with half-thickness of one ion-
gyroradius scale by Cluster (Baumjohann et al. 2007). Wang et al. (2018) reported MMS
observations of an even thinner quiet current sheet with a half-thickness of 9 d, without any
reconnection signatures. The current sheet was bifurcated and tilted with the stability criteria
of a linear tearing mode satisfied. How the onset condition is fulfilled by what processes for
triggering reconnection is yet to be studied by more comprehensive multi-scale observations
of the current sheet.

5.3 Multi-Scale Aspects of the Nightside Reconnection Region

Observation of magnetotail reconnection event. Due to the tailward motion of the X-line
with a typical speed of a few hundreds km/s obtained from multi-point observations (Alexan-
drova et al. 2015; Eastwood 2005), at times together with the up-down motion of the cur-
rent sheet (flapping), an X-line crossing in the magnetotail is often observed as a reversal
from tailward to earthward ion flow. Figure 16 shows two examples of X-line crossing ob-
servations (A, B) with illustration of the spacecraft motion relative to the X-line (C) and
the current sheet flapping (D). While the MMS observations of reconnection EDRs usually
lasted only about a few seconds, the large-scale ion flow reversal from tailward to earthward
takes several minutes to several tens of minutes as indicated by Fig. 16(A, B). Assuming a
constant speed of the X line of few hundred km/s, the overall size of the active current-sheet
region can extend up to several tens of Rg scales.

The two examples shown in Fig. 16 are from magnetotail reconnection on 11 Jul 2017
(A) when a 2-D laminar EDR (e.g., Torbert et al. 2018) was detected, and from turbulent
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Fig. 15 Adopted from Nakamura et al. (2021). (a) The modeled current density based on conjugate MMS-
Cluster observations with location of MMS and Cluster relative to the current sheet center denoted in red
and black, respectively. (b-g) The magnetic flux transport associated with a dipolarization front and BBFs,
behind which a thin current sheet forms facilitating the onset of reconnection (bottom illustration in panel h).
(i) Location of MMS and Cluster in GSM X-Y and X-Z plane with model field lines. (j) Temporal changes
of flow vectors from C4 (black) and MMSI (red) and dipolarization front (blue) in the X-Y plane and in the
X-Z plane

reconnection (B) on 26 Jul 2017 (e.g., Ergun et al. 2018) showing significant particle ac-
celeration (for more discussion, see Oka et al. 2023, this collection). The thin current sheet
region between the tailward and earthward ion flows contains complex 3-D structures for
both events.

2-D and 3-D structuring inside the thin current sheet. Even for the 11 Jul 2017 event when
the local EDR contains 2-D laminar reconnection features, multiple flux ropes that are char-
acterized by localized magnetic-field strength enhancements and bipolar B are observed at
times indicated by black arrows in Fig. 16A(d). They are ion-scale flux rope with varying
axial directions, i.e., 13—55° away from the out-of-reconnection-plane direction and two of
them are mostly tilted toward the direction of the reconnecting magnetic field (Teh et al.
2018). The tilted angles agree reasonably well with the predicted angles for secondary tear-
ing modes, suggesting that these ion-scale flux ropes are likely generated by secondary
tearing instabilities as those found in 3-D kinetic simulations of turbulent magnetic recon-
nection (e.g., Daughton et al. 2011). Stawarz et al. (2018) reported an intense, localized
electric field within one of the flux ropes associated with an electron-scale vortex. Hence
even though the vicinity of EDR can be explained as 2-D reconnection, the thin current
sheet contained multiple small-scale 3-D magnetic structures.
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Fig. 16 Adapted from Hasegawa et al. (2019), Ergun et al. (2018), Leonenko et al. (2021), and Cozzani et al.
(2021) for panels A, B, C, and D, respectively. Comparison of two MMS observations of a laminar 2-D EDR
(A) and a turbulent EDR (B) with illustration of the spacecraft trajectory relative to the X-line (C) and the
current sheet flapping (D)

In the prolonged disturbed thin current sheet interval shown in Fig. 16B, on the other
hand, turbulent dissipation and particle acceleration are associated with strong magnetic
field fluctuations (Figure 16Bd) and large-amplitude electric fields with scale-dependent en-
ergy conversion features (Ergun et al. 2018). Turbulent electric fields including significant
E|, were found to play a central role in accelerating electrons to > 100 keV energies. Inter-
esting to note is that even in this turbulent current sheet, the embedded EDR region shows a
laminar profile similar to the 11 Jul 2017 event (Ergun et al. 2022). This indicates that the
difference in the large-scale consequence such as particle acceleration are rather determined
by the ambient parameter of the current sheet.

Effect of flapping in reconnection current sheet and beyond. Flapping kink-like motion of
the current sheet is often observed in the magnetotail (Sergeev et al. 2004) associated with
the active plasma sheet with fast flows (Sergeev et al. 2006). These oscillations can have
frequencies ranging from a fraction of seconds to minutes and can appear on various scales.
The current sheet flapping was seen in both reconnection events in Fig. 16 as an oscillating
By (tail-aligned) component.

Small-scale separation among the four MMS spacecraft enabled the study of flapping in
a thinner current sheet than previously reported. Leonenko et al. (2021) reported multiple
crossings of an embedded thin current sheet with half-thickness of about few electron gyro-
radii or less during a prolonged interval involving a flow reversal. Resultant motion of the
spacecraft relative to the thin current sheet is given in Fig. 16C. The X-line motion as well as
the flapping allows for monitoring spatial/temporal changes of the current sheet. During the
same event as reported by Leonenko et al. (2021), Wang et al. (2018) observed a corrugated
current sheet with its normal mostly along Ygsy, in the flapping current sheet and showed
that such current sheet corrugation enhances mixing of demagnetized ions.

@ Springer



Cross-Scale Processes of Magnetic Reconnection Page 29 of 42 71

The wave-like flapping structure usually propagates along the current direction as illus-
trated in Fig. 16D. Cozzani et al. (2021) found a flapping oscillation of >1 Hz, near the
lower hybrid drift frequency observed inside the EDR. This suggests the importance of cur-
rent sheet drift instabilities in the electron-scale current sheets. Wei et al. (2019) reported
a flapping motion with period of ~6 seconds within the ion-scale current sheet in the dif-
fusion region that is modulated with the reconnection electric field. They concluded that
the flapping motion was likely to be triggered by the periodical unsteady magnetic recon-
nection. PIC simulation studies (Fujimoto and Sydora 2017) showed that velocity shears
of Y-directional electron and ion flows along the current sheet normal (Z) direction in the
electron current layer generate the current sheet shear instability. This instability can lead to
current sheet flapping with a macroscopic-scale (~Rg) wavelength (Fujimoto 2016).

Ion-scale current sheet flapping was also observed outside of the diffusion region asso-
ciated with fast flows at the duskside plasma sheet (Richard et al. 2021). Drift-kink insta-
bilities, caused by the relative drift between ions and electrons, were responsible for the
flapping with a 25-second period and a phase velocity comparable to the ion duskward flow.
Current sheet flapping, therefore, plays an important role in the evolution and structuring
of the thin current sheet along the dawn-dusk direction in the magnetotail both inside and
outside the diffusion region.

Evolution of the separatrix region of reconnection. Reconnection drives accelerated plasma
beams, which spread along the magnetic field lines leading to energy-dependent dispersed
structures called TDS (time-dispersed-structure) originally found in the ion beams (Sauvaud
et al. 1999). Injected particles drift also perpendicular to the magnetic field due to E x B
velocity, usually toward the plasma sheet center. Since slower particles take longer time to
reach the spacecraft, this motion leads a spatial (latitudinal) dispersion due to a velocity
filter effect.

The top two panels of Fig. 17A present an example of parallel electrons and ion compo-
nents showing the high-energy (> a few keV) beams from the reconnection region (high-
lighted in orange box; Wellenzohn et al. 2021). The energy-dispersed plasma beam in the
separatrix region enables remote sensing of the reconnection region, assuming that the injec-
tion site along the field line is in the vicinity of the diffusion region. The high-time resolution
MMS data enabled, for the first time, applying this method also to the electron data. Fig-
ure 17B shows the inverse velocity (1/V) spectra for electrons (upper) and ions (lower), from
which the injection time and location were determined (Varsani et al. 2017). Electron and
ion TDS inferred the X-line location to be 16—18 Rg downtail, which was rather close to
Earth due to the strong storm-time substorm interval. Yet this location was consistent with
the estimated values from a conjugate DMSP low-altitude observation of energy dispersed
ions and electrons (illustrated in Fig. 17C).

Wellenzohn et al. (2021) also determined the separatrix boundary motion independent
from the plasma convection so that the effect of such drift was considered in determining
the location of the injection point: the reconnection region was estimated to be located at
X = (—23 £ 1.9) Rg from electrons, comparable to that from ions, X = (—24.5 £ 0.7) Rg.
Interestingly for both events the electron injection time precedes that of the ions for several
seconds, which may suggest different acceleration time scales between ions and electrons.

From the speed of the separatrix boundary relative to the convection, the reconnection
electric field can be determined (Nakamura et al. 2018) [see more details in Hasegawa et al.
2023]. Wellenzohn et al. (2021) examined different signatures propagated from the recon-
nection site at the separatrix and used these signatures to determine the reconnection electric
field. By obtaining the separatrix motion using the election injection time, start of the elec-
tron TDS, and E|, waves (Figure 17Ae), the reconnection electric field was estimated to be
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Fig. 17 Adapted from Wellenzohn et al. (2021) and Varsani et al. (2017). A. Energy-dependent time-
dispersed structures (TDS) observed for electrons (a) and ions (b) and associated Hall field signatures (c,
d) with parallel electric field signatures (e). B. Inverse velocity (1/V) spectra for electrons (upper) and ions
(lower) from which the injection time and location can be determined. C. Diagram of TDS and velocity filter
effect occurring along/around the PSBL

E, = 1.6-2.4 mV/m. These values are comparable to the observed value of the 11 Jul 2017
EDR event (Fig. 16A), i.e., E, =2-3 mV/m (e.g., Genestreti et al. 2018).

Sergeev et al. (2021) showed similar patterns to Fig. 17A(b-d), i.e., dispersed ions and
associated Hall-field disturbance, and cold ion beams during 9 plasma sheet boundary
layer (PSBL) crossings by MMS located at distant (>100 d;) and mid-distance regions
(<30-50 d;) from the X line. The estimated reconnection electric field from the separa-
trix motion using ion TDS was E, = 1-8 mV/m. While these remote sensing observations
require certain assumptions such as a constant speed of disturbance propagation, these stud-
ies confirm the large-scale extent of the region influenced by active reconnection and that
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these remote signatures can be an alternative method to infer the temporal/spatial changes
of magnetotail reconnection.

Wave-particle interaction is an important process in the separatrix region. Instabilities can
develop due to the velocity shear created between the inflowing and outflowing beam (see
details in Stawarz et al., this collection). High-time resolution measurements from MMS
enabled to study the acceleration/heating processes. Norgren et al. (2020) reported an accel-
eration channel of the cold lobe electrons up to several keV at the separatrix region inside a
density cavity and found that this field-aligned beam leads to electrostatic waves that ther-
malize the cold electron beams. The observed separatrix is adjacent to the ion outflow and
hence away from the thin current sheet, being therefore a remote signature of the reconnec-
tion.

5.4 Transient Structures in the Exhaust Region

The consequences of magnetotail reconnection are manifested by geomagnetic storms and
substorms on global scales (Fuselier et al., this collection), formation of flux ropes via mul-
tiple X-lines on micro-, meso-, or macro-scopic scales, and generation of ion-scale dipolar-
ization fronts formed between entrained reconnection jets and the ambient plasma (Oka et
al., this collection). The second and third phenomena are frequently observed in the exhaust
region of Earth’s nightside reconnection. The detailed MMS data allowed resolving down-
to-electron-scale structures embedded in such flux ropes and dipolarization fronts as well as
interactions between flux ropes or with the ambient geomagnetic field (similar to Fig. 8f).

Electron-scale substructures were suggested to exist within the ion-scale dipolarization
front and to play an important role in the energy conversion (Angelopoulos et al. 2013).
The MMS measurements have revealed electron-scale density gradients, jets/currents, and
electric fields, indicating electron-scale energy conversion, within both the earthward and
tailward dipolarization front layer (Liu et al. 2018a; Xu et al. 2021). The dipolarization
front is often subject to the ballooning/interchange instability and/or the lower hybrid drift
instability (Divin et al. 2015; Hwang et al. 2011; Nakamura et al. 2016; Pan et al. 2018),
suggesting the energy conversion via subsequent instabilities. Ongoing reconnection occur-
ring at the leading edge of the dipolarization front was also identified by MMS (Marshall
et al. 2020).

Sun et al. (2019) reported two types of ion-scale flux ropes, quasi 1-D and quasi 2-D
structures. The former showed higher pressure inside the flux rope and the latter contained
larger magnetic flux, possibly representing a later stage of the flux rope evolution. This is
consistent with the theoretical expectation that the quasi 2-D structure is in a lower energy
state.

Re-reconnection between an earthward propagating flux rope and Earth’s dipole mag-
netic fields was reported by Man et al. (2018). Furthermore, Poh et al. (2019) further inves-
tigated the ionospheric response to such interaction using the magnetic field perturbations
observed by ground magnetometers. Conjugate ionospheric observations at the ionospheric
footprint of the re-reconnection site showed enhanced horizontal currents as observed by
AMPERE and increased ionospheric convection by superDARN. This implies the large-
scale impacts of the transient structures and their interactions with background fields and
pre-existing plasmas occurring in the exhaust region of magnetotail reconnection.
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6 Key Aspects with Relevance and Applications to Other Plasma
Systems

In this paper we reviewed multi-scale aspects of magnetic reconnection beyond the dif-
fusion region and the global-scale magnetospheric dynamics as described by the Dungey
Cycle. Recent high time-resolution in-situ observations and state-of-the-art numerical tech-
niques have significantly advanced our understanding of cross-scale reconnection processes.
Table 1 presents the key features of these advancements, focusing on the dominant scales
identified for each process. These findings are categorized according to various terrestrial
regions, characterized by different magnetic topologies and physical parameters across the
current sheet. The results from these studies can be applied to other regimes encompassing
solar plasmas, planetary magnetospheres, and other heliospheric and astrophysical systems.
We also acknowledge the unsolved problems, which can serve as guidance for future stud-
ies on magnetic reconnection in geospace, as well as throughout the heliosphere and the
universe.
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Table 1 Notable findings on multi-scale aspects of reconnection, applications to other systems, and unsolved

problems

Location Key features Applications to Unsolved
other systems problems
Reconnection Electron scale: e Planetary e Whether or not
at the o Electron-only reconnection with or without a magneto-spheres  electron-only
fore-shock, guide field in the foreshock, the shock with the bow reconnection is a
shock, and transition region, and the downstream shock and the temporal
down-stream magnetosheath shocked solar evolution to ion
magneto- o The prevalent occurrence of electron-only wind region reconnection
sheath reconnection, possibly in association with o The coupled o Detailed
turbulent systems system of the behavior of the
shock, magnetosheath
lon scale: reconnection, and  (reconnection and
e Jon-scale young current sheets exhibiting turbulence in the  turbulence
electron jets only universe features)

e Cyclical reformation of the shock front
leading to the formation of the current sheet
e Jon-scale flux ropes in the foreshock

MHD scale:

© 40% of shock crossings contain
reconnecting current sheets.

e The occurrence rate is strongly or weakly
biased toward the quasi-parallel shock at the
bow shock and the magnetosheath.

e Large-scale discontinuities interacting with
the bow shock compress a current sheet,
triggering reconnection.

o Current sheets initiated at the bow shock
continue to influence energy processing
downstream

downstream of
different bow
shock magnetic
geometries

e Pathway and
impacts of
fluctuations
initiated at the
foreshock/shock
through the
magnetosheath to
the magnetopause
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Table 1 (Continued)

Location Key features Applications to Unsolved
other systems problems
Dayside Electron scale: e Planetary e Detailed 3-D
magneto-pause e Dayside electron diffusion region (EDR) magneto-spheres  topology
reconnection characterized by a perpendicular crescent of with the dayside  including the
electron distribution functions and positive magnetopause orientation of the
Ohmic energy exchange across which X-line(s) with
e Outer EDR characterized by parallel magnetic shear controlling
crescents and negative Ohmic energy and density parameters
exchange, with Hall electron flows leading to ~ gradient co-exist o Mechanisms
magnetic pileup affecting the opening angle e Solar/helio- determining the
(reconnection rate). spheric/astro- generation of
o Electron vortex and phase space holes along ~ physical current  primary and
the magnetospheric separatrix sheets undergoing secondary X-lines
o EDR detected at the interface of interacting ~ asymmetric and resultant
flux ropes or interlinked flux tubes reconnection with reconnection rates
a guide field e Evolution and
Ion scale: fate of various
e Density asymmetry across the current sheet, types of flux
leading to the displacement of the flow ropes/flux transfer
stagnant point from the X-line, symmetric Hall events generated
electric field, and bipolar Hall magnetic field on the dayside
e Multiple ion components implying the magnetopause via
location of the X-line and magnetic field multiple X-lines
topologies

e Formation of ion-scale secondary
islands/flux ropes/flux transfer events (FTEs)
e Coalescence or interaction of secondary
islands/flux ropes

MHD scale:

o The extent and orientation of X-lines depend
on background magnetic field topologies and a
guide field.

o Time-varying upstream conditions lead to
the formation of secondary X-lines to adjust
the orientation.

o Generation of interlinked flux tubes that
evolve their magnetic connectivity via
localized reconnection

e Magnetosphere-ionosphere coupling
processes caused by unsteady dayside
reconnection or FTEs
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Table 1 (Continued)

Location Key features Applications to Unsolved
other systems problems
Flankside Electron scale: e Planetary e The combined

magneto-pause
reconection

o Current sheet thinning to electron scales via
a velocity shear leading to Vortex-Induced
Reconnection (Type-1 VIR)

o Highly swirled field lines via the flow vortex
leading to secondary reconnection (Type-II
VIR)

o In-situ observations of EDR during VIR

Ion scale:

o X-line drift due to the upstream
magnetosheath flow

e Asymmetric exhaust region due to the
combined effects of density gradient and
velocity shear across the current sheet

e Formation of ion-scale flux ropes along the
Kelvin-Helmholtz (KH) vortex boundary

MHD scale:

o In-situ evidence for mid-latitude
reconnection that occurs due to a 3-D twist of
magnetospheric and magnetosheath fields
induced by KH vortices

o The latitudinal extent of both in-plane (VIR)
and mid-latitude reconnection that becomes
wider with nonlinear KH instability evolution
e VIR-driven turbulence forming a mixing
boundary layer and large-scale mass transport
beyond the boundary layer toward the central
magnetosphere

Electron scale:

e Nightside EDR characterized by multiple
(perpendicular) crescents, positive Ohmic
energy exchange, and large electron vorticity
e Laminar EDR detected during both 2-D
laminar and turbulent reconnection

e EDR detected at the interface of interacting
flux ropes or at the leading edge of a flux rope
(re-reconnection)

o Electron-scale structures embedded within
the dipolarization front

Magnetotail
reconnection

Ion scale:

o Existence of multiple ion scales in
association with cold and/or heavy ion
components

o Jon-scale flapping current sheet enhancing
the mixing of demagnetized ions

o Transient structures shown in the exhaust
region, such as ion-scale flux ropes and both
earthward and tailward dipolarization fronts

magneto-spheres
with the flankside
magnetopause
across which
density gradient
and velocity shear
co-exist

e Solar/helio-
spheric/astro-
physical current
sheets undergoing
asymmetric
reconnection with
a velocity shear

e Planetary
magneto-spheres
with the nightside
current sheet
along which
plasma and
magnetic field
gradients co-exist
o Solar/helio-
spheric/astro-
physical current
sheets undergoing
symmetric
reconnection

effects of density
asymmetry,
velocity shear, and
a guide field
(parametric study)
o In-plane (VIR)
and out-of-plane
(mid-latitude)
reconnection
occurrence with
their combined
effect on the solar
wind transport

e The propagation
of flankside
VIR-driven
fluctuations and
their impact on the
central plasma
sheet behavior

e Onset
mechanism of the
triggering of
reconnection in a
marginally stable
magnetotail
current sheet

e Local or
ambient
parameters
determining the
consequences of
reconnection (e.g.,
reconnection rate)
o Causality
between
reconnection and
current sheet

flapping
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Table 1 (Continued)

Location Key features Applications to Unsolved
other systems problems

MHD scale:

e Dawn-dusk extent of the magnetotail X-line
implied by BBFs

o Current sheet thinning after an
earthward-moving dipolarization front,
triggering reconnection

o Current sheet flapping with low to high
frequency (similar to lower-hybrid frequency)
e Remote sensing of tail reconnection location
using both electron and ion dispersion
signatures

e Re-reconnection influencing the
high-latitude ionospheric currents

not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder.
To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
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