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Figure 5. Schematic of two-fluid reconnection. lons decouple from electrons in the ion diffusion region (grey colour). Electrons
are frozen to the field lines until they reach the electron diffusion region (orange colour). The electron flow pattern creates a
quadrupole out-of-plane magnetic field, a signature of the Hall effect.

Another important feature of the two-fluid reconnection layer is that the shape of the
reconnection layer is similar to that of the Petschek model, namely the outflow channel is
expanding, thus not hampering plasma outflow as is the case for Sweet-Parker model. This is
an important characteristic for accommodating fast reconnection. However, the magnetosonic
slow mode shocks predicted by Petschek’s theory are absent in two-fluid reconnection. It should
be also noted that the Hall fields and the enhanced reconnection rate are seen even with the
presence of significant collisions, namely when the mean free path of electrons is comparable
with the thickness of the reconnection layer [4,89]. It should be noted, furthermore, that in recent
simulations of electron—positron pair plasmas [92,93], in which the opposite motions of positrons
and electrons cancel the Hall effect, fast reconnection is still observed. Thus, the question remains
as to whether a kinetic effect other than the Hall effect plays a key role in fast reconnection in
kinetic plasma.

(a) Experimental study of the dynamics of the two-fluid diffusion layer and identification
of a two-scale diffusion region

Using extensive diagnostics, the dynamics of plasma particles and mechanisms for energy
conversion in the reconnection layer were recently documented in MRX, as shown in figure 6a.
The main diagnostic is a 2D magnetic probe array that measures the evolution of all three
components of the magnetic field at more than 200 locations in the reconnection plane [9,84],
using miniature pick-up coils with resolution as small as a few electron skin depths (2-6 mm). The
local ion temperature is measured by the ion dynamics spectroscopy probe (IDSP) [94]. The ion
flow vectors are measured by Mach probes. Triple Langmuir probes are used to measure electron
temperature and density. The electric field in the reconnection plane is deduced from the in-plane
potential profile measured by a floating potential probe and Langmuir probes. The out-of-plane
reconnection field is primarily inductive, and can be measured by following movements of the
reconnecting flux lines.

In the MRX experiment, a two-scale diffusion layer was identified in which the electron
diffusion layer resides inside the ion diffusion layer, the width of which is the ion skin depth d;
[4,95,96]. Here, we define the ion diffusion layer as the regime of cE + u; x B # 0 and the electron
diffusion layer as the regime of cE + ue x B #0, as defined in figure 4. The ion diffusion layer has
roughly a width of the ion skin depth (c/wp;), about 5-6 cm in this experiment, and the electron
diffusion region width is 5-10 times the electron skin depth (de = c/@wpe ~ 1 mm).

Furthermore, it was found that demagnetized electrons are accelerated along the outflow
direction and within the reconnection plane. The width of the electron outflow was shown to
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Figure 6. (a) MRX apparatus and reconnection drive. (b) Measured flow vectors (length represents velocity) of electrons (red
arrows) and ions (blue) in the full reconnection plane together with poloidal flux contours (which represent reconnecting
field line components projected in the reconnection plane) and out-of-plane field contours; Tcm vector length stands for
2 x 108 cm s, colour contours represent out-of-plane field strength and green broken lines depict (experimentally identified)
separatrix lines. Toroidal symmetry is assumed.

scale with the electron skin depth as 8 de, which is three to five times wider than predicted by 2D
numerical simulations [95,96]. While the electron outflow seems to slow down due to dissipation
in the electron diffusion region, the total electron outflow flux remains independent of the width
of the electron diffusion region. We note that, despite the presence of the narrow electron diffusion
region, the reconnection rate is still primarily determined by the Hall electric field [97]. This is in
accord with predictions from the Geospace Environmental Modeling challenge [98], a coordinated
set of numerical simulations of a tearing unstable current sheet using a variety of fluid and
plasma models.
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Figure7. Comparison of the experimentally measured reconnection layer profile for two cases: (a) collisional regime (A, <<
Ssheatn) and (b) nearly collisionless regime (A, > Sheatn)- The in-plane magnetic field is shown as arrows and the out-of plane
field component shown by the colour codes ranged from —50 G to 50 G. Dashed pink lines show that the magnetic configuration
changes from an elongated current sheet (Sweet—Parker type in (a)) to a double-wedge shape (Petschek-like) as collisionality
is reduced. The predicted quadrupole structure of the out-of-plane magnetic component, a signature of Hall effects, is observed
in (b). (Adapted from [85].)

In MRX, the measured profile of the neutral sheet changes drastically from the high-density
(collisional) to low-density (nearly collisionless) cases. In the high plasma density case, shown
in figure 7a, where the mean free path is much shorter than the sheet thickness, a rectangular-
shaped neutral sheet profile characteristic of the Sweet-Parker model is seen together with the
observed classical reconnection rate. There is no recognizable out-of-plane Hall field in this case.
In the case of low plasma density, shown in figure 7b, where the electron mean free path is larger
than the sheet thickness, the Hall MHD effects become dominant as indicated by the out-of-plane
field depicted by the colour code. A double-wedge-shaped sheet profile of Petschek type, which
is shown in the flux contours of the reconnecting field in figure 7b, is significantly different from
that of the Sweet-Parker model (figure 7a), and a fast reconnection rate is measured. The observed
fast reconnection is also consistent with the expanding shape of the outflow region just as in the
Petschek model. However, a slow shock, an important signature of the Petschek model, has not
been identified to date even in this collisionless regime.

(b) Multiple reconnection layers in large collisionless systems

Laboratory fusion plasmas and astrophysical systems are generally much larger than the key
microphysical scales such as the ion skin depth and ion gyroradius. Most of the work on
reconnection in the past, both numerical and experimental, has investigated relatively small
systems—10-100 ion skin depths. In §4f, we discussed the resistive MHD instability of large
aspect ratio current sheets that breaks them up into multiple plasmoids. Similar behaviour
is theoretically predicted [99] and seen in two-fluid and kinetic simulations of much larger
systems—up to 107> ion kinetic scales that have recently become feasible due to increased
high-performance computing capabilities [100,101].

In [100], it is found from 2D calculations that a collisionless reconnection layer breaks
up into many islands and current layers, generating a highly turbulent reconnection region.
Recent simulation studies have been extended to three dimensions. In a 3D simulation with
guide field, the plasmoid instability leads to the generic formation of multiple flux ropes [102],
generating a highly turbulent reconnection region, as shown in figure 8. The majority of the
flux ropes are formed by secondary instabilities within the electron layers. These flux ropes
appear spontaneously, leading to a turbulent reconnection layer that significantly broadens the
electron and ion diffusion regions. New flux ropes spontaneously appear within these layers,
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Figure 8. Formation of primary flux ropes observed by a 3D simulation: [102]. At early time, the tearing instability forms flux
ropes asillustrated by an iso-surface of the particle density coloured by the magnitude of the current density (normalized) along
with sample magnetic field lines (yellow). Note that their coordinate system (Z, x, y) should correspond to the MRX (R, Z, y)
system.

leading to a turbulent evolution where electron physics plays a central role. We expect quite
impulsive reconnection rates in this situation. New approaches are required to properly describe
this turbulent layer.

An example of flux rope formation was shown in the MRX experiment [103] in which an
imbalance of incoming flux and outgoing flux at the electron diffusion region generates flux ropes
and the reconnection rate becomes unsteady and fluctuates with large amplitude. Another study
of the collisionless plasmoid instability has also recently been reported in [104]; see also [105].

These new advances provide near-universal mechanisms to directly couple local kinetic-scale
physics to global MHD-scale physics based on multiple X-lines in all regimes of collisionality.
However, despite great progress on both the experimental and theoretical fronts, most of the
natural space and astrophysical systems motivating reconnection research have a much larger
separation of scales between global system size L and the plasma microscopic scales (e.g. in the
solar corona, L ~ 10° km, whereas the ion gyroradius could be approx. 1 m). This huge separation
of scales exemplifies the scaling problem of reconnection research: how does one extrapolate the
knowledge gained from studying relatively small and intermediate-size systems, both laboratory
and numerical, to the real world?

At the moment, there are plans to experimentally study magnetic reconnection in larger
accessible regimes in the ‘phase diagram’ of reconnection, using improved diagnostics and state-
of-the-art computing tools [106]. This will enable us to make improved predictions regarding
space and astrophysical plasmas. Understanding the generation and influence of secondary
reconnection instabilities is one of the primary goals of two new reconnection experiments, TREX
[107] and FLARE, a multi-institutional collaborative experiment currently under construction at
the Princeton Plasma Physics Laboratory [108]. Accordingly, new kinetic simulation efforts will be
directed at modelling these devices in order to validate numerical codes and test theoretical ideas.

6. Energy flow and partitioning in a prototypical two-fluid magnetic
reconnection layer

As we discussed earlier, one of the most important features of magnetic reconnection is that
significant acceleration and heating of plasma particles occurs at the expense of magnetic energy.
An example of this efficient energy conversion is the observation of large numbers of high-
energy electrons associated with the reconnection of magnetic field lines in solar flares. In the
reconnection region of the Earth’s magnetosphere and the solar wind, plasma outflows have been
measured in situ by satellites. Despite this evidence, the exact quantitative characteristics of bulk
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plasma heating, particle acceleration and energy flow channels have not been addressed until
recently [84,109-111].

In the Sweet-Parker model, based on resistive MHD, the energy dissipation rate is small
(~ (B2/2110)vaL/SY2) due to the slow reconnection rate [2,17,112]. It is important to note that
the outgoing magnetic energy flux through the thin diffusion region is much smaller than the
incoming magnetic energy in this model (figure 1). Almost all of the incoming magnetic energy
is expected to be converted to particle energy within the narrow diffusion region (S>> 1). The
plasma is slowly heated by classical resistive dissipation (nJ?) in the diffusion region and is
accelerated to the Alfvén velocity due to both the pressure gradient and magnetic tension forces.
In the exhaust, there is an equipartition between the flow and enthalpy increase, A(5nkgT/2) ~
nmv2,,/2, indicating that magnetic reconnection generates Alfvénic flows of heated plasma at the
end of the very narrow exhaust [2,9]. Recent space observations and numerical simulations show,
however, that the situation is different in collisionless reconnection [109,111,113]. The main reason
is now considered to be two-fluid physics dominant in the reconnection layer.

It has been recently reported that the energy conversion in a laboratory reconnection layer
occurs in a much larger region of the reconnection layer than previously considered [9,84].
This experimental study of the reconnection layer was carried out in the two-fluid regime. The
mechanisms for energizing plasma particles in the magnetic reconnection layer were identified,
and a quantitative inventory of the energy conversion process was presented for the first time in
a well-defined reconnection layer of variable size. We summarize the data below.

(a) Electron dynamics and heating in the reconnection layer

Measured electron flow vectors and field lines in the reconnection half-plane and its perspective
view are shown by figure 94 in 3D geometry [84]. While ions and electrons move together with the
field lines before entering the ion diffusion region, electrons move much faster as they approach
the X-point region and the heating term J, - E is concentrated near the X-point, as seen in figure 9b.

In MRX, the electron flow vectors in the reconnection plane are derived from the electron
current profile reconstructed from the magnetic profile measured by fine-scale magnetic probes
and the local electron density measured by Langmuir probes. As conjectured by the two-fluid
model, field lines and magnetized electrons move together towards the X-point B=0 at the
centre of the layer. The electrons remain magnetized through the ion diffusion region and
flow towards the X-point. Near the electron diffusion region, the magnetic field strength drops
significantly, thereby driving up the in-plane electron drift speed (c|E/BJ|) and ejecting high-
velocity electrons into the reconnection outflow exhaust. Simultaneously, the electrons are also
accelerated in the out-of-plane direction by the reconnection E field. This feature is clearly seen in
figure 9a. The electron heating occurs in the electron diffusion region and is transported quickly
along the magnetic field lines, due to strong parallel heat conduction. Consequently, the electron
temperature in the exhaust region is higher than in the inflow region. This observation agrees with
recent observations of bulk electron heating in the reconnection exhaust region at the dayside
magnetopause [114]. We note that superthermal electrons were not observed in the operation
regime of MRX, probably due to the relatively small system size and, to some extent, to collisions
of electrons with ions.

(b) lon dynamics, acceleration and heating in the reconnection layer

The flow of magnetized electrons, which causes the Hall effect, also produces a strong electric
field in the reconnection plane [94]. The field is strongest across the separatrices, which separate
incoming field lines from the exhaust of reconnected field lines, as shown in figure 9c. It is
experimentally verified in MRX that a saddle-shaped electric potential profile is formed in the
reconnection plane in order to balance the Lorentz force on the electron flows [94]. A strong in-
plane electric field is generated near the separatrices with a wider and deeper potential well
downstream. The MRX potential data are consistent with measurements from the CLUSTER
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Figure 9. Flow vectors of electrons in 3D views (a) and the energy deposition rate to electrons. The high-energy deposition
is primarily due to J. - E, which is concentrated in the electron diffusion region (b). lon flow vectors in the potential well (in
colour contours) (c); magnetic field lines shown as flux function contours show that the electric potential is constant along field
lines. (d) The energy deposition to ions described by J; - E occurs across the separatrices, and in a much wider region than for
electrons [84,94].

spacecraft [115]. The in-plane electric field (or potential gradient) is largely perpendicular to the
local magnetic field lines.

The electric potential is seen to be nearly constant along a poloidal flux contour (or magnetic
field line), as seen in figure 9c in the reconnection half-plane. This figure shows that the large
electric field across the separatrices is present in a significantly larger area of the reconnection
layer (L > d;) than the region in which field line breaking and reconnection occur. Electrostatic
acceleration of ions is observed near the separatrices due to this strong electric field. In MRX,
the spatial scale of the electric field is approximately 2cm, smaller than the ion gyroradius
(approx. 8 cm). This situation induces an electrostatic acceleration of ions through the separatrices.
Figure 9c shows the 2D profile of ion flow vectors measured by Mach probes, along with contours
of magnetic flux. The ion flows change direction at the separatrices and are accelerated in both
the Z and R directions. The energy deposition rate on ions is concentrated near the separatrices
in the exhaust region, as seen in figure 9d. Notable heating is observed as the ions flow out to the
exhaust from the X-region. The cause of this anomalously rapid slowdown of ions, together with
ion heating, is considered to be the remagnetization of the exiting ions. Whether the increase in
ion temperature is mainly due to deflection by the magnetic field or involves an actual increase
of entropy due to interaction with small-scale electromagnetic fluctuations is not yet clear.
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() Quantitative study of energy conversion and partitioning in a prototypical reconnection
layer

Recently, the first quantitative measurements of the acceleration and heating of both electrons and
ions were carried out in the nearly collisionless MRX reconnection layer. It was demonstrated
that half of the incoming magnetic energy is converted to particle energy at a remarkably
fast rate [110]. It was also found that, within the collisionless reconnection layer, the energy
deposited in the ions is more than twice as large as that deposited in the electrons. Furthermore,
a non-negligible amount of magnetic energy flows out of the exhaust. It is important to note
that the energy deposition rate to electrons (large value of J, - E) is highly concentrated near
the X-point. The term J, - E can be decomposed into J, L -E; + Je || E}, i.e. separating the inner
product into that of the perpendicular and parallel components with respect to the local magnetic
field lines. Near the X-point where energy deposition is maximum, J, L -E; is larger than
Je | Ej by more than an order of magnitude. Owing to the potential electric field described
above, the conversion of magnetic energy occurs across a region significantly larger in area
than the narrow electron diffusion region predicted by previous 2D simulations. A saddle-
shaped electrostatic potential profile is experimentally verified within the reconnection plane
in both the experiment and simulations, and as a result ions are accelerated by the resulting
electric field at the separatrices [94]. This acceleration and heating of ions happens in a wide
region extending over an ion skin depth—the so-called ion diffusion region. When the energy
deposition rate to ions, J; - E, is directionally decomposed, the perpendicular component, J; L -E,
is again found to be dominant over J; || Ej in the regions where energy deposition to ions is
maximum [9,84].

Recently, key aspects of the structure and energetics of the reconnection layer studied in MRX
were identified in space plasmas by the magnetospheric multi-scale mission (MMS) [116]. It is
gratifying to see such commonality between laboratory and space plasmas. The MMS results also
demonstrate the utility of combining experiments, numerical simulations and observations of
space plasmas to understand basic physical processes.

These findings with respect to the energy conversion give us the following new perspectives
on the reconnection layer in the two-fluid plasmas.

(1) The energy deposition mechanisms for electrons and ions are quite different in the
two-fluid reconnection layer. But the energy deposition rates to electrons and ions are
dominated by J | - E| (figure 9a) for both species (figure 9a,d) although the electric fields
are quite different in the energy deposition regions.

(2) The energy conversion occurs in a wider region of the reconnection layer than the field
line breaking region. Based on these results, it would be more appropriate to call this
extended reconnection layer the energy conversion region rather than the diffusion
region.

(3) A quantitative inventory of the converted energy concluded that about 50% of the
inflowing magnetic energy is converted to particle energy, roughly two-thirds of which is
ultimately transferred to ions and one-third to electrons. The other half of the inflowing
magnetic energy flows out to the outflow region. The results are consistent with recent
space observations. These features of energy conversion and partitioning do not strongly
depend on the size of the analysis region over the tested range of scales, approximately
two to eight ion skin depths.

The collisionless reconnection picture is to be contrasted with the MHD Sweet-Parker
reconnection picture, in which roughly half the incoming magnetic energy is dissipated through
Ohmic heating and the remainder to acceleration of the Alfvénic exhaust jet, but with extremely
slow rate.
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7. Summary and discussion

In the Introduction to this paper, we laid out four problems that are central to the subject: the rate
problem, the trigger problem, the energetics problem and the interplay of scales problem. What
can we say about these problems and prospects for future progress in reconnection research?

With respect to the rate problem, two paths to fast reconnection have now been identified.
One, which applies in systems for which the predicted width of the resistive Sweet-Parker layer
is less than the ion skin depth, is two-fluid or kinetic reconnection. Hall effects have been observed
through an out-of-reconnection-plane quadrupolar structure in the reconnecting magnetic field in
numerical simulations, laboratory experiments and space satellite data. In dedicated reconnection
experiments, the reconnection rate is found to increase rapidly as the ratio of the electron mean
free path to the scale length increases. This result is attributed to the large Hall electric field in
the reconnection layer just outside the electron diffusion layer near the X-point. This provides
decisive verification for the presence of two-fluid processes that increase the reconnection rate
in collisionless plasmas. However, in recent simulation work on electron—positron pair plasmas
where the motions of positrons and electrons cancel the Hall effect, fast reconnection was still
observed. A question remains as to how fast reconnection is induced in this kind of plasma, where
no Hall effects exist. The second path, which is allowed by MHD reconnection and for which
there is extensive computational evidence but little laboratory evidence, is through the plasmoid
instability, which breaks up thin current layers into broadened regions with multiple X-points
(plasmoids are also formed in collisionless plasmas undergoing fast reconnection). Theoretically,
the two paths converge in situations where the plasmoid scale reaches the ion skin depth. This
would introduce kinetic effects into MHD reconnection. Characterizing the plasmoid instability
in a large laboratory plasma is a goal for future research.

As to the trigger problem, it has long been argued that formation of a thin current sheet, either
spontaneously, through an instability, or driven externally by boundary conditions or turbulence,
is a prerequisite for fast reconnection (as the Taylor problem shows, current sheet formation may
be necessary but not sufficient [35]). Whether such reconnection is fast because the current sheet
reaches the two-fluid scale or because it is plasmoid unstable probably depends on properties of
the particular system. The observed power law distribution of solar flare energies [10] is a key
observation which trigger theories must explain. Developing simulations or experiments large
enough to identify a power law from first principles remains a distant but important goal.

There is important recent progress on the energetics problem. A quantitative inventory
of magnetic energy conversion during reconnection was carried out in an MRX collisionless
reconnection layer with a well-defined boundary. This study concluded that about half the
inflowing magnetic energy is converted to particle energy. This differs from the resistive MHD
Sweet-Parker theory, according to which the outbound Poynting flux is nil and the inbound
Poynting flux is divided equally between Ohmic heating and ion outflows. These results raise
the question of whether there is a universal principle for partitioning of converted energy, an
important problem for future research.

While there has also been important progress on the scale problem, it remains extremely
challenging both experimentally and theoretically. In contrast with laboratory and heliospheric
plasma physics, in which two-fluid physics dominates, MHD has been the traditional plasma
model of choice in astrophysical plasma physics. While this choice is justifiable when the ratio
of global to kinetic scales is large and the ratio of mean free path to plasma scales is small, a
major question remains: is it possible to have fast reconnection in MHD, without invoking kinetic
processes? Simple arguments show that fast reconnection and a broad outflow with an ‘open
scissor’-shaped X-point are closely linked. A fast reconnecting, Petschek-like structure can be
obtained in an MHD system when the local resistivity is enhanced as a function of local current
density, but this type of anomalous resistivity has yet to be demonstrated in the laboratory.
Two-fluid reconnection which is facilitated by Hall effects has an expanding outflow which is
an essential feature for fast reconnection. As the drift velocity of electrons with respect to ions
becomes maximum near the X-point of two-fluid reconnection, there may be a common physical

6009107 2L Y 205§ 204g BioBulysiigndiaaposieforeds:


http://rspa.royalsocietypublishing.org/

Downloaded from http://rspa.royalsocietypublishing.org/ on December 13, 2016

mechanism between the Petschek model and the two-fluid models. However, it is important to
note that, while in Petschek MHD reconnection the field and flow are diverted by shocks, in two-
fluid reconnection they are controlled by separatrices. Clarifying the role, if any, of wave—particle
interactions as a mechanism for anomalous resistivity is an important future goal.

Studies of two-fluid and kinetic treatments of reconnection, and research of reconnection
in turbulent fluids, have forced us to broaden and re-examine the ‘topological’ nature of
reconnection. The linkage between the field line velocity up introduced in equation (2.2) and
the bulk plasma velocity u is straightforward for the MHD model and in situations where u
is analytic. If u is understood to be the velocity of the electron fluid, the connection between
some type of plasma velocity and the magnetic field velocity can be preserved. However, the
full generalized Ohm’s law (equation (5.3)) shows that both the evolution of field lines and their
relationship to plasma flow are far more complex. Theories for the breakdown of flux freezing
in a stochastic MHD flow also separate issues of fieldline topology (e.g. existence of magnetic
X-points) from magnetic field transport relative to the fluid and raise the question of how energy
can be exchanged between field and fluid in a turbulent flow. Stellar dynamos operating in
regions undergoing turbulent thermal convection could be natural environments for this type
of topological reconnection, although of course some degree of flux freezing is necessary for
magnetic field amplification in the first place. Whether topological reconnection in a stochastic
flow can occur without the transient amplification and growth of Lorentz forces, which might
quench or drastically modify the process, is an important question for future research.

Prospects for future progress depend on continued successful innovations in methodology.
The combination of laboratory experiments, space plasma measurements and numerical
simulations is proving to be especially successful. We have already mentioned identification of
the quadrupolar magnetic field in this context, but there are other examples. Recently the electron
diffusion region was identified in the magnetospheric plasma by the MMS [116]. This important
discovery benefited from the earlier finding by MRX of high-energy deposition to electrons
through the perpendicular (w.r.t. B) components of electron current near the X-point (§6; figure 9).
Another example is the study of the two-fluid reconnection layer with MRX showing conversion
of magnetic energy across a region significantly larger than the narrow electron diffusion region
previously assumed to be the site of electron energization. A saddle-shaped electrostatic potential
profile was measured in the reconnection plane, and the resulting electric field was found to
accelerate ions, which are thermalized by remagnetization in the downstream region. Evidence
for the same potential profile and fast ions has been observed in space plasmas.

As of this writing, the space-laboratory connection is stronger than the astrophysical-
laboratory connection. This is true in part because MHD reconnection is more difficult to study in
the laboratory than two-fluid or collisionless reconnection. Clarifying the role of kinetic processes
in reconnection in astrophysical systems in which the global scales are well described by MHD is
a key problem in which experiment, simulation and theory could mutually motivate and reinforce
one another. Certain regimes of astrophysical interest are being accessed by current high-energy
density plasma reconnection experiments. This is a promising area for the future.

Many of the examples and problems discussed here demonstrate the necessity of investigating
reconnection dynamics beyond the idealized classical single quasi-stationary X-line geometry
or Sweet-Parker model, and exploring the recently discovered more realistic, high-dynamic
reconnection regimes characteristic of large systems, such as those found in most space and
astrophysical environments. These complex regimes feature multiple X-lines, plasmoid and flux-
rope formation due to secondary instabilities and the self-consistent emergence of turbulence and
accompanying coherent structures under a variety of plasma conditions. This theme has emerged
in the last several years as the new paradigm of how magnetic reconnection really happens
in natural plasmas. Understanding the generation and influence of secondary reconnection
instabilities is one of the primary goals of two new reconnection experiments. Accordingly, a
key part of new kinetic simulation efforts will be directed at modelling these devices in order
to validate our codes and test theoretical ideas. These developments will enable us to make
better predictions regarding space and astrophysical plasmas. With improved understanding of
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reconnection as a basic process, it will become possible to sharpen observational diagnostics,
develop accurate subgrid models of reconnection to use in large-scale computations and focus
reconnection research on the specialized features of natural plasmas throughout the Universe.
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Appendix A. Experimental devices dedicated to study of magnetic reconnection

A series of dedicated laboratory experiments have been carried out to study the fundamental
processes of reconnection by making a reconnecting current sheet in a controlled manner. In these
experiments, a reconnection layer can be created by driving oppositely directed field lines into
the neutral sheet generating a reconnection region in a controlled setting with varying plasma
parameters.

Table 1 summarizes major devices dedicated to the study of the physics of magnetic
reconnection. Here we highlight four dedicated reconnection devices which generated results
discussed in this review.

(1) TS-3/4 device. In the Todai spheromak-3/4 facility [117], two spheromak-type plasma
toroids merged together, contacting and connecting along a toroidally symmetric line.
The two toroidally shaped spheromaks, carrying equal toroidal current with the same
or the opposite toroidal field, are forced to merge by controlled external coil currents.
These are called co-helicity merging or counter-helicity merging, respectively. A strong
dependence of the reconnection speed on the merging angle of field lines and the global
forcing was observed

(2) SSX facility. The Swarthmore Spheromak Experiment (SSX) [12] facility studies magnetic
reconnection also through the merging of spheromaks. Reconnection physics, particularly
its global characteristics, has been studied in a number of geometries. Different types
of flux-conserving conductors consisting of two identical copper containers have been
used. Merging of a pair of counter-helicity spheromaks generates turbulent 3D magnetic
reconnection dynamics at the mid-plane.

(8) MRX device. MRX was built at PPPL in 1995 [4,9] to investigate the fundamental
physics of magnetic reconnection. The analysis focuses on the coupling between local
features of the reconnection layer and global properties such as the external driving force
and the evolution of plasma equilibrium. In addition to the results reported here, the
recent experimental work of MRX covers reconnection phenomena in space astrophysical
plasmas such as (i) asymmetric reconnection in which one side of the inflowing plasma
density is significantly higher than that of the other side, (ii) guide field reconnection,
(iii) reconnection in partially ionized plasmas, and (iv) flux rope reconnection relevant to
solar flares.

(4) VTF facility. The versatile toroidal facility (VTF) reconnection experiment [13] was
developed at the Massachusetts Institute of Technology. The VTF explored fast magnetic
reconnection in collisionless plasma for a configuration with a strong variable guide
magnetic field. The understanding gained from research on reconnection in the VTF
was applied to an interpretation of in situ measurements of the electron phase space
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Table 1. Experimental devices dedicated to the study of magnetic reconnection.

geometry and references

device location i experimentalists cited in the text
3D-CS Russia 1970 Syrovatskii, Frank linear [4,40]

MRX Princeton University, 1995 toroidal, merging

Princeton, NJ [3,4,9,30-32,65,84,85,
94-96,103,110,112,118]

SSX Swarthmore College, 1996  Brown toroidal [4,12,91]
Swarthmore, PA

VTF MIT, Cambridge, MA 1998  Fasoli, Egedal toroidal [4,13]

laser-driven  USA, UK, China 2006  Nilson, Li, Zhong, Dong, planar [119]

merging Fox, Fiksel

VINETAII Max-Planck Institute, 2012 Grulke, Klinger linear [120]
Munich, Germany

TREX University of 2013 Egedal, Forest toroidal [107]
Wisconsin-Madison,
Madison, WI

FLARE Princeton Plasma Physics 2017 Jietal. (to be toroidal [106,108]
Laboratory, Princeton, NJ commissioned in 2017)

distribution during reconnection in the deep magneto tail. This is of particular relevance
to the reconnection event observed by the WIND satellite.
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