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Abstract We present direct and scaled comparisons between laboratory and in situ space observations
of magnetic reconnection with a guide field, comparing results from the Magnetospheric Multiscale Mission
and the Magnetic Reconnection eXperiment (MRX). While Magnetospheric Multiscale Mission observations
obtain high-resolution and fully kinetic data, MRX observations fully cover the 2-D reconnection plane near
the current sheet, removing uncertainties in situating the measurements compared to the reconnection
region. Through scaling transformations, we show a quantitative agreement in magnetic field and current
density profiles, which agree within a factor of 2 from each other. The introduction of the guide field causes
the energy conversion J - E in the current sheet to be dominated by J, | in both cases. However, parallel
electric fields reported by recent spacecraft crossings are significantly (5-10 times) larger than values
obtained on MRX, highlighting an important issue for understanding energy conversion by reconnection.

Plain Language Summary Magnetic reconnection is an important process in the Earth’s
magnetosphere which rapidly converts magnetic field energy to kinetic energy in the plasma. It is studied
both in situ by spacecraft such as the Magnetospheric Multiscale Mission and laboratory experiments.
Directly comparing the two is important because the different experiments provide complementary insights
about the same process. We find scaling transformations which allow direct comparisons of the results

of the experiments, showing agreement on fundamental quantities, such as the width of the current
sheet, and also interesting areas of disagreement, especially noting the extremely large electric fields and
associated enhanced energy dissipation observed by Magnetospheric Multiscale Mission. These results
prompt new questions about nature of energy conversion in space current sheets.

1. Introduction

Magnetic reconnection is a fundamental process in plasmas which liberates stored magnetic energy, allow-
ing often explosive transfer of this energy to particle flows, heat, and energized particle populations (Yamada
etal, 2010). The energy conversion is mediated through current sheets, where a component of the magnetic
field reverses over narrow kinetic plasma scales, accompanied by large inductive electric fields. Energy conver-
sion by reconnection can be studied experimentally by comparing detailed measurements obtained across
a number of environments, including recent in situ spacecraft measurements from the Magnetosphere Mul-
tiscale Mission (MMS; Burch et al., 2016), and detailed and comprehensive measurements from the Magnetic
Reconnection eXperiment (MRX; Fox et al., 2017; Ji et al.,, 2008; Ren et al., 2005; Yamada et al., 1997) and other
laboratory experiments (Egedal et al., 2007; Fox et al., 2008).

In its first mission phase, MMS has observed reconnection events during a large number of current sheet
crossings at the Earth’s magnetopause, in a variety of regimes of guide field strength and at various distances
downstream from the diffusion region. Here we focus on recent measurements of strong energy conversion
processes by parallel electric fields observed during crossings close to the electron diffusion region, during
guide field reconnection (Ergun et al., 2016; Eriksson et al., 2016; @ieroset et al., 2016; Phan et al., 2018; Wilder
et al, 2017). The parallel electric field is important in diffusion regions, especially with a finite guide field,
as it is a primary mechanism of energy conversion which directly accelerates electrons (Egedal et al., 2012;
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Figure 1. Two-dimensional profiles of magnetic fields (a-c), plasma current (d-f), electric fields (g-j), and energy conversion rates (k, I) from Magnetic
Reconnection eXperiment guide field experiments. The red line and blue lines show locations of cuts across the x line and +0.3p; downstream which are used for
comparison with Magnetosphere Multiscale Mission. See text for further descriptions of individual panels.
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Kleva et al., 1995; Pritchett, 2004; Swisdak et al., 2005). These recent MMS events occurred in a variety of
reconnection environments away from the magnetopause proper, including the turbulent region down-
stream of the Earth’s bow shock (Phan et al., 2018), in the magnetosheath (Wilder et al., 2017) or embedded
in Kelvin-Helmholtz vortices on the flanks of the magnetopause (Eriksson et al., 2016).

Laboratory experiments such as MRX provide valuable complements to spacecraft data. The MRX experiment
(Fox et al., 2017; Ren et al., 2008; Yamada et al., 1997) enables large ensemble averages, high accuracy and
spatial resolution, and comprehensive measurements over the 2-D reconnection plane (the LN plane in the
standard LMN reconnection coordinate system). While MMS can obtain high-resolution fully kinetic data, the
data are based on the trajectories of four spacecraft through the reconnection region, which requires assump-
tions to understand how given observations fit in with the global current sheet geometry, and uncertainty
remains how to untangle the temporal and spatial dependence. In contrast, MRX experiments document the
evolution of all quantities on the full 2-D plane in every discharge, providing a holistic picture of the recon-
nection events with well-characterized driving conditions and a large number of repeatable events to obtain
statistics.

In this Letter we report new insights obtained through a detailed, scaled comparison of MRX and MMS
data. Quantitative agreement is obtained on the magnetic field and current density structures, including the
current sheet width and magnitude of the current density, and presence of electron outflow jets. Both exper-
iments observe that energy conversion J - E becomes dominated by the J, £, component during guide field
reconnection, in contrast to the zero guide field case where dissipation is dominated by J, - E, (Yamada etal.,
2014). This last point of agreement is only qualitative, however, because significant differences are observed
in the magnitude of the parallel and reconnection electric fields and correspondingly the overall dissipation
rates. We find on MRX that typically £, = 0.3V, B, during steady reconnection. Scaling to space plasma
parameters, this value is close to or below the detection limit for MMS. However, parallel and out-of-plane
electric field components significantly above (~ 10x) the detection limit have been reported for recent MMS
events (Burch et al., 2016; Eriksson et al., 2016; Phan et al., 2018; Wilder et al., 2017). This difference highlights a
significant issue for understanding energy conversion by reconnection in space and laboratory plasmas, and
we discuss several hypotheses and avenues for follow-up investigation.

2. MRX Observations

For this comparison, we use data from recent experiments on MRX studying the role of two-fluid effects dur-
ing guide field reconnection (Fox et al., 2017). Through comprehensive 2-D profile measurements, obtained
over ~1,000 reproducible discharges, these experiments observed the characteristic quadrupolar electron
pressure variation and demonstrated how the parallel gradient of electron pressure balances E| over the ion
diffusion region, an effect originally predicted in two-fluid simulations (Aydemir, 1992; Kleva et al., 1995; Wang
& Bhattacharjee, 1993) and particle simulations (Ricci et al., 2004; Swisdak et al., 2005).

Figure 1 shows a comprehensive set of 2-D profiles which serve as the basis for the comparisons below. Some
of these profiles were published by Fox et al. (2017) but are presented in their entirety here for comparison
with MMS. Quantities are plotted first in terms of physical units but will be plotted in normalized units below
when comparisons are made with MMS data. In MRX coordinates, measurements are obtained in the Z-R
plane relative to the location of the x point, where R is the radial direction in MRX which goes across the
current sheet, and Z goes along the sheet. This corresponds to the L-N reconnection plane commonly used
for interpreting spacecraft measurements. The conversion to LMN coordinates for MRX is based on the known
magnetic geometry and does not require the maximum variance analysis to determine the transformation.
The MRX measurement area is about 16 X 10 cm, which corresponds to 4 X 2.5p,, using the characteristic

sound ion gyroradius p, = \/T,/m; - (M, /eB,,,) = 3.8 cm.

Starting in the top left, we plot the upstream reconnecting component B, (a), the downstream reconnected
component By, (b), and the out-of-plane component B, (c), which consists of an overall guide field with a
quadrupolar variation (Fox et al., 2017; Tharp et al., 2012). Note that we have offset the color axis around the
average value of —8 mT to illustrate the quadrupolar variation of B, near the reconnection layer. The next
panels show the plasma current structure near the x point, including the out-of-plane current J,, (d), in-plane
current J; (f), which shows a strong electron outflow jet structure ejected to the right from the x point, and J
(€). (J}, has the opposite sign from J,, due to the negative guide field in this coordinate system.)
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Table 1
Dimensional Scaling Parameters for Comparison of Laboratory and Space Magnetic Reconnection Data and a
Comparison of Observations in Dimensionless Form Below

Quantity MRX (Fox et al., 2017) MMS (Wilder et al.,, 2017) MMS (Eriksson et al., 2016)
ions Het Ht Ht

no 2x10"3 cm—3 20cm—3 14 cm™3
Teo 8eV 80 eV 80 eV

B 13 mT 22nT 20nT
By 8mT 10nT 70 nT
Biot 15 mT 25nT 75nT
ps 3.8cm 32km 12 km
d; 10cm 51 km 61 km
Vaup 32 km/s 110 km/s 120 km/s
Ey = VpupBup 400V/m 24 mV/m 24 mV/m
Jo = Byp/Hops 0.28 MA/m? 0.56 pA/m? 1.3 pA/m?

up

Bup = 2“"B”+T° 04 13 1.1
up

By/Bup 0.8 05 4

Ey/Eo 03+0.1 0.15 0.2

Max(;,) / Eo 03+0.1 15+05 6+2

MaxUy) / Jo 2404 341 15+03

Current sheet width w/p, 0.55+0.1 0.3 +.06 0.65+.15

Note. MRX = Magnetic Reconnection eXperiment; MMS = Magnetospheric Multiscale Mission.

The top right of the figure continues with electric field observations. The electric fields observed in MRX result
from both out-of-plane, inductive electric fields E,, associated with reconnection and in-plane components
Ey and E,. (The electric field measurement techniques are briefly reviewed in the supporting informa-
tion.) The out-of-plane component E,, is uniform within 20% over the measurement region, consistent with
quasi-steady reconnection. The in-plane components Ey and E; show much more structure and result from
plasma response throughout the current sheet. £, is calculated from all components using the knowledge
of the magnetic geometry. Like J, £, is negative due to the negative guide field in this coordinate system.
The magnitude of £, is observed to peak at the reconnection x point and to decrease going away from the
reconnection layer, consistent with a trend to reach an MHD outer region where £, ~ 0.

Finally, magnetic field energy conversion is measured through J - E, for which all vector components are mea-
sured. We directly observe that almost all dissipation is accounted through J,E;|, which results because the
out-of-page current J,, is dominant and co-aligns with the guide field over most of region. Previous MRX
results demonstrated that at zero guide field the primary energy dissipationisJ, - E; (Yamada et al.,, 2014),
and this comparison therefore shows that the dissipation physics shifts nearly completely to the J, £, chan-
nel by the present guide field of B, /B,,, = 0.8. The peak dissipation occurs near the reconnection x point and
over a current layer which extends approximately 1 p, downstream from the x point in either direction. A sim-
ilar trend toward dissipation dominated by J, £, during guide field reconnection has also been observed in
recent statistical analysis of MMS events (Wilder et al., 2018), electron-scale reconnection events in turbulent
plasmas (Phan et al.,, 2018), and recent particle simulations (Pucci et al., 2018).

3. Comparison With MMS Observations

MRX results are compared one-to-one against two recent in situ MMS reconnection observations (Eriksson
etal, 2016; Wilder etal., 2017) at finite guide fields B, /B, = 0.5 and 4. To compare the MMS and MRX observa-
tions, we use the following scaling transformations: Magnetic fields are normalized to the upstream magnetic
field B,, and length scales are normalized to the ion sound gyroradius p; = 1/To/m; - (M;/eBy,), where
Biot = (Bﬁ'D + B;)‘/Z, and using the electron temperature in the current sheet T,,. Here B, is the out-of-plane
guide magnetic field (B),) evaluated at the reconnection layer. We convert the MMS spacecraft measurements,
which are functions of time, to functions of space in the sheet normal direction using the normal component
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of the ion velocity (Vj;, typically 100 km/s) averaged over the crossing,
assuming that the profiles are otherwise stationary during the crossing
time. Currents are then normalized to J, = B,/ uop,, and electric fields
are normalized to the Alfvenic rate £, = V, ,,B,,, where V, . is evaluated
using B, and the density at the x point. Table 1 shows a summary of the

scaling parameters, as well as comparison measurements in dimensionless

form which are discussed below. The present MRX and MMS experiments
find comparable current sheet layer widths, in units of p,. This is impor-
tant as it provides a basis for a comparison between these experiments.
Furthermore, it contributes data toward understanding the broader ques-

tion of the scaling of the current sheet width, which is not yet known

experimentally.

Figure 2 shows comparisons of MRX (red traces and bands) against the
large guide field event of Eriksson et al. (2016; blue), which had B, /8,, ~
4, whereas the MRX event had B,/B,, = 0.8. Recent MRX observation

has shown that the reconnection rate decreases as a function of guide

field (Tharp et al., 2012; Stechow et al., 2018) but has largely saturated its
decrease by 0.8, supporting such a comparison. In this event, MMS3 and
MMS4 are believed to have crossed the current sheet within the electron
diffusion region. Accordingly, we cut the MRX data directly across the x
point, along the red line of Figure 1. Figure 2a compares the reconnecting

Figure 2. Scaled comparison of MRX (red curves and bands) and MMS (blue

components B;, which show a good agreement of overall shape, though

AN (/’S) with a slight spatial offset (the sets are aligned based on the peak of the

current density). The error bands on the MMS data in all the plots indicate

bands) data from the event of Eriksson et al. (2016), for cuts of the a +20% uncertainty in defining B, for the scaling transformation, which is
reconnecting magnetic field (8;, a), current density (J;, b), electric field propagated to the other quantities. Figure 2b compares the out-of-plane
(E}},©), and energy dissipation rate (J - E, d). MRX = Magnetic Reconnection current J,,. Error bands on the MRX data show range of variation at the 67%

eXperiment; MMS = Magnetospheric Multiscale Mission.

and 90% intervals over the entire data set, showing the high reproducibil-
ity of MRX. The current profile is in agreement within error bands, with the
peak MMS current density about 40% lower than MRX. The current sheet widths range from 0.55 to 0.65p, are
in good agreement and coincide within error bars.

Qualitatively, both experiments observe a peak of E| at the X line, which is dominated by E;, owing to the
strong guide field. However, the experiments show significantly different magnitudes in £, and E;| and there-
fore the energy conversion rate J - E. We note that even though the magnitudes of J - E disagree, in both
cases the dissipation is dominated by J| . In MRX, E;; ~ 0.3V, ,B,,, which is approximately one tenth the
MMS value for this event. The MMS observations also show a localized spike of E,, localized near the x point.
The spike magnitude ranged from —6 mV/m to 2.5V, ,B,,, when averaged over 30 ms, up to peak values of
—16 mV/m at high time resolution (8,196 samples/s). In contrast, in MRX E,, is fairly constant to within ~20%
over the whole measurement region.

We next compare MRX results against recent MMS observations by Wilder et al. (2017) at a lower guide field
value B, /B, ~ 0.5. The MMS spacecraft were believed to cross the current sheet slightly downstream of the
electron diffusion region, such that a significant electron outflow jet was observed. The outflow jet was asso-
ciated with a large-scale E|| region denoted as an electron acceleration channel. Interestingly, downstream
from the channel, electron holes were observed, which have been observed in previous laboratory guide field
reconnection experiments (Fox et al., 2008, 2012). MRX observes a comparable electron outflow jet, shown
in Figure 1f, where the strongest electron outflow jet propagates from the x point toward the +AZ direction.
The MRX jet is deflected toward the high-density separatrix which is the upper right separatrix relative to
the x point (Figure 1g), in agreement with these MMS observations (Wilder et al., 2017), as well as guide field
simulations (Pritchett, 2004).

For comparison with MRX, we take a cut a short distance (~ 0.3p,) downstream of the x point (Figure 1, blue
trace), which crosses both the peak out-of-plane current (J;,) and the beginning of the outflow jet (J,). Figure 3
shows the detailed one-to-one comparison along these cuts. The overall current sheet width over which the
magnetic field reverses (B,, Figure 3a) and the associated current density (J,,, ¢) are in reasonable agreement,
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1 [ a)l B /B ' "MMS ' though we observe that the MMS current sheet is sharper by about a fac-
L uwp tor of 2, resulting in a narrower current sheet and stronger current density.
b - - £ MRX The MMS observations show a larger and sharper variation of By, and the
associated outflow jet current J;. The MMS traces also show a pronounced
return current (J, > 0) on either side of the jet (J, < 0) which is not appar-
8 C : : : : : - ent in the present MRX data in the guide field regime, though it has been
observed previously at zero guide field (Ren et al., 2008). Finally, as before
E, and dissipation are compared and indicate significantly larger E,; and
-05 J- Eon MMS than MRX. In this case, the peak | for MMSiis 1-2V, .B,,, a

factor 3-5 above the MRX values.
b) BM up

: : : To help understand these large local MMS electric fields, we also estimate

and compare a global reconnection electric field E for these MMS cross-
ings based on consideration of inflow of magnetic flux by plasma flow into
the sheet. On longer timescales (several @_') one expects that the recon-
nection of flux (corresponding to E,,) balances the inflow of flux into the
layer (V;, X B,,). This balance is routinely confirmed on MRX; for MMS, by

examining averaged inflows for several w;ﬂ upstream on either side, an
estimate can be made of V,, X B, over a larger scale than just the cur-
rent sheet. The Wilder et al. (2017) results show an ion inflow reversal of
Vin ~ AVyy;/2 ~ 20 km/s across the sheet and an upstream field 8, ~20T,

which imply a global £, ~ V,,8,, ~ 0.4 mV/m ~ 0.15V, pB,p- While this

in“up

is a somewhat crude estimate, it is worth noting that this value is much

smaller than the peak E,, and £, observed in the reconnection layer and
much more in line with the MRX values for £y, and ;. A comparable esti-
mate is also possible for the event of Eriksson et al. (2016), again finding
upstream Vi, x B, much smaller than the peak || and £, (Table 1). We con-
) ) ) clude that global reconnection rates E are in agreement between MRX

4% MRX
2t e)‘E”/E0 . 1
O E I E

7 90E
5t ]

5x MRX

' ' and MMS but that MMS can observe a significant enhancement of £, and
E,, in the reconnection layer itself.

Finally, in comparing electric fields, it is important to pay attention to com-
mensurate measurement timescales for the two experiments. In general,
MMS spacecraft traverse reconnection current sheets very quickly based

0 05 1 on the fast relative speed of the plasma and spacecraft and so make snap-
AN (p.) shot measurements of the current sheet. In the events reported by Wilder
S

etal. (2017), the large £, structures were observed on all four MMS space-

Figure 3. Scaled comparison of MRX (red curves and bands) and MMS (blue  craft, implying that these structures persisted for at least 7,5 = 0.2's

bands) data from the (Wilder et al., 2017) event, for cuts of the reconnecting
magnetic field (B, a), out-of-plane field (B, b), current density (Jy,, c),
electron outflow jet (J;, d), electric field (EH, e), and energy dissipation rate

(Wilder etal., 2017), which corresponds to > 0.4a)c‘,,1 in scaled ion units. The
events observed by Eriksson et al. (2016) similarly were observed by two

(J - E, f). MRX = Magnetic Reconnection eXperiment; MMS = Magnetospheric spacecraft separated by 0.4 s. To achieve a comparable time resolution for

Multiscale Mission.

MRX, we modified the MRX analysis pipeline to decrease the software time

filtering. Notably, changing the bandwidth did not change the observed

Ey values ~ 0.38,,V, , significantly: the magnitudes were still far different
from the large £, and Ey, fields observed by MMS nor were any outliers obtained over 300 analyzed discharges
that reached the MMS values. The resulting averaging time, including the finite bandwidth of the coils and
digitizers, is 7y = 2.2 ps=0.75 ', which is within a factor of 2 of the MMS measurement time. We conclude
that itis a significant difference in plasma physics between the systems that lead to the different observations
of £,y and |, rather than a measurement effect.

4, Discussion and Outlook

This Letter has presented scaled one-to-one comparisons of laboratory and spacecraft observations of guide
field magnetic reconnection. A set of scaling laws was presented, which allows the two experiments to be
compared despite 12 orders of magnitude difference in density and 6 orders of magnitude in magnetic fields.
The basic agreement results from the current sheet thinning close to the ion scale in both systems, to approx-
imately 0.5 p,. Quantities such as the width of the current sheet and magnitude of the current density are
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within a factor of 2 agreement between MRX and both MMS events analyzed. The experiments demonstrate
the dominance of reconnection dissipation by J, £, during guide field reconnection. Both experiments find
current sheets slightly below the p, scale. This provides valuable data toward understanding the scaling of
the current sheet width with plasma parameters, which is an important constraint for reconnection models
(Ji et al,, 2008). However, the identification of other events with widths as low as 0.1 p, (in non-ion-coupled
regimes by Phan et al.,, 2018) argues that broader data are warranted. Future analysis utilizing more events
(for MMS) or experiments over a wide range of plasma parameters (MRX) will be valuable to determine what
sets the scaling for the current sheet thickness during guide field reconnection.

Extremely strong local £ and £, up to ~5 V, B, .., coincident with the reconnection crossing have been doc-
umented in several MMS crossing events including those compared here. In contrast, MRX generally observes

much smaller £ and £y, = 0.3V, ,,B,,,, which, however, appear consistent with estimates for the global recon-

upr
nection rates by MMS. These diﬁere?nces raise significant questions for understanding these strong electric
fields during reconnection, whether they are transient or steady, how they are driven, and what role they play
in reconnection layers. Even if transient, these large electric fields could be important for the overall energy
balance during reconnection, if (J - E) is larger than (J) - (E), where the latter indicate the values associated
with the average behavior of the current sheet. We now explore some possible hypotheses for these different

observations.

We first note the possible effect of residual plasma parameter differences between the systems. The plasma g
in MRX is smaller by a factor of ~ 3.In the event where the outflow jet could be compared (Wilder et al., 2017),
the guide field in MRX is stronger by a factor of 2. This may explain the difference in the jet structure observed:
by pressure balance, the variation in the scaled Hall field 68,,/8,,, should scale like 8, x (B,,,/B,), which indi-
cates that at lower pressure and at stronger guide field, the jets should become weaker, which is the correct
trend. However, it is not known how the plasma g would affect the electric fields. A second difference is that
MRX is at a finite collisionality, with the electron mean-free path of order 10 cm~ 2p,. However, the collision-
ality is sufficiently low so that the collisional resistivity does not play a role in determining the reconnection
electric field in Ohm’s law, E, > nJ,,, and for this reason it is not clear how this difference would explain the
very significant differences in observed Ey or ).

A second hypothesis to explain the large observed electric fields and energy conversion is that MMS is observ-
ing a transient or bursty reconnection driven by large-scale waves or the dynamics of flux ropes or plasmoids
in the current sheet. The present MRX observations were obtained in a well-controlled and steady regime (Fox
et al., 2017; to obtain clean measurements of the structure of guide field current sheets), and unfortunately,
this limits the ability to make predictions of nonsteady reconnection dynamics with a guide field. However,
previous MRX observations at zero guide field have observed nonsteady, impulsive reconnection, resulting
from sudden current sheet disruptions and flux rope ejection (Dorfman et al., 2013). These nonsteady cur-
rent dynamics drove a strong time dependence of the magnetic field and enhanced peak reconnection rates
up to Ey ~ 1V, ,,B,,- Notably, the disruption occurred on a timescale 7 ~ 3 ps = 2-3 @' which could still
appear quasi-constant during a spacecraft crossing. (e.g., 7 ~ 0.4co;.1 for Wilder et al.,, 2017). Reconnection
events driven by KH waves in the magnetopause flank have been proposed to contain multiple flux ropes
which might support such dynamics (Eriksson et al., 2009; Nakamura et al., 2017; Sturner et al., 2018). Recent
observations in sub-ion scale current sheets have also observed very large parallel electric fields £, ~ 5E,
(Phan et al,, 2018); this presents a second idea that large reconnection rates may be linked to reconnection
at small spatial scales. Future experiments at MRX will be valuable to study the structure and magnitude of
E, and £, during impulsive guide field reconnection events and at various scale sizes, for comparison against
these MMS results.

To conclude, these results provide a scaled one-to-one comparison between laboratory and space plasmas
undergoing guide field magnetic reconnection. Beyond showing a basic agreement, this first quantitative
comparison raises interesting questions for future work, including understanding the scaling of the current
sheet with plasma parameters, the magnitude and structure of outflow jets, and the nature of large electric
fields observed by MMS. While this work has focused on a physics comparison between experiments, particle
simulations will undoubtably provide insights into the issues identified here.
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