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Abstract Electron heating and the energy inventory during asymmetric reconnection are studied in
the laboratory plasma with a density ratio of about 8 across the current sheet. Features of asymmetric
reconnection such as the large density gradients near the low-density side separatrices, asymmetric in-plane
electric field, and bipolar out-of-plane magnetic field are observed. Unlike the symmetric case, electrons
are also heated near the low-density side separatrices. The measured parallel electric field may explain
the observed electron heating. Although large fluctuations driven by lower hybrid drift instabilities are
also observed near the low-density side separatrices, laboratory measurements and numerical simulations
reported here suggest that they do not play a major role in electron energization. The average electron
temperature increase in the exhaust region is proportional to the incoming magnetic energy per an
electron/ion pair but exceeds scalings of the previous space observations. This discrepancy is explained

by differences in the boundary condition and system size. The profile of electron energy gain from the
electric field shows that there is additional electron energy gain associated with the electron diamagnetic
current besides a large energy gain near the X line. This additional energy gain increases electron enthalpy,
not the electron temperature. Finally, a quantitative analysis of the energy inventory during asymmetric
reconnection is conducted. Unlike the symmetric case where the ion energy gain is about twice

more than the electron energy gain, electrons and ions obtain a similar amount of energy during
asymmetric reconnection.

Plain Language Summary In the Magnetic Reconnection Experiment at Princeton Plasma Physics
Laboratory, quantitative studies of magnetic reconnection have been performed over the last two decades.
In this study, we present results from asymmetric reconnection, which occurs at the dayside magnetopause.
We observed remarkable similarities between space and laboratory data regarding general features of
asymmetric reconnection, which verifies earlier space observations. In addition, we carried out quantitative
analysis on the electron heating and concluded that the electric field along the magnetic field plays an
important role. Finally, the energy inventory, which regards how much of the magnetic energy is converted
different forms of energy during reconnection, is carried out in this asymmetric laboratory plasma and
shows similarities and differences, compared to the previous symmetric case. This quantitative study of

the energy inventory is difficult to achieve via space data due to the limitation of the space measurements
such as the number of data points, although it is important since the most important feature of magnetic
reconnection is the ability to convert magnetic energy to plasma energy.

1. Introduction

Magnetic reconnection, a topological rearrangement of magnetic field lines, facilitates fast conversion from
magnetic to plasma energy. Over the last decade, asymmetric reconnection, where there are significant differ-
ences in plasma parameters such as the density, temperature, and magnetic field strength across the current
sheet, has been studied extensively due to its generality and applicability to reconnection at the dayside mag-
netopause [e.g., Mozer and Pritchett, 2011; Eastwood et al., 2013a]. Asymmetric reconnection shows different
features from symmetric reconnection; in particular, profiles of the Hall fields—the out-of-plane quadrupole
magnetic field and in-plane bipolar electric field become almost bipolar and unipolar, respectively [Pritchett,
2008; Tanaka et al., 2008; Mozer et al., 2008a; Malakit et al., 2010; Mozer et al., 2008a, 2008b; Yoo et al., 2014a].
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Since the Hall fields play important roles in energy conversion during reconnection [Yoo et al., 2013, 2014b;
Yamada et al., 2014], detailed energy conversion processes can be different in asymmetric reconnection. Thus,
it is timely and important to discuss how and where electrons and ions obtain energy during asymmetric
reconnection.

Bulk electron heating during reconnection has drawn relatively less attention from the community, com-
pared to energetic electron generation, which is related to the abundance of X-rays during solar flare [Lin and
Hudson, 1976; Lin et al., 2003; Krucker et al., 2010]. However, it is usually the bulk electron population that
carries most of energy during reconnection, such that understanding bulk electron heating is more important
in terms of the energy budget during reconnection. Recently, attempts on understanding how electron heat-
ing depends on plasma parameters flowing in the reconnection region have been made [Phan et al., 2013;
Shayetal., 2014; Haggerty et al., 2015]. Bulk electron heating is found to be proportional to the incoming mag-
netic energy per an electron/ion pair [Phan et al., 2013; Shay et al., 2014], but the parallel electric field plays
an important role in determining the amount of electron and ion heating [Haggerty et al., 2015]. For better
understanding of how electrons are heated during asymmetric reconnection, more detailed discussions on
how and where electron heating occurs are needed.

A previous laboratory study of asymmetric reconnection [Yoo et al., 2014a] showed that the measured 2-D
electron temperature profile was different from that in relatively symmetric reconnection [Yoo et al., 2014b].
In particular, electrons were also heated downstream near the low-density side separatrix for asymmetric
reconnection, while the electron temperature peaked at the edge of the electron diffusion region for symmet-
ric reconnection. Electromagnetic fluctuations whose characteristics were consistent with turbulence driven
by lower hybrid drift instability (LHDI) were observed near the low-density side separatrices where strong
density gradients exist [Yoo et al., 2014a]. LHDI-driven fluctuations were also observed in relatively symmetric,
antiparallel reconnection in Magnetic Reconnection Experiment (MRX) [Ji et al., 2004], but it was concluded
that they did not play an important role in broadening the current sheet layer [Roytershteyn et al., 2013].
LHDI-driven fluctuations have been observed in many space observations near the magnetosphere-side
(low-density side) separatrices [Vaivads et al., 2004; Mozer et al., 2011; Pritchett et al., 2012; Graham et al., 2014].
The amplitude of these fluctuations is larger than the reconnection electric field, and these wave activities
have a strong correlation with increase of the parallel electron temperature (T,,) [Tang et al., 2013]. However,
increase in T, can be also caused by the parallel electric field on the low-density side [Egedal et al., 2011;
Graham et al., 2014] and the role of LHDI-driven fluctuations on electron heating or acceleration is still unclear.

Studies of the energy inventory concern how much of the incoming magnetic energy is converted to different
forms of outgoing energy such as enthalpy (thermal) and flow energy. The quantitative analysis of the energy
inventory gives us a chance to evaluate the role of reconnection in electron and ion energization in magne-
tized plasmas. Because previous studies are limited to symmetric, antiparallel reconnection [Aunaietal., 2011;
Eastwood et al., 2013b; Yamada et al., 2014, 2015], it is important to discuss how the overall energy inventory
during reconnection changes under different conditions such as with density asymmetry.

Here laboratory studies of electron heating and the energy inventory during asymmetric reconnection with-
out a significant guide field are reported. Extended 2-D profiles of the electron temperature, density, and
plasma potential are obtained in plasmas with the density ratio of about 8 across the current sheet. Numerical
simulations and experimental measurements show that LHDI-driven fluctuations do not play a major role in
electron energization but possibly in electron thermalization. After examining possible heating mechanisms,
we find that electrons can be heated by the energy gain from the parallel electric field. On the other hand, a
quantitative analysis of the profile of the electron energy gain, J, - E, shows that the energy gain is dominated
by that associated with the diamagnetic current and the perpendicular electric field. However, the energy gain
associated with the diamagnetic current does not directly contribute to electron heating. Furthermore, the
dependence of average bulk electron heating on the incoming magnetic energy is measured and compared
with the space data by Phan et al. [2013]. Finally, the overall energy inventory during asymmetric reconnection
is presented in comparison with the symmetric case by Yamada et al. [2014].

2. Experimental Setup

These experiments were carried out at the Magnetic Reconnection Experiment (MRX) facility [Yamada et al.,
1997]. Figure 1a shows a toroidal cross section of MRX in the R-Z plane. Since MRX has a cylindrical vacuum
vessel, it is symmetrical along the toroidal (Y) direction. The two gray circles indicate cross sections of the
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Figure 1. Experimental setup in MRX. (a) Toroidal cross section of MRX. The gray circles indicate flux cores that have
two independent sets of coils: TF and PF coils. The blue lines demonstrate sample magnetic field lines and the orange
box illustrates the current sheet. The coordinate system for the experiment is also shown. The magnetic probe array,
the main diagnostics of this study, is inserted radially to measure the detailed structure of the current sheet.

The surface-to-surface distance between two flux cores is set to be 40 cm for this study. (b) Coil windings of the

flux core. The PF coils are wound toroidally, while TF coils are would poloidally. (c) Profile of the PF (red) coil current
and TF (blue) coil current. Magnetic reconnection is driven by ramping down the PF current. The current of the TF
coils is used to generate plasmas in the chamber. The quasi-steady reconnection period (t = 330-350 ps) where the
reconnection rate stays relatively constant is indicated by a cyan box. (d) Schematic view of the ion dynamics during
the plasma formation period. The blue arrows along the flux cores indicate the direction of the TF coil current. The red
arrows between the flux cores stand for the ion flow vectors. Due to the inductive electric field from the increase TF
coil current (Eg), ions are transported to the outboard side (R> 37.5 cm), creating large density asymmetry.

Ion Flow

“flux cores” inside which there are two independent sets of coils: poloidal field (PF) coils and toroidal field
(TF) coils, as shown in Figure 1b. The PF coils are wound toroidally to generate the X line geometry at the
middle of the MRX device and to drive magnetic reconnection. The TF coils are wound poloidally to inductively
create the plasma around the flux cores. Typical current waveforms for the present experiment are shown in
Figure 1c. First, the PF coils are energized to generate magnetic fields. Around the time the PF current reaches
its maximum, the TF coils are energized. The time-varying TF current generates a strong poloidal inductive
electric field around flux cores, thereby breaking down the gas which is puffed into the vessel before the PF
coils are energized. We study physics of reconnection during the quasi-steady reconnection period over which
the reconnection rate is relatively constant. The quasi-steady period is indicated with a cyan box in Figure 1c.
As shown in Figure 1¢, the PF current decreases during the quasi-steady period, such that the field lines are
“pulled” back to the PF coils. As a result, the current sheet during this period is elongated along the Z direction,
such that the radial (R) direction is normal to the current sheet and the toroidal (Y) direction is out-of-plane.
For this experimental campaign, no external guide field is applied but there is a slight (less than 10% of the
reconnecting magnetic field) guide field that is a remnant from the plasma formation.
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During the plasma formation period, this inductive electric field from the TF coils generates a density asym-
metry along the Rdirection [Yoo et al., 2014a]. As shown in Figure 1d, the direction of the inductive electric field
is radially outward for this study, such that ions are transported along the electric field direction. As a result,
the density on the outboard (R > 37.5 cm) side becomes larger than that on the inboard (R<37.5 cm) side.
The density asymmetry formed during the plasma formation decays over tens of Alfvén times. By changing the
TF current waveform, the gas species, and the fill pressure, the density asymmetry during the quasi-steady
reconnection period can be controlled. We use helium plasmas for this study since they have generally larger
density asymmetry, compared to hydrogen or deuterium plasmas. Moreover, they facilitate ion temperature
measurements with an ion dynamics spectroscopy probe (IDSP) [Fiksel et al., 1998], which are important for
the energy inventory for ions. The details on the ion temperature measurement are described in Yoo et al.
[2013,2014b].

The main diagnostic for this study is a 2-D magnetic probe array, which consists of about 250 miniature pickup
coils. The number of measurement points in the R—Z plane is 91 for B, and By, and 63 for B;. The resolution
along the Z direction is 3 cm and the maximum resolution in the R direction is 0.6 cm. It provides the time
evolution of the magnetic field (B), from which the current density J=V X B/ ) as well as the out-of-plane
reconnection electric field (£, =—(1/2zR)dy /dt; v is the poloidal magnetic flux) can be obtained. Triple
Langmuir probes [Chen and Sekiguchi, 1965] are used to measure the electron density (n,) and temperature
(T,)- The plasma potential (®,) is obtained from the profiles of the floating potential and electron tempera-
ture [Yoo et al., 2013]. Mach probes are used to measure the ion flow vector (V;) due to their better spatial and
temporal resolutions, compared to the IDSP. The ion temperature profile is measured by an IDSP with 10 ps
of the exposure time and 4 cm of the distance between the lens and the view dump. A fluctuation probe is
used to measure all three components of magnetic fluctuations as well as the out-of-plane component of
electrostatic fluctuations in the floating potential up to 20 MHz [Carter et al., 2001].

New sets of 2-D profiles of key plasma parameters such as n,, T, @,, V;, V., and T; are obtained for this study
by extensive R — Z scans. Compared to profiles for the previous study by Yoo et al. [2014a], these profiles cover
the region further downstream, which is ~ 2d; away from the X line, where d;=c/w,,; ~ 7.5 cm is the ion skin
depth based on the density at the X line. Here w),; is the ion plasma frequency. The extension of the measure-
ment area is necessary for comparison to previous studies of electron heating [Yoo et al., 2014b] and energy
inventory [Yamada et al., 2014] for symmetric, antiparallel reconnection. The reproducibility of discharges is
monitored by data from the 2-D magnetic array and three reference Langmuir probes. The criteria include
the location of the X line, electron densities, density asymmetry, and plasma current. The X line position of
selected discharges resides in the region 37 <R<38 cm and —1.5<Z< 1.5 cm. About 35% of 2200 discharges
are used to produce 2-D profiles. At each measurement point, 7- 10 similar discharges are obtained for mean-
ingful statistical analyses. A typical standard deviation of important physical quantities such as the electron
density is 10-15% of the mean value. The radial distance between two measurement points is typically 1 cm
for Langmuir and Mach probes and 2 cm for the IDSP.

3. Features of Asymmetric Reconnection

Figure 2a presents the 2-D profile of the electron density, which shows the clear density asymmetry across the
current sheet. The color contours show the density profile and the black lines are the contours of the poloidal
flux (y) that represent magnetic field lines. The location of the X line is (R, Z)=(37.5,0) cm. The density on
the outboard side (R=43.5 cm) is about n; ~ 4.0 X 10'3/cm3, while that on the inboard side (R=31.5 cm) is
about n, ~ 0.5 X 10'3/cm3, which makes the upstream density ratio, n, /n,, is about 8. From now on, the
subscript 1 denotes upstream quantities on the high-density (outboard, R=43.5 cm) side, and the subscript
2 means those on the low-density (inboard, R=31.5 cm) side. In the downstream region, the density becomes
higher (~8.0 x 10'3 /cm3), which is caused by density pileup due to the existence of the flux cores. The strength
of the reconnecting field component on both sides is B, =145 Gauss and B, =168 Gauss, respectively. The
Lundquist number and normalized system size (L/d;; L is the system size) based on high-density side parame-
ters are about 200 and 6, while those based on low-density side parameters are about 600 and 2, respectively.
With these plasma parameters, the plasma for this study is in the single X line collisionless regime of the recon-
nection phase diagram [Ji and Daughton, 2011; Le et al., 2015]. The surface-to-surface distance between the
two flux cores for this study is 40 cm, as illustrated in Figure 1a.
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Figure 2. Features of asymmetric reconnection in MRX. (a) Electron density profile measure by a Langmuir probe.

The black lines indicate the poloidal flux contours, which represent magnetic field lines. The measured profile shows

a large density asymmetry across the current sheet and significant density pileup in the exhaust region. Two locations
to define upstream quantities are marked with red asterisks. Quantities on the high-density side (R=43.5 cm) and
low-density side (R — 31.5 cm) are indicated by subscript 1 and 2, respectively. The upstream density ratio, ny /n,, is
about 8. Note that large density gradients form near the low-density side separatrices. (b) Plasma potential profile
together with in-plane ion flow vectors (arrows). Large potential drops (15-20 V) across the separatrices, which are
observed during symmetric reconnection [Yoo et al., 2013], exist only on the low-density side. Due to this large potential
change, most ions from the high-density side remain in the exhaust region, generating large density gradients near the
low-density side separatrices, as shown in Figure 2a. The ion flow pattern also shows that ion inflow stagnation points
exist around the low-density side separatrices, supporting the above argument. (c) Out-of-plane magnetic field profile.
The quadrupole profile during symmetric reconnection becomes bipolar during asymmetric reconnection. The magenta
dashed lines indicate the region where the energy inventory in section 6 is carried out. All the relevant physical
quantities are measured in the region.

YOO ET AL.

ASYMMETRIC RECONNECTION IN LABORATORY 9268



@AG U Journal of Geophysical Research: Space Physics 10.1002/2017JA024152

Radial Force Balance at Z=3 cm These 2-D density profiles show an impor-
800 : : : E i tant feature of asymmetric reconnection:
—_——
RV B large density gradients exist near the low-
6001 ———(V By | o X ]
~(Vp fen ) density side separatrices [Pritchett, 2008;
400 W >5<B+BVR fen) Tanaka et al., 2008; Malakit et al., 2010;
I - en ). [
e PSR Khotyaintsev et al., 2006]. This means that

the plasma, especially ions, on the high-

§ 200 density side does not easily cross the low-
;m ot | density side separatrices. This limited ion
transportation from the high-density to
200} | thelow-density side is related to the elec-
trostatic potential barrier near the low-

_a00} ] density side separatrices.
Color contours of Figure 2b show the in-
—600—~ 2 36 23 20 ) 44 Plane plasma potential profile, which
R (cm) shows large potential change near the low-

Figure 3. Radial force balance at Z=3 cm. The measured radial electric density side separatrices, which agrees

field is balanced by the sum of the electron Lorentz force term and with space observations and simulations
the pressure gradient term. Due to the large density asymmetry, the [Mozer et al., 2008a, 2008b; Pritchett, 2008;
electron Lorentz force term is large only on the low-density side. Tanaka et al., 2008; Malakit et al., 2010].
The pressure gradient term decreases asymmetry in the radial

Due to the large potential barrier, most
ions from the high-density side do not
move across the low-density side separa-
trices, generating large density gradients there. This asymmetric plasma potential can be explained by the
electron force balance [Pritchett, 2008; Yoo et al., 2013]. As shown in Figure 3, the in-plane electric field balances
the sum of the electron Lorentz force (V, X B) and the pressure gradient. Due to the large density asymmetry,
the Lorentz force is only significant on the low-density side, where the out-of-plane electron drift velocity (V,y)
is large. In contrary, the drift velocity on the high-density side is much smaller. As a result, only the low-density
side has a large in-plane electric field, making the potential profile asymmetric as shown in Figure 2b. The
large electron pressure gradient near the low-density side separatrices prevents the further asymmetry in the
potential profile by reducing the V, x B contribution, as shown in Figure 3.

electric field.

Black arrows in Figure 2b show the in-plane ion flow pattern. Consistent with previous studies [Cassak and
Shay, 2007; Pritchett, 2008; Yoo et al., 2014a], the inflow ion stagnation point where V;; = 0 is shifted toward
the low-density side (R=36 cm). This inflow stagnation shift is caused by the imbalance of the incoming mass
flux due to the density asymmetry [Cassak and Shay, 2007]. The ion outflow is also asymmetric, as the location
with the highest outflow velocity is shifted toward the low-density side [Pritchett, 2008; Yoo et al., 2014al. This
outflow pattern is also related to the asymmetric in-plane potential profile. The highest ion outflow velocity
is due to ions accelerated by the large in-plane electric field near the low-density side separatrices. These ions
include ones from the low-density side as well as some from the high-density side that have moved across
the separatrices during their meandering motions. Since a relative population of these ions is larger near the
low-density side separatrices, the ion outflow is highest there.

The out-of-plane Hall magnetic field is also asymmetric as shown in Figure 2¢, which is also consistent with
previous studies [Mozer et al., 2008a, 2008b; Pritchett, 2008; Tanaka et al., 2008; Malakit et al., 2010; Yoo et al.,
2014a]. The quadrupole profile of the Hall magnetic field becomes nearly bipolar with a much less strength
on the low-density side. As explained in Yoo et al. [2014a], this is related with the Hall term in the generalized
Ohm’s law. The 2-D profile of the reconnection electric field (E,.) (not shown) is relatively uniform. In upstream
regions, this reconnection electric field is balanced by the J x B Hall term. As a result, we have

5B, LB,

rec ~

m

en, en,

Because asymmetry in the reconnecting magnetic field is not as strong as that in the density, the Hall current
of the high-density side J, is larger than J, by about the density ratio. Sine the Hall current is responsible for
the out-of-plane magnetic field, the Hall magnetic field is stronger on the high-density side.
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Figure 4. Electron temperature profile during asymmetric 4.1. LHDI-Driven Fluctuations

reconnection in MRX. Similar to the symmetric case, electrons ~ One candidate is electron heating by LHDI-driven
are heated near the X line. However, unlike the symmetric case,  flyctuations, since they are observed consistently
electrons.are further heat.ed il.1 the exhaust region near the near the low-density side separatrices where
low-density side separatrices is observed. R R

strong density gradients generate LHDI [Yooetal.,

2014a]. In MRYX, fluctuations in both electric and

magnetic field in the frequency range below the
lower hybrid frequency, f,;;<3 MHz, are observed. Typical amplitudes of LHDI-driven fluctuations in MRX are
200 V/m in the electric field and 5-7 Gauss in the magnetic field. For comparison, the reconnection elec-
tric field is about 100 V/m and the shoulder value of the reconnecting magnetic field component is about
100 Gauss. Here the shoulder value means the value just outside the current sheet. The corresponding energy
density of these fluctuations is 0.1-0.2 J/m3, which is small compared to the electron internal energy density,
u,=1.5n,T,=8-200J/m3.

Since it is difficult to understand microphysics of interactions between electrons and high-frequency fluctua-
tions, data from numerical simulations are analyzed to see the effects of LHDI-driven fluctuations on electron
heating. A high-performance particle-in-cell (PIC) code, VPIC [Bowers et al., 2008] is used. Initial conditions for
the magnetic field, the density profile, and distribution functions are described in Roytershteyn et al. [2012].
The reconnection is driven by applying an out-of-plane electric field [Roytershteyn et al., 2012]. The mass ratio,
m;/m,, is 900, which is large enough to see the dynamics of LHDI [Daughton, 2003]. The upstream density
ratio, n, /n, is 10, which is similar to the experimental value of 8. No temperature asymmetry is applied in
simulations. The plasma f on the high-density side is 0.5, which is also similar to the experimental value
(8=0.6, d; away from the center of the current sheet). Other numerical parameters are T, /T, =1, v, /c=0.2,
and wp, /o, =1.75 on the high-density side. It is worth noting that the electron temperature is set to be arti-
ficially high to save the computation time. The spatial domain is 10d; x 10d; with 10242 cells for the 2-D case
and 10d; x 10d; X 3d; with 10242 x 320 cells for the 3-D case. The initial number of particles is about 6.3 x 108 for
the 2-D case, while it is about 2.0x 10" for the 3-D case. No guide field is applied in these simulations as in the
experiment. Here vy, is the electron thermal velocity, ,, is the electron plasma frequency, and o =eB/m,
is the electron cyclotron frequency. The coordinate system for the simulation data presented below is x for
the normal direction to the current sheet, y for the out-of-plane direction, and z for the outflow direction. Sim-
ulations also show typical features of asymmetric reconnection such as bipolar out-of-plane magnetic field,
asymmetric in-plane electric field, and shifted ion stagnation point, which are in qualitative agreement with
MRX results.

Figures 5a and 5c show the electron temperature profile during steady state reconnection (t ~ 50/w;; w is
the ion cyclotron frequency) in the 2-D and 3-D simulation, respectively. The electron temperature is defined
s To=(Pexx * Peyy + Pe ) /N Where p, ; denotes the component of the electron pressure tensor, P,. For the
3-D case, the temperature is averaged over the out-of-plane direction. Due to the lack of the third dimen-
sion, the 2-D simulation does not have LHDI dynamics. If there is significant electron heating by LHDI-driven
fluctuations, the electron temperature profile will be different because both cases have the same initial
conditions. Although there is strong development of LHDI around the low-density side separatrices for the
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Figure 5. Electron temperature profiles and distribution functions in the exhaust region in the (a, b) 2-D and (c, d) 3-D
simulation. The color contours in Figures 5a and 5c indicate the electron temperature, To=(Pe xx + Peyy + Pe z2)/Ne-

The temperature is normalized by m,c2. In Figures 5b and 5d, the blue lines show the electron energy distribution

in the exhaust region, while the red lines indicate fittings of the distribution functions to the relativistic Maxwellian
distribution. The location where the distribution function is evaluated is marked by a black asterisk in Figures 5a and 5c.
In the 3-D simulation, LHDI-driven fluctuations exist [Roytershteyn et al., 2012] but the average amount of electron
temperature increase in the exhaust region is similar to that in the 2-D simulation. The electron energy distribution
function in the exhaust region, on the other hand, is different, showing more electron thermalization in the 3-D
simulation, which indicates LHDI-driven fluctuations may contribute to electron thermalization. Here y=1/4/1 — v2/c2
is the Lorentz factor, representing the energy of electrons.

3-D case, the electron temperature profiles are generally similar especially in the exhaust region over the
steady state reconnection period, which indicates that there is no significant energy flow from LHDI to
electrons. The band of a high temperature region near the low-density side separatrices is caused by the elec-
tron energization by the parallel electric field [Egedal et al., 2011] and exists in both simulations but its width is
much sharper in the 2-D case. The limitation of these simulations regarding the artificial high electron temper-
ature has to be mentioned, since the high electron temperature can prevent development of the Debye-scale
dynamics [Jara-Almonte et al., 2014]. It will be a interesting study the impact of LHDI on electron energization,
when the electron temperature is closer to the realistic value.

Electron energy distribution functions, on the other hand, show noticeable differences between two
simulations. Figures 5b and 5d present a sample electron energy distribution function f,(y) from 2-D and 3-D
simulations, respectively. Here y = 1/4/1 — v2/c2 is the Lorentz factor. The location where the distribution
functions are obtained is marked by a black asterisk in Figures 5a and 5c. The size of the area (volume) for
sampling is a 2d, square (cube). The blue lines indicate the distribution function in simulations, while the red
curves are the fitting of the distribution functions to the relativistic Maxwellian distribution. The 2-D case in
Figure 5b shows more energetic population than the 3-D case, which is valid throughout the exhaust region.
This indicates that LHDI may play a role in electron thermalization, although further studies of interactions
between LHDI and electrons are required to confirm this argument.

The relevance of these simulations to the observed electron heating in MRX can be challenged. In particular,
the electron dynamics and heat transport may be quite different due to the artificially high vy,./c and low
®pe/ @ N simulations. However, electron heating by LHDI is not conclusively supported by experiments,
either. There is no strong correlation between the downstream electron temperature at Z = 7.5 cm and the
amplitude of LHDI-driven fluctuations at Z=1.5 cm, as shown in Figure 6. The correlation coefficient between
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(I8E,|) and T, is 0.29, which means

12f _*_ : 1 a relatively weak correlation between

— =% two quantities. The probability value

10f -* % g =TT 1 for the null hypothesis is 0.086, which

* 3 = is larger than the usual cutoff value of

& 8o % 0.05,. |nd.|cat|ng tha.t Fhe po?ltl\{e cor-
o relation is not statistically significant.
=® or =¥ : 1 Even if we believe the positive corre-
lation, the expected average tempera-

4r 1 ture increase in the exhaust region with

the average value of (|5E,|) ~210 V/m

2f i is about 0.7 eV, which is smaller than
electron heating AT, of about 3 eV

% 200 200 600 300 in these discharges. Here AT, is the

<ISE I> (V/m) average electron temperature increase

Y from the high-density side upstream

Figure 6. The average electron temperature (T,) in the exhaust region region (~5 eV) to the measured down-
(Z = 7.5 cm) as a function of the average amplitude ({|5E, |)) of stream location at Z=7.5 cm (~8.3 eV).

LHDI-driven fluctuations at Z=1.5 cm. The red dashed line indicates the
fit of data to a linear function. The correlation coefficient between (|5E, |)
and T, is 0.29 with a probability value for the null hypothesis of 0.086,
which means relatively weak correlation and weak statistical significance.  €lectron heating, it supports the asser-
tion that LHDI is not the major mecha-

nism for electron heating in MRX.

Although this correlation study does
not definitively deny the role of LHDI in

4.2, Electron Energization by Single-Particle Motion

Since the electron temperature is a fluid quantity, a fluid equation such as the electron energy transport
equation (equation (9)) is preferred for discussion of local electron heating. However, it is difficult to measure
all of the required fluid quantities such as the pressure tensor and microscopic heat flux in the experiment.
On the other hand, single-particle dynamics is easy to discuss because the mean field profiles are already
known. Energization by the single-particle motion does not guarantee the local electron heating, since there
are other fluid effects such as compression and heat conduction. However, it can tell where and how a thermal
electron is energized, which will help identify a possible heating mechanism.

A candidate for electron energization by a single-particle motion is the polarization drift from the spatially
varying Hall fields. As shown in Figures 2b and 2¢, both the in-plain electric field and the out-of-plane magnetic
field changes rapidly in space near the low-density side separatrices. With these sharp changes in the fields,
the perpendicular energy of electrons can change while they do the gyromotion. This electron energization
is related to the polarization drift, which is given by

dv,
vep_ b x E><B’

. dt

()

ce

where b is the unit vector along the magnetic field, and V¢, is the E X B velocity. The polarization drift usually
means the drift responding the time-varying field but it can be generalized to include drifts caused by spatially
varying fields.

The electron energy gain by the polarization drift is estimated to be negligible. Ignoring the parallel motion
and time variations, the total derivative d/dt~V,;/L |, since the leading order drift velocity perpendicular
to the magnetic field is Vg, . Here L, is the length scale along the perpendicular direction. Then, v, can be
approximated as VepNV[:ng/wceLJ_' The energy gain of an electron due to the generalized polarization drift is

m,v? eAtE, V?
A e'e — _eAtEJ_ 'vep ~ &, (3)
2 ol

where At is the transit time for an electron to pass through the low-density side separatrices. If the parallel
motion is ignored, At ~ L ., /Vp, 5, Where L ., is the width of the separatrix region where strong variation of
the electric field exists. As a result, the energy gain is

A mevg - eELVExBLsep ) (4)
2 ol
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With the measured values of £, $400 V/m, Vi, ; $3X10* m/s, ., 22 % 10° rad/s, L, S5cm,and L, 20.5cm,
the energy gain is less than 0.01 eV, which is negligible.

The energy gain by the polarization drift is negligible, even if the parallel motion is considered. In this case,
d/dt ~ v, /L, wherev, is the parallel electron velocity and L, ~ 5 cm s the scale length along the magnetic
field. A typical parallel velocity is the electron thermal velocity, which is about 1 x 10 m/s. The transit time,
At,becomes L/v,, where L ~ 15 cm is the total travel distance of the electron along the magnetic field. Then,

e[l
A m,v, N eELVExBL. (5)
2 a)ceL”

the estimated energy gain is
Again, the electron energy gain is estimated to be smaller than 0.01 eV.

Electron energization by other drift motions such as the grad B drift and curvature drift is also negligible
near the low-density side separatrices. Energization by the grad B drift (v,y5 = —(mvgl/Ze)B x VB/B3) is
related to the conservation of u Emevgl/B [Dahlin et al., 2014]. Because the magnetic field strength decreases
downstream, the grad B drift makes electrons lose the perpendicular energy as they move across the
separatrices. The energization by the curvature drift, which is related to the conservation of the parallel action
u=/ Ve d/) [Dahlin et al., 2014], is also not significant at least near the low-density side separatrices. As shown
in Figure 4, the curvature of the magnetic field is small where electron heating is observed. Moreover, there
is no noticeable electron heating near the midplane (R~ 38 cm) where the curvature of the magnetic field is
maximum.

The final candidate for electron heating is the direct electron energization by the parallel electric field [Egedal
etal., 2011]. The electron energy increase by the parallel electric field is described by

2
d n')eVeH
& <T = -6 v ®

where E|| is the parallel electric field. If the transit time for electrons to pass the separatrix region is based on
the perpendicular ExB motion (~1 x10* m/s) and the width of the separatrix region (~3 cm) where the parallel
electric field exists, it is about 3 ps. With | of about 40 V/m, which is the measured value near the low-density
side separatrices, electrons can obtain more than 140 eV of energy within 1 ps. In reality, however, the electron
energy gain is limited by the parallel motion and collisions. It should be also mentioned that the error bars of
the parallel electric field measurement are large (~20 V/m) since its magnitude is much smaller than the local
electric field (~400 V/m) and errors come from both electric field and magnetic field measurements.

The parallel motion of electrons significantly decreases the amount of electron energy gain. Once they are
accelerated by the parallel electric field they will quickly flow out along the magnetic field, such that they
have a limited time for acceleration. For example, a typical electron around (R, Z) = (36, 5) cm in Figure 4 will
move out of the reconnection region along the magnetic field before they reach the exhaust region by the
E x B motion. With the electron thermal velocity of ~1 x10% m/s and the travel distance of about 15 cm along
the magnetic field, it takes about 0.11 ps for the electron to move out of the ion diffusion region. With this
transition time, the average energy gain of electrons is about 5 eV.

Due to the existence of collisions in the MRX plasma, electrons are heated rather than accelerated. The mean
free path of electrons near the low-density side separatrices is about 4 cm, so electrons can be thermalized
before they move away from the reconnection region. The amount of the average energy gain from the par-
allel electric field within a collision time is about 2 eV, which is enough to explain the observed electron
heating. We have also verified that there is no significant tail population in the exhaust region by measuring
the electron energy distribution with an electron energy analyzer [Na et al., 2017].

Itis also worth noting that the direction of the parallel electric field in the exhaust region near the low-density
side separatrix (R, Z) ~ (34, 12) cm is different from the theoretical expectation in Egedal et al. [2011]. Since
the parallel electric field is sustained by the pressure gradient along the magnetic field, the direction is the
opposite to the pressure gradient, i.e, £, =b - Ex -V, p,/en,. The newly reconnected field line in the exhaust
region connects high-density side to the low-density side, there is generally a pressure gradient along the
field line during asymmetric reconnection. As a result, the direction of the parallel electric field in the exhaust
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region is toward the X line near the high-
density side and toward the exhaust region
near the low-density side (see Figure 5 of
Egedal et al. [2011]). However, in MRX, the
electron pressure close to the flux cores
(Z=15 cm) is high due to the boundary
conditions from the flux cores, such that the
direction of the parallel electric field there
is toward X line.

This electron heating by the parallel electric
field may explain the asymmetric electron
temperature. The magnitude of the paral-
lel electric field near the high-density-side
separatrices is much smaller (~10 V/m),
because the average density is high and the
pressure gradient is smaller. The mean free
path of electrons is also shorter (~2 cm),
which further limits the electron energy
gain. Thus, electron heating by the par-
allel electric field is stronger near the
low-density side separatrices.

4.3. Scaling of Average Bulk

Electron Heating

The dependance of the average electron
heating on the incoming magnetic energy
is checked in this laboratory plasma. As
shown in Figure 7a, the average bulk elec-
tron heating is proportional to the incom-

ing magnetic energy per an electron-ion

pair,m;V2 = B,B,(B,+B,)/ uo(nB,+n,B,),

m(V Ah)2 (keV)

Figure 7. Average bulk electron heating (AT,) versus the incoming

! ) g 2 which is consistent with space observations
magnetic energy per an electron/ion pair (m,-VAh) for (a) MRX

measurements and for (b) seven Cluster events. The average electron [Phan et al., 2013]. Here V), is the hybrid
heating is proportional to m;V2, in MRX but the scaling exceeds that  Alfvén velocity [Cassak and Shay, 2007; Phan
of Phan et al. [2013]. Among seven Cluster events, there are three et al, 2013], and AT, is the difference
events marked with a red circle which is close to the MRX scaling between T, averaged over the exhaust
(marked by the red dashed line). Those events are identified as . € i
region (at Z=13.5 cm) and T, on the high-

crossings near the X line.

density side. This temperature increase can

represent the amount of electron heating,
since the electron temperature on the low-density side is usually only about 1-2 eV higher than on the
high-density side, and density ratio is more than 5. To obtain different m,-Vlih values, the fill pressure of the
helium gas and PF current waveform have varied. Table 1 summarizes important upstream parameters for
each data point in Figure 7a. All quantities are averaged over 10-20 discharges and error bars in Figure 7a are
standard deviations of the data set.

In MRX, the bulk electron heating is about 4.9% of the incoming magnetic energy, which is larger than the
space observation (~1.7%) [Phan et al., 2013]. This scaling also exceeds the theoretical expectation based
on the single-particle dynamics near the diffusion region [Le et al., 2016]. This discrepancy can be caused
by differences in the system size and boundary condition. Due to the limited system size (L~ 40 cm ~5 d)),
the measurement location in the exhaust region is only about 2d; away from the X line. Since there is a signif-
icant electron energy gain near the X line (see Figure 8), the small separation can make the average electron
temperature in the outflow region higher than when it is measured farther away from the X line where a rel-
ative population of electrons that pass the electron diffusion region is smaller. Additionally, as mentioned
earlier, the boundary condition from the flux cores generates a different profile of the parallel electric field
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Table 1. Upstream Plasma Parameters for Bulk Electron Heating Study in MRX?

Quantity\Group
1 2 3 4 5 6 7
min\h (eV) 36.3 51.6 65.3 70.4 77.4 88.8 104.6
AT, (eV) 2.1 35 3.7 33 3.6 4.1 4.7

n; (101°/cm3) 536 382 291 274 255 246 1.99
n, (101°/cm3) 022 041 044 052 039 028 0.37

ni/ny 245 93 6.6 53 6.5 8.7 5.4
B; (Gauss) 129 134 136 137 137 141 144
B, (Gauss) 179 178 176 186 184 194 186

2To obtain different upstream values, the gas fill pressure and PF current wave-
form have changed systematically. Values are averaged over 10-20 discharges.
In all discharges, the guide field is negligible (less than 10 % of the reconnecting
field component).

that helps energize electrons. There is also a contribution from the classical Ohmic heating, although it is small
(<15%) compared to the total electron energy gain.

Figure 7b shows the dependence of AT, on miV/fh for seven Cluster magnetopause crossings. Unlike Phan
et al. [2013], we choose seven crossings regardless of clear existence of the ion jet, which means that these
events may include crossings near the X line. To eliminate possible effects from the guide field, the chosen
events have a guide field less than 30% of the reconnecting field component. Table 2 summarizes important
upstream parameters for each data point in Figure 7b. Following Phan et al. [2013], the electron temperature
increase, AT,, is the difference in the average electron temperature between the magnetosheath and the
exhaust region. The electron temperature is computed by fitting the electron distribution function to a double
Gaussian function to include contributions from energetic electrons. As shown in Figure 7b, there are three
events (marked with red circles) that exceed the scaling of 1.7% significantly. On the other hand, other four
events (marked with blue circles) are closer to the 1.7% scaling in the space observation [Phan et al., 2013].

Two of the above Cluster events marked with arrows and dates in Figure 7b have been previously discussed
in literature Graham et al. [2014], Retino et al. [2005], and Tanaka et al. [2008]. The event on 22 April 2008 is
identified as a crossing near X line [Graham et al., 2014]. We also follow the methodology described in Argall
[2014] to estimate proximity to the X line for three events marked with red circles. Based on the profiles of
the density, the reconnecting field (B,), and the normal electric field (E,), all three events with higher electron
heating in Figure 7b show features of the
J E (W/em®) crossing near the X line. On the other hand,
> 0 the event on 3 December 2001 with a lower
electron heating scaling is identified as a
crossing away from the X line [Tanaka et al.,
2008; Argall, 2014]. These observations sup-
port the assertion that the average elec-
tron heating depends on the location of the
measurement.

R (cm)

5. Electron Energy Gain From
Electric Field

Figure 8 shows the J, - E profile, which is the
0 5 10 15 .

Z (cm) work done by the electric field on the elec-
trons per unit time and unit volume. Positive
J, - Emeans that electrons gain energy from
the field. Similar to the symmetric case, there

Figure 8. Profile of the electron energy gain from the electric
field, J, - E. There is strong energy gain near X line, which is similar
to the symmetric case. However, unlike the symmetric case,

there is significant electron energy gain near the low-density is high energy gain near the X line but the
side separatrices. location of the peak is slightly shifted to the
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Table 2. Upstream Plasma Parameters for Seven Cluster Events?

Quantity\Event
1 2 3 4 5 6 7
m,»Vlih (keV) 0.48 0.48 0.73 0.98 1.1 2.0 23
AT, (eV) 32 24 28 19 30 50 40
ny (/cm?3) 31.0 9.1 14.2 19.2 1115 55.8 4.3
ny (/cm?3) 0.14 0.21 0.67 0.19 0.05 33 0.63
ny/n, 221 43 21 101 2075 17 66
B; (nT) 327 223 27.5 40.2 92.7 98.9 83.2
B, (nT) 58.4 18.4 51.3 54.4 178.7 135.8 152

3In all events, the guide field is smaller than 30% of the reconnecting field
component.

low-density side. Unlike the symmetric case, however, there is significant electron energy gain near the
low-density side separatrices.

This additional electron energy gain is mostly related to the electron diamagnetic current (J,), as shown in
Figure 9. Due to the large pressure gradient, the out-of-plane component of the diamagnetic current is large
near the low-density side separatrices. Here J,, = B X Vp,/B? where p, = n,T, is the electron pressure. We
assume that the electron pressure is isotropic for simplicity.

As shown in Figure 9, the contribution from the parallel electric field (J,£;,) is small near the low-density side
separatrices (R ~ 32 cm), compared to J,, - E = J,5 - E;. This large contribution from the perpendicular
electric field to electron energization seems contradictory to the conclusion of section 4 where the role of
the parallel electric field to electron heating is emphasized. However, the energy gain by J,; - E does not
directly contribute to electron heating. The diamagnetic current is related to the gyromotion of particles with
a pressure gradient. The pressure gradient results in more particles in one direction than in the other, while
they do the gyromotion, which appears as a fluid velocity. The current from this fluid velocity is called the
diamagnetic current. The diamagnetic current appears only in the fluid picture, which means that it does not
have the corresponding guiding center drift [Goldston and Rutherford, 2000]. Since the diamagnetic current
is not related to any guiding center drift motion, J,5, - E> 0 does not mean that —ev, ;. - E> 0, which is the

necessary condition for a magnetized elec-

tron to be energized. Here v, ;. means the

40 ;:12 Cn‘l : velocity of the guiding center of an electron.
30l | The electron energy gain b)./ J.p - Eis used
to overcome the pressure difference across
20t the separatrices. For better understanding
“— of the role of J,;, - E, it is useful to write the
E, 10} E perpendicular electron current as [Goldston
e and Rutherford, 2000]
= oy 1
" Bx(V-P,)
—10f ] Joo m—en Vg + — @)
ook | where P, is the electron pressure tensor.
Here the contributions from the electron
=30 ‘ : ‘ : : : resistivity (nJ,) and the electron polariza-
30 32 34 36 38 40 42 44

tion drift are ignored. The first term on the
right-hand side (RHS) is related to the E x B
Figure 9. Profiles along the R direction at Z = 12 cm of the total velocity. Although this term does not con-
electron energy gain (J, - E), electron energy gain associated with

the diamagnetic current (J,p - E), and electron energy gain from the

R (cm)

tribute to the electron energy gain (J, - E),

parallel electric field (Jg E})). The energy gain near the low-density it drives a fluid element from the upstream
side separatrices (R ~ 33 cm) is dominated by J, - E. (low pressure) to the exhaust (high pressure)
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region across the separatrices. This movement of the fluid element requires energy since the fluid element
has to overcome the force from V - P,, which is

Bx(V-P,)

Ve (V-P) = B2

-E=J,, -E. 8
Assuming the isotropic electron pressure tensor (V - P, = Vp,), J,, - E is the same as J,, - E. Equation (8)
shows that the electron energy gain related to the second term on the RHS of equation (7) provides the energy
to complete the leading order E x B motion of the fluid element. This energy eventually contributes to the
enthalpy increase in the exhaust region.

In the single-particle picture, electrons just move from the low pressure (upstream) to the high pressure
(exhaust) region via the E x B drift, and there is no reason for additional energy gain if the only guiding cen-
ter motion is the E x B drift. The force from the pressure gradient is a fluid concept and does not exist in the
single-particle equation of motion. This argument is well valid in collisionless plasmas. Even in collisional plas-
mas, the single particle may “feel” the pressure via collisions with other particles but they will continue to do
the E x B motion. Collisions may impact on the single-particle dynamics but conserve the energy.

The irrelevance of J,;, - E to electron heating can be also shown by the internal energy transport equation,
which is [Braginskii, 1965]

Jau
a—:+V~(ueVe)+Pe:VVE+V-qe=Oe, 9)

where u, = (3/2)n,T, is the electron internal energy, P, is the electron pressure tensor, q, is the electron heat
flux, and Q, is the heat generated by collisions with ions. Even though the diamagnetic drift contributes to Q,
by creating a relative velocity between electrons and ions, its contribution is small since |V 5| < V|, where
V,p is the electron diamagnetic drift velocity and V,, is the electron flow speed along the magnetic field. The
energy gain from J,; - E directly contributes neither to the compressional heating term (V - (u,V,)) nor the
viscous damping term (P, : VV,).

6. Energy Inventory for Asymmetric Reconnection

The energy inventory concerns how much of the incoming magnetic energy is converted to different forms of
energy such as the flow energy and enthalpy energy. Since the importance of magnetic reconnection is mostly
from its ability to convert magnetic energy to plasma energy fast and efficiently, quantitative discussion on the
overall energy inventory is important. For antiparallel, symmetric reconnection in MRX, the energy inventory
shows that about 50% of the incoming magnetic energy is converted in the ion diffusion region and that the
ion energy gain is about twice higher than the electron energy gain [Yamada et al., 2014, 2015].

The methodology of the quantitative analysis of the energy inventory is the same as in Yamada et al. [2015].
The relevant incoming and outgoing energy fluxes at the boundary of a ~ 2d; X 2d; box are measured, which
is indicated by the magenta dashed lines in Figure 2c. The measured energy fluxes include the Poynting
(E X B/ o), electron/ion flow energy (0.5n,m,V2V; s = e, i), and electron/ion enthalpy (2.5n,T,V,) fluxes. The
electron/ion heat fluxes are estimated by formula in Braginskii [1965]. Electrons are assumed to be magne-
tized, which can be justified since the boundary is away from the electron diffusion region, while ions are
assumed to be unmagnetized. Moreover, the change of the energy enclosed in the volume of the plasma
specified by the boundary is also considered. For example, the thermal energy change of species s (AW,,) is
given by

AW, = /vd3x [% (%nSTS> +V. (gnSTM)] : (10)

where V is the volume enclosed by the boundary. The first term on the right-hand side represent the thermal
energy change enclosed in the volume V, while the second term means the difference between the outgoing
and incoming enthalpy flux.

Figure 10 summarizes the energy inventory during asymmetric reconnection in MRX. The incoming magnetic
energy, W,,=/,, d*xV-S,,isabout 1.4 MW.Here S, = (E,B,)/ i,z is the incoming Poynting flux associated with
the reconnecting magnetic component B, and the reconnection electric field E,, where e is the unit vector
along the radial (inflow) direction. Similar to the previous symmetric case, more than 50% of the incoming
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to ions (31%)
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e ~0.08+0.04 MW

Energy loss rate
(Conduction,
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Figure 10. Energy inventory during asymmetric reconnection in the ion
diffusion region in MRX. More than 50% of the incoming magnetic
energy is converted to electrons and ions. The electron energy gain is
comparable to the ion energy gain, which is different from the

symmetric case where ions gain about twice more energy than electrons.

The energy gain of both electrons and ions are dominated by the

thermal component.

magnetic energy is converted to ions
and electrons. Energy deposition rates
to electrons and ions are computed by
the volume integral of J, - Eand J; - E
respectively. Both electron and ion
energy gains are dominated by thermal
energy increase, which is also similar
to the symmetric case. It is worth to
note that the ion flow energy increase
is only 5% of the total incoming mag-
netic energy, which means that the
average ion outflow is much less than
the hybrid Alfvén velocity V,,; the ion
flow energy increase will be 50% of the
incoming magnetic energy, if the aver-
age ion outflow speed reaches V. This
result disagrees with the theoretical
expectation by Cassak and Shay [2007].
This relatively small ion outflow speed
is due to the lack of the large in-plane
electric field, which inhibits the devel-
opment of the ion outflow especially
near the high-density-side separatrices,
as shown in Figure 2b.

The energy inventory during asymmet-
ric, antiparallel reconnection shows that

the energy gain of electrons is comparable to that of ions, which is different from the symmetric case. The
increase of the electron energy gain is due to the additional energy gain near the low-density side separa-
trices. As demonstrated in Figure 8 and explained in section 5, there is a significant amount of the electron
energy gain near the low-density side separatrices associated with the parallel electric field as well as the dia-
magnetic current. On the other hand, the ion energy gain decreases due to both the small in-plain electric
field near the high-density-side separatrices and the ion flow pattern near the low-density side separatrices.
For the previous symmetric case, the value of J; - E, which is the ion energy gain per unit time and unit volume,

R (cm)

J.E (W/em®)
i 0

y@
——

0

Figure 11. Profile of ion energy gain from the electric field, J; - E. Despite

5 10
Z (cm)

15

the large in-plane electric field near the low-density side separatrices,
most ions from the high-density side do not obtain significant energy
since they remain in the exhaust region.

ranges from 30 to 40 W/cm? near
the separatrices. For asymmetric case,
as shown in Figure 11, the value of
J; - E becomes about 15 W/cm3. This
decrease is directly related to the small
in-plane electric field (~150 V/m), which
is much smaller than a typical value of
~600 V/m for the symmetric case. The
ion energy gain near the low-density
side separatrices is noticeably negligi-
ble, although the in-plane electric field
is large (~600 V/m). This is because the
majority of ions from the high-density
side do not across the low-density side
separatrices due to the electrostatic
potential barrier. As a result, the ion flow
direction there is mostly parallel to the
field lines as shown in Figure 2b and
most ions do not gain energy from the
large in-plane electric field. It is also
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worth noting that the ratio of the ion to electron energy gain is completely different for each side; on the
low-density side, the electron energy gain is dominant over the ion energy gain, while it is the ions that
dominate the energy gain on the high-density side.

This energy inventory for asymmetric reconnection in MRX indicates that magnetic reconnection still effec-
tively converts magnetic energy to plasma energy, but detailed processes of energy conversion are different
from the symmetric case. Changes in the mean field profiles, especially in the Hall fields, impact on details
of the energy inventory. In particular, the ion and electron energy gain become comparable. Moreover, the
outgoing component of the Poynting flux is dominated by the MHD component (Syp = — (EyBg/1o) €;)
rather than the component associated with the Hall fields (S, = (EzBy/uo) €, — (EzBy /o) €5), since the
out-of-plane Hall magnetic field and the in-plane electric field become small on the low-density side and on
the high-density side, respectively.

7. Summary

In MRX, typical features of asymmetric reconnection such as large density gradients near the low-density side
separatrices, asymmetric in-plane electric field, and bipolar out-of-plane Hall magnetic field are observed.
These features are consistent with space observations and numerical simulations. The changes of the Hall
fields (out-of-plane magnetic field and in-plane electrostatic field) can be explained by the electron force
balance, which is affected by the density asymmetry. The large density gradients near the low-density side
separatrices are due to the large in-plane electrostatic potential, which prevents most ions from crossing the
low-density side separatrices.

Detailed analysis of electron heating near the low-density side separatrices reveals that the parallel electric
field is most likely responsible for the observed heating. Although large fluctuations by LHDI are observed
where large density gradients exist, there is no strong correlation between the fluctuation amplitude and the
electron temperature in the exhaust region. The comparison between 3-D and 2-D simulations also shows that
LHDI-driven fluctuations do not play a major role in electron energization but the fluctuations may contribute
to electron thermalization.

The amount of the bulk electron heating is proportional to the incoming magnetic energy per an electron-ion
pair but is larger than space observations reported in Phan et al. [2013]. This discrepancy may be explained by
differences of the boundary condition as well as of the measurement location. Due to the limited system size
in MRX, the electron temperature measurement is conducted only about 2d; away from the X line. The analysis
of seven Cluster events supports the assertion that the average electron temperature in the exhaust region is
relatively larger near the X line. Moreover, the detailed processes of electron heating in MRX may be different
from those in space, due to the existence of collisions and the strong density pileup in the exhaust region.

The J, - E profile raises an interesting question regarding the role of the diamagnetic current. Due to the
large density gradients near the low-density side separatrices, the contribution from J,- E is dominant there.
However, in terms of electron heating, that contribution is irrelevant, because there is no corresponding
single-particle drift. The energy gain associated with the diamagnetic current is the same as the required
energy to overcome the large pressure gradient and contributes increase of the electron enthalpy.

Finally, a quantitative study of the energy inventory during asymmetric reconnection is conducted in the
ion diffusion region in MRX. Similar to the symmetric case, about 50% of the incoming magnetic energy is
converted to plasma energy. Details of the energy inventory are, on the other hand, different. In particular, the
electron energy gain becomes comparable to the ion energy gain. Between the two outgoing components
of the Poynting flux, the MHD component becomes larger than the Hall field component. Since this energy
inventory is conducted in MRX plasmas with a relatively small system size, it is interesting to see whether
space observations show similar results or not. Utilizing MMS (Magnetospheric Multiscale) data from events
at the dayside magnetopause and employing similar approach described in Eastwood et al. [2013b], the cross
comparison may be achieved.

Although the current study extends our knowledge on plasma energization during reconnection, it does not
cover reconnection with a guide field. Reconnection with a guide field shows different profiles of the Hall
fields [Tharp et al., 2012] as well as the density profile [Fox et al., 2017], which means that processes of plasma
energization are different during reconnection with a significant guide field. Plasma energization during guide
field reconnection is a potential future research topic.
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