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We present a theory and numerical evidence for the existence of a previously unexplored in-
plane electric field in collisionless asymmetric magnetic reconnection. This electric field, dubbed
the “Larmor electric field,” is associated with finite Larmor radius effects and is distinct from
the known Hall electric field. Potentially, it could be an important indicator for the upcoming
Magnetospheric Multiscale (MMS) mission to locate reconnection sites as we expect it to appear on
the magnetospheric side, pointing Earthward, at the dayside magnetopause reconnection site.

PACS numbers: 52.35.Vd, 94.30.cp

INTRODUCTION

Magnetic reconnection efficiently converts magnetic
energy into heat and flow energy of particles in plasmas
(e.g., [1]). It occurs when small-scale dissipation per-
mits an electric field that breaks the frozen-in condition
and allows magnetic field lines to change topology. It
naturally arises in many locations in the Earth’s magne-
tosphere. The dissipation region is often difficult to mea-
sure in naturally occurring settings because it is small
compared to global scales. The primary objective of the
upcoming Magnetospheric MultiScale (MMS) mission is
to study the properties of the dissipation region in re-
connection |2, 3]. Therefore, it is of critical importance
to determine the observational signatures of magnetic re-
connection near the dissipation region.

One signature of the dissipation region in collisionless
reconnection is due to the Hall effect. Since ions and
electrons have different Larmor radii due to their differ-
ent masses, they undergo different bulk motion within
small distances from the reconnection site. This sets up
in-plane Hall currents, which are associated with out-
of-plane magnetic fields and in-plane electric fields [4-
7). During symmetric reconnection as is most often
studied theoretically and numerically, the Hall magnetic
field is quadrupolar and the Hall electric field is bipolar.
This signature of collisionless reconnection has been ob-
served using satellite observations at the dayside magne-
topause [8412]. Note that observations of the quadrupo-
lar Hall magnetic and bipolar Hall electric field are rare at
the dayside magnetopause |13] because reconnection nor-
mally has asymmetric inflow, which changes the structure
of the Hall fields |14, [15]. In some cases, the asymmetry
causes the Hall magnetic and electric fields to become so
skewed that they become bipolar and unipolar, respec-
tively [16-19]. These skewed Hall structures have also
been observed [16, [18, 120].

In this paper, we argue for the existence of an in-plane

electric field that was not previously discussed, which
appears in asymmetric reconnection and can be used as
an observational signature of the dissipation region. This
electric field is caused by finite Larmor radius effects, so
we dub it the “Larmor electric field.” The electric field
structure is located in the inflow region of the dissipation
region, just upstream of the Hall electric field structure,
with its direction pointing away from the X-line. We
present a physical argument for its existence and show it
is consistent with the results of fully-kinetic particle-in-
cell (PIC) simulations.

Under normal dayside reconnection conditions, we
show that the Larmor electric field should be present on
the magnetospheric side of the X-line pointing Earth-
ward with a magnitude large enough to be measurable
with spacecraft. Therefore, its existence can be useful
for locating dissipation regions in the MMS mission.

THEORY

To understand where the Larmor electric field comes
from, consider the structure of the dissipation region.
In symmetric anti-parallel magnetic reconnection, the X-
line and stagnation point are located at the due center
of the dissipation region. When there are asymmetries
in the magnetic field B and/or plasma density n, this
is no longer the case [21]. The X-line location is deter-
mined by energy conservation, while the stagnation point
is determined by mass conservation. In particular, the
stagnation point location is given by [21]

sz maB: (1)
ds1 miBy’

where dg is the distance from the stagnation point to one
edge of the dissipation region and the subscripts “1” and
“2” denote the inflow side of interest. The stagnation
point is offset towards the side with smaller n/B.
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The basic picture of the dissipation region structure
is sketched in Fig. [l The sketch is roughly for typical
magnetopause inflow conditions (density variation by a
factor of 10, magnetic field variation by a factor of 2),
with the magnetosheath and magnetosphere as Popula-
tions 1 and 2, respectively. The low magnetospheric den-
sity implies that the stagnation point is shifted very close
to the Population 2 side of the dissipation region. The
inflowing Population 2 plasma is therefore constrained in
a basic fluid sense to turn the corner sharply and flow
outwards. Once magnetic field lines reconnect, however,
the two populations begin to mix along the magnetic field
lines.

A question arises in the context of a kinetic plasma.
The Larmor radii of the two populations are shown as
circles in the inflow regions of Fig. [l If the Larmor ra-
dius p;o of Population 2 ions significantly exceeds g2,
it is not clear how the basic dissipation region structure
is maintained. However, the scaling of basic reconnec-
tion properties in kinetic simulations are consistent with
the scaling theory based on fluid conservation laws HE],
so one does not expect a breakdown of the conservation
laws. Instead, we conclude that an electric field upstream
of the dissipation region must appear to prevent Popu-
lation 2 ions from crossing the stagnation point. This
Larmor electric field arises due to the premature leak-
age of a small percentage of Population 2 ions into the
dissipation region, which creates charge separation.

We now make this more quantitative. From the above
argument for its existence, the spatial extent dg Larmor
of the Larmor electric field should scale with the Larmor
radius p;e of Population 2 ions,

0E,Larmor ~ Pi2- (2)

The magnitude of the electric field Epamor can be es-
timated by noting that the premature leakage of Popu-
lation 2 ions into the dissipation region will occur until
the potential barrier for an ion due to the Larmor elec-
tric field is comparable to the average kinetic energy per
charge:

ELarmor ~ @7 (3)
€pi2

where T;o is the temperature of Population 2 ions, e is
the ion charge, and kp is Boltzmann’s constant. Note
that the energy density of this Larmor electric field is
negligible compared to the thermal energy density of the
Population 2 plasma. Finally, the Larmor electric field
should only exist when

pPi2 > 552 . (4)

In the remainder of this paper, we present evidence from
simulations for the Larmor electric field and discuss im-
plications for observations in the Earth’s magnetosphere.
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> O
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FIG. 1. Schematic of the flow structure of the dissipa-
tion region during asymmetric reconnection for characteristic
dayside-magnetosphere parameters in a kinetic plasma.

SIMULATIONS

We use the parallel particle-in-cell (PIC) code P3D
ﬂﬂ] to perform simulations in 2.5 dimensions of colli-
sionless anti-parallel asymmetric reconnection. In the
simulations, magnetic field strengths and particle num-
ber densities are normalized to arbitrary values By and
ng, respectively. Lengths are normalized to the ion
inertial length d;0 = c¢/wy; at the reference density.
Time is normahzed to the ion cyclotron time cho =
(eBo/m;c)~L. Speeds are normalized to the Alfvén speed
ca0 = Bo/(4mm;ing) /2. Electric fields and temperatures
are normalized to Ey = caoBo/c and Ty = m;c%,/ks,
respectively.

Simulations are performed in a periodic domain of size
L, x L, = 204.8 x 102.4 with a grid scale Az = Ay of
0.05. The time step At is 0.0025, 0.005, or 0.01. The
normalization density ng is represented by a number of
particles per grid cell, or ppg, which ranges from 50 to
200. The ion to electron mass ratio for all but Run 1* is
m;/m. = 25 and the speed of light ¢ is 15¢4¢.

The initial conditions are a double asymmetric cur-
rent sheet (see Ref. [19] for more details). A small mag-
netic perturbation is used to initiate reconnection. Each
simulation is evolved until reconnection reaches a steady
state. The parameters (magnetic fields, densities, elec-
tron temperatures and ion temperatures on either side of
the dissipation region) for each simulation are shown in
Table I



TABLE I. Parameters for the present simulation study. Sub-
scripts “1” and “2” refer to the two upstream sides of the dis-
sipation region. The values give the magnetic field strengths
B, number densities n, electron temperatures T, and ion tem-
peratures T;. For each run, the width of the Larmor electric
field 6, Larmor and its magnitude Erqrmor are also provided.

Run Bl BQ ny n2 Tel Tz TeZ T’L 6E,La'rmo'r ELa'rmo'r
1 |1.0 2.0{1.0 0.1 {0.67 1.33 1.67 3.33 3.80 1.09
1* 1.0 2.0{1.0 0.1 |0.67 1.33 1.67 3.33 3.50 0.86
2 1.0 2.0|1.0 0.25{0.67 1.33 0.67 1.33 2.50 0.44
3 1.0 1.0|1.0 0.1 {0.67 1.33 6.67 13.33 7.80 1.31
4 (2.0 2.0{1.0 0.1 |0.67 1.33 6.67 13.33 5.70 2.13
5 |1.0 1.0|1.0 0.5 [0.67 1.33 1.33 2.67 4.15 0.19
6 |1.5 1.0|/1.0 0.1 {0.67 1.33 8.75 17.50 8.10 1.25
7 11.5 1.0|1.0 0.2 {0.67 1.33 4.38 8.75 6.90 0.79
8 1.5 1.0|1.0 0.44{0.67 1.33 1.99 3.98 5.35 0.37
9 2.0 1.0|1.0 0.25{0.67 1.33 4.67 9.33 7.40 0.58
10 3.0 1.0{1.0 0.11]0.67 1.33 18.03 36.03 8.85 1.44
11 (2.0 1.0{1.0 0.44|0.67 1.33 2.65 5.30 4.20 0.42
12 (3.0 1.0{1.0 0.44|0.67 1.33 4.55 9.09 4.90 0.53
13 (1.5 1.0{1.0 1.0 |0.46 0.92 0.67 1.33 n/a 0.06
14 2.0 1.0({1.0 1.0 |0.17 0.33 0.67 1.33 n/a 0.04
15 (2.0 1.0{0.1 0.1 |0.67 1.33 5.67 11.33 n/a 0.09
16 (3.0 1.5({0.3 0.3 |0.67 1.33 4.42 8.83 n/a 0.07
17 (3.0 1.0({1.0 1.0 |{0.67 1.33 2.00 4.00 n/a 0.09

RESULTS AND DISCUSSION

We show results from Run 1 as a case study because
it shows a particularly clear example of the Larmor elec-
tric field and has density and magnetic field variations
typical of magnetopause reconnection. The electric field
E, in the inflow direction is shown in Fig. R(a). The
blue band on the high density side and the red band are
the standard in-plane Hall electric field. The blue band
on the side with the stronger magnetic field and lower
density is the Larmor electric field. It is most prominent
immediately upstream of the dissipation region.

To show that this electric field is not caused by the Hall
effect, we present a plot of the contributions to E, from
the generalized Ohm’s law in Fig. 2(b) in a cut along the
vertical dashed line in Fig. 2(a). The vertical solid line
marks the X-line. Immediately to the left of the X-line,
there is an electric field pointing toward the X-line (the
positive peak). This electric field is largely contributed
by the Hall term (in blue). For comparison, Fig. [2(c)
shows a cut from a symmetric reconnection run, which
has the standard bipolar structure of the Hall electric
field on both sides of the X-line, and does not display a
Larmor electric field.

Further toward smaller y (to the left of the Hall field),
there is another electric field structure pointing in the op-
posite direction to the Hall field. However, the Hall term
is very small in this region, so it is not associated with
the Hall term. This electric field is the Larmor electric
field and points away from the X-line, in contrast to the
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FIG. 2. (a) Plot of the normal electric field E, of Run 1,

overplotted with magnetic field lines. Red is positive, blue is
negative, and white is zero. (b) Cut of the normal electric field
E, (black) and its contributing terms from generalized Ohm’s
law along the vertical dashed line in (a): the ion convection
term —(1/c)(u; x B)y (red), Hall term (1/nec)(J x B)y (blue),
pressure gradient term —(1/ne)(V-Pe), (green), and electron
inertia term —(me/e)(due/dt)y (yellow). (c) Similar cut to (b)
but for data from a symmetric run.

Hall electric field which points toward the X-line. (For
the parameters of this simulation, the Hall electric field is
skewed and has a unipolar, rather than bipolar, electric
field.) The Larmor electric field occurs upstream of the
dissipation region where the plasma is roughly frozen-in,
so it is roughly balanced by the ion convection term in
Ohm’s law.

The appearance of this electric field is consistent with
previous PIC simulations of asymmetric reconnection
{see Fig 10(c) of Ref. |[17] and Fig. 4(e) and 10(e) of
Ref. [18]}. Tt may have been seen in observations {see
Fig. 9(h)) of Ref. [23]}. However, its existence has not
been pointed out, and the physics of it has not yet been
discussed.

We now consider the parametric dependence of prop-
erties of the Larmor electric field. For all simulations
in Table [[l for which the Larmor electric field exists, we
measure its spatial extent §g rarmor in the inflow direc-
tion as the distance between the two locations bound-
ing the outward-directed electric field, i.e., where E,



changes sign [at around y = 18.5 and 22 in the exam-
ple in Fig. Ib)]. The results are shown in Fig. Bl(a),
where 0 Larmor 18 plotted versus the Larmor radius of
the upstream ions p;2, which is evaluated using the ion
temperature and magnetic field 10 d;p upstream of the
X-line. A clear correlation between the two length scales
is apparent, in agreement with Eq. (2]).

The magnitude of Eparmor is measured where the elec-
tric field peaks in the direction away from the X-line.
For simulations in which the Larmor electric field exists,
the results are plotted in Fig. Blb), with the predicted
Larmor field strength kpTi2/epia from Eq. @) on the
horizontal axis. Scaling according to Eq. (8] is observed.

This result suggests that the energy gained/lost by an
ion that crosses the electric field structure is only in the
order of the thermal energy of an ion from Population 2
kpTi>. Hence, this electric field does not significantly
participate in particle acceleration.

Finally, we note that there are five simulations for
which the Larmor electric field does not arise. From
Eq. @), we expect the Larmor electric field to exist when
pio exceeds the distance dgo from the stagnation point
to the edge of the dissipation region on the side of the
dissipation region with the Larmor electric field.

To test this hypothesis, we must find dgo. This is dif-
ficult to measure directly from the simulations due to
the noise inherent in PIC simulations, so we appeal to
asymmetric reconnection theory. Equation (] gives the
relative length scales, so we need the total thickness of
the dissipation region. For collisionless asymmetric re-
connection, the half thickness of the dissipation region d
was predicted to be [24]

B ) (i)
2v/B1 B> 4me? mi(nlBg + ngBl) '
Using 26 = g1 + 052, one finds the predicted absolute
size of dg9:

no By

Ssa v | —2201
52 [nle + no By

} 26. (6)
For comparison with the simulations the values are cal-
culated from the asymptotic values in Table[Il

The results are plotted in Fig. Bl(c), where the magni-
tude of the Larmor electric field Eyarmor is plotted ver-
sus the ratio p;2/dg2. One sees that Efarmor 1S non-zero
when p;2/ds2 2 1 and is near 0 otherwise, consistent
with Eq. @)). Note that the small deviations of Eparmor
from zero for Runs 13-17 are merely due to noise, and
0E Larmor cannot sensibly be determined.

To test the effect of the electron mass, we perform a
simulation like Run 1 with an ion to electron mass ratio
of 100 instead of 25, which we call Run 1*. Comparison
between Run 1 and Run 1* suggests that the results dis-
cussed above are insensitive to the ion to electron mass
ratio in the simulations. We therefore expect the results
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FIG. 3. (a) Thickness of the Larmor electric field dg, Larmor
vs. ion Larmor radius p;2 on the upstream side with the Lar-
mor electric field. (b) Magnitude of the Larmor field Erarmor
vs. its predicted scaling kgTi2/epi2. (¢) Erarmor Vs. the ratio
of p;2 to the distance ds2 between the stagnation point and
the edge of the dissipation region. The square is for Run 1,
and the asterisk is for Run 1*

to still hold for the actual mass ratio even though it is
significantly larger.

APPLICATIONS

For reconnection at the dayside magnetopause, we
argue that the Larmor electric field is expected to be
present. Typical magnetic field strengths, densities, and
ion temperatures on the magnetosheath side are approxi-
mately 20 nT, 25 cm 3, and 2 x 10® K, and are 55 nT, 0.5
em ™3, and 20 x 10% K on the magnetospheric side [25].
The distances from the stagnation point to the edges of
the dissipation region are calculated using Eqs. (@) and
([6) to be about 1 km on the magnetospheric side and 119
km on the magnetosheath side. The ion Larmor radii on
the magnetospheric and magnetosheath sides are 77 km
and 67 km. Since the ion Larmor radius is expected to
be larger than the distance from the stagnation point
to the edge of the dissipation region on the magneto-
spheric side, the Larmor electric field is expected to ex-
ist on the magnetospheric side pointing away from the



X-line, i.e., toward the Earth. The magnitude of the
electric field, from Eq. (@), is predicted to be on the or-
der of 20 mV/m. This strength of electric field is easily
measurable by spacecraft.

Since the Larmor electric field is localized upstream
of the dissipation region, it can be a useful signature to
help satellites, such as the MMS mission, identify the
dissipation region of reconnection sites before the satellite
moves deeper into the dissipation region.
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