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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 mission
to locate reconnection sites as we expect it to appear on the magnetospheric side, pointing earthward, at

the dayside magnetopause reconnection site.
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Introduction.—Magnetic reconnection efficiently con-
verts magnetic energy into heat and flow energy of parti-
cles in plasmas (e.g., Ref. [1]). It occurs when small-scale
dissipation permits an electric field that breaks the frozen-
in condition and allows magnetic field lines to change
topology. It naturally arises in many locations in Earth’s
magnetosphere. The dissipation region is often difficult to
measure 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 recon-
nection [2,3]. Therefore, it is of critical importance to
determine the observational signatures of magnetic recon-
nection 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 different
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 mag-
netic fields and in-plane electric fields [4-7]. During sym-
metric 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 collision-
less reconnection has been observed using satellite obser-
vations at the dayside magnetopause [8—12]. Note that
observations of the quadrupolar Hall magnetic and bipolar
Hall electric field are rare at the dayside magnetopause
[13] because reconnection normally 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, respectively [16—19].
These skewed Hall structures have also been observed
[16,18,20].

In this Letter, we argue for the existence of an in-plane
electric field that was not previously discussed, which
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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 earthward
with a magnitude large enough to be measurable with
spacecraft. Therefore, its existence can be useful for locat-
ing 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 antiparallel 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 determined by
energy conservation, while the stagnation point is deter-
mined by mass conservation. In particular, the stagnation
point location is given by [21]

S5 _mB
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where Jg 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 toward the side with smaller n/B.

The basic picture of the dissipation region structure is
sketched in Fig. 1. The sketch is roughly for typical mag-
netopause inflow conditions (density variation by a factor
of 10, magnetic field variation by a factor of 2), with the
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FIG. 1. Schematic of the flow structure of the dissipation
region during asymmetric reconnection for characteristic
dayside-magnetosphere parameters in a kinetic plasma.

magnetosheath and magnetosphere as populations 1 and 2,
respectively. The low magnetospheric density 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. 1. If the Larmor radius p;, of
population 2 ions significantly exceeds dy,, it is not clear
how the basic dissipation region structure is maintained.
However, the scaling of basic reconnection properties in
kinetic simulations are consistent with the scaling theory
based on fluid conservation laws [19], 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 population 2 ions from
crossing the stagnation point. This Larmor electric field
arises due to the premature leakage 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 0 g 1 yrmor Of the
Larmor electric field should scale with the Larmor radius
pi» of population 2 ions,

5E,Larm0r ~ Pi- (2)

The magnitude of the electric field Ey ;o can be estimated
by noting that the premature leakage of population 2 ions
into the dissipation region will occur until the potential
barrier for an ion due to the Larmor electric field is com-
parable to the average kinetic energy per charge,
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where T, is the temperature of population 2 ions, e is the
ion charge, and kjz 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

Pin > 8. 4)

In the remainder of this Letter, we present evidence from
simulations for the Larmor electric field and discuss impli-
cations for observations in the Earth’s magnetosphere.

Simulations.—We use the parallel PIC code P3D [22] to
perform simulations in 2.5 dimensions of collisionless
antiparallel asymmetric reconnection. In the simulations,
magnetic field strengths and particle number densities are
normalized to arbitrary values B, and n, respectively.
Lengths are normalized to the ion inertial length d,y =
c/w,; at the reference density. Time is normalized to the
ion cyclotron time Q_,) = (eBy/m;c)~". Speeds are nor-
malized to the Alfvén speed cqy = By/(47m;ng)'/2.
Electric fields and temperatures are normalized to E, =
ca0Bo/c and Ty = m;c3,/kp, respectively.

Simulations are performed in a periodic domain of size
L, X Ly, =204.8 X 102.4 with a grid scale Ax = Ay of
0.05. The time step Atz is 0.0025, 0.005, or 0.01. The
normalization density ng is represented by a number of
particles per grid cell, 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¢,.

The initial conditions are a double asymmetric current
sheet (see Ref. [19] for more details). A small magnetic
perturbation is used to initiate reconnection. Each simula-
tion is evolved until reconnection reaches a steady state.
The parameters (magnetic fields, densities, electron tem-
peratures, and ion temperatures on either side of the dis-
sipation region) for each simulation are shown in Table 1.

Results and discussion.—We show results from run 1 as
a case study because it shows a particularly clear example
of the Larmor electric field and has density and magnetic
field variations typical of magnetopause reconnection. The
electric field E|, in the inflow direction is shown in Fig. 2(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
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TABLE I. Parameters for the present simulation study.
Subscripts 1 and 2 refer to the two upstream sides of the
dissipation region. The values give the magnetic field strengths
B, number densities n, electron temperatures 7,, and ion tem-
peratures 7. For each run, the width of the Larmor electric field
OF Larmor and its magnitude Ey ., are also provided.

Run Bl B2 np ny Tel Ti Te2 Ti2 BE,Larmor ELarmor

1 10201001 067 133 1.67 333 3.80 1.09
1* 1.0 2.0 1.0 0.1 0.67 1.33 1.67 333 350 0.86
2 1.020 1.0 025067 1.33 067 133 250 0.44
3 1.01.01.001 067 1.33 6.67 13.33 7.80 1.31
4 20201001 067 1.33 667 1333 5.70 2.13
5 10101005 067 1.33 133 267 415 0.19
6 15101001 067 1.33 875 1750 8.10 1.25
7
8

1.5 1.0 1.0 02 067 1.33 438 875 690 0.79

1.5 1.0 1.0 0.44 0.67 1.33 1.99 398 535 0.37
9 20 1.0 1.0 025 067 1.33 467 933 740 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 1.0 044 067 1.33 265 530 420 0.42
12 3.0 1.0 1.0 0.44 0.67 1.33 455 9.09 490 0.53
13 15101010 046 092 067 133 nla 0.06
14 20101010 017 033 067 133 n/a 0.04
15 20 1001 0.1 067 1.33 567 11.33 n/a 0.09
16 3.0 150303 067 1.33 442 883 n/a 0.07
17 3.0 1.0 1.0 1.0 067 1.33 200 4.00 n/a 0.09

(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
opposite 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 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 Figs. 4(e) and 10(e) of Ref. [18]].
It 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 proper-
ties of the Larmor electric field. For all simulations in
Table I for which the Larmor electric field exists, we
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FIG. 2 (color). (a) Plot of the normal electric field £, 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 the generalized Ohm’s
law along the vertical dashed line in (a): the ion convection term
—(1/¢)(u; X B), (red), Hall term (1/nec)(J X B), (blue), pres-
sure gradient term —(1/ne)(V - P), (green), and electron inertia
term —(m,/e)(du,/dt), (yellow). (c) Similar cut to (b) but for
data from a symmetric run.

measure its spatial extent 01 ,mer in the inflow direction
as the distance between the two locations bounding the
outward-directed electric field, i.e., where E, changes sign
[at around y = 18.5 and 22 in the example in Fig. 2(b)].
The results are shown in Fig. 3(a), where Ogpumor 1S
plotted versus the Larmor radius of the upstream ions
P, which is evaluated using the ion temperature and
magnetic field 10 d,y upstream of the X line. A clear
correlation between the two length scales is apparent, in
agreement with Eq. (2).

The magnitude of Ey ..., is measured where the electric
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. 3(b), with the predicted Larmor
field strength kzT;,/ep;, from Eq. (3) on the horizontal
axis. Scaling according to Eq. (3) is observed.

This result suggests that the energy gained or 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
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FIG. 3. (a) Thickness of the Larmor electric field g1 amor VS

ion Larmor radius p;; on the upstream side with the Larmor
electric field. (b) Magnitude of the Larmor field Ej . Vs its
predicted scaling kzTir/epir. (€) Epamor VS the ratio of p;, to
the distance dg, between the stagnation point and the edge of
the dissipation region. The square is for run 1, and the asterisk is
for run 1*.

kgT;». 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. (4), we
expect the Larmor electric field to exist when p,, exceeds
the distance 8, 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 d,. This is difficult
to measure directly from the simulations due to the noise
inherent in PIC simulations, so we appeal to asymmetric
reconnection theory. Equation (1) gives the relative length
scales, so we need the total thickness of the dissipation
region. For collisionless asymmetric reconnection, the
half thickness of the dissipation region 6 was predicted
to be [24]

5 B, + Bz[<ml?c2)( B, + B, )]1/2 )
2\18132 47762 mi(nle + }’lzBl) ’

Using 26 = dg; + dg,, one finds the predicted absolute
size of 632,

n, B,
8¢ ~ | ——————[26. 6
52 [”l]Bz + ”231] ©)

For comparison with the simulations the values are calcu-
lated from the asymptotic values in Table 1.

The results are plotted in Fig. 3(c), where the magnitude
of the Larmor electric field Ej ., 1S plotted versus the
ratio p;y/8g,. One sees that Ej .o iS nonzero when
pin/S8s =1 and is near 0 otherwise, consistent with
Eq. (4). Note that the small deviations of Ej ., from
zero for runs 13-17 are merely due to noise, and
Ok 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
discussed above are insensitive to the ion to electron
mass ratio in the simulations. We therefore expect the
results to still hold for the actual mass ratio even though
it is significantly larger.

Applications.—For reconnection at the dayside magne-
topause, 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
approximately 20 nT, 25 cm™3, and 2 X 10° K, and are
55 nT, 0.5 cm™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 Egs. (5)
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 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 magnetospheric side, the
Larmor electric field is expected to exist on the magneto-
spheric side pointing away from the X line, i.e., toward
Earth. The magnitude of the electric field, from Eq. (3), is
predicted to be on the order of 20 mV/m. This strength of
the 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 dissipa-
tion region of reconnection sites before the satellite moves
deeper into the dissipation region.
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