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Fully kinetic simulations of asymmetric magnetic reconnection reveal the presence of magnetic
field aligned beams of electrons flowing toward the topological magnetic x-line. Within the ∼ 6de
electron diffusion region, the beams become oblique to the local magnetic field, providing a unique
signature of the electron diffusion region where the electron frozen-in law is broken. The numerical
predictions are confirmed by in situ MMS spacecraft observations during asymmetric reconnection
at the Earth’s dayside magnetopause.

Magnetic reconnection is the process that changes the
magnetic field line topology in plasma [1]. Within the
framework of ideal MHD, which describes the large scale
and long time dynamics of a perfectly conducting plasma,
magnetic reconnection is forbidden, as it requires a vio-
lation of the ideal MHD frozen-in law. The frozen-in law
states that the plasma and magnetic field always move
together, which often provides a remarkably accurate de-
scription of the macroscopic dynamics of space plasma.
The topological constraint on the magnetic field is also a
consequence of this frozen-in law, which causes magnetic
stress and narrow current layers to build in a variety of
plasma systems. The stored energy can then be released
explosively when reconnection is triggered in small dif-
fusion regions, often involving kinetic plasma effects at
microscopic scales [2].
Well known examples of explosive reconnection in-

clude both solar flare events [3] and reconnection in the
Earth’s magnetotail [4], where it is the driver of the au-
rora borealis [1]. Meanwhile, reconnection at Earth’s
dayside magnetopause is less sporadic and has recently
been investigated by NASA’s Magnetospheric Multiscale
(MMS) mission [5] specially designed to characterize the
plasma dynamics within the fine spatial scales of the
reconnection region [6–8]. The separation between the
four MMS spacecraft (≃ 10 km) is smaller than the ex-
pected size of the ion diffusion region (on the order of
di = c/ωpi ≃ 40km), but much larger than de ≃ 1
km characteristic of the electron diffusion region, and
it remains challenging to assess whether a spacecraft has
made an electron diffusion region crossing. For example,
while crescent shaped electron distributions [6, 9, 10] in-
dicate proximity of a reconnection site, these distribu-
tions are linked to density gradients reaching beyond the
electron diffusion region [11].
In this letter, we study field-aligned electron beams

that stream towards the x-line within the ion diffusion
region in a 2D fully-kinetic simulation. As a unique sig-
nature of electron demagnetization and the breakdown

of the frozen-in law, these beams become oblique to the
magnetic field as the field lines turn sharply within the
electron diffusion region. We demonstrate how these
unique signatures were captured by the MMS4 spacecraft
during the reconnection event reported by Burch et al.

[6].

FIG. 1: (a) Simulation profile of the out-of-plane BM mag-
netic field. The high (low) density separatrices are indicated
by the magenta (black) dashed lines. b) Profile of the normal
magnetic field BN . As shown by the selected field lines, be-
cause BM/BN ≃ 0.5 in much of the region, the magnetic field
approximately lies in the xz-plane defined in the figure.

The kinetic simulation is performed with the VPIC
code [12] using asymptotic parameters approximating
those of Ref. [6]. The simulation is periodic in L and
has conducting boundaries in N , with a total size of
4032× 4032 cells = 20 di× 20 di, initialized with approx-
imately 400 particles per cell. Here N and L are defined
in in Fig. 1. More details on the run are available in
Ref. [11]. Within the ion diffusion region the electron dy-
namics are closely related to the structure of the magnetic
field. In asymmetric reconnection the typical quadrupo-
lar Hall perturbation of the out-of-plane magnetic field
is suppressed along the low-density separatrices [13, 14].
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With Figs. 1(a,b) we observe that a field ratio BM/BN ≃
0.5 is typical for the inner reconnection region. Conse-
quently, as is also evident from the selected 3D magnetic
field lines, the magnetic field lines approximately lie in
the xz-plane illustrated in Fig. 1(b), spanned by the unit

vectors ex = (eN + 0.5eM)/
√
1 + 0.52 and ez = eL.

We use cuts of the electron distribution function, fe, in
the xz-plane for analyzing the electron behavior near the
topological x-line. For the 10 de×10 de region outlined by
the black square in Fig. 1(a), the panels in Fig. 2 present
vx − vz cuts of fe(v). The indicated trajectory of MMS4
will be discussed below.

The distribution in Fig. 2(a,II), elongated in the di-
rections parallel and anti-parallel to the magnetic field,
is typical for inflows in symmetric reconnection, mainly
comprised of trapped electrons energized by magnetic
field aligned (parallel) electric fields [15–17]. However,
because of the strong curvature of the magnetic field lines
in the high density inflow, the magnetic field radius of
curvature can become smaller than the typical electron
Larmor radius, such that the magnetic moment is not
well conserved as an adiabatic invariant [18]. As is partic-
ularly evident in panels (a-b,III-IV), the associated pitch
angle mixing causes the distributions in some regions of
the high density inflow to become nearly isotropic [19].

Because of the electrons’ low mass, their thermal mo-
tion along magnetic field lines is rapid, and the electrons
close to the x-line are mainly sourced by the field aligned
beams observed along the high density separatrix (such
as panels (a-b,II)) streaming into the x-line region. The
incoming beams are also observed in the two exhaust re-
gions (i.e. panels (b,I) and (b,VII)), but the beams are
here superposed with ring-shaped features of slightly en-
ergized electrons. These “ring” electrons have already
interacted with the electron diffusion region and are now
mostly streaming away from the region along the mag-
netic field lines. In symmetric reconnection similar distri-
butions are observed along all four arms of the separatrix
[20, 21], where the beams also are generated by direct E‖

energization [22] of incoming electrons.

A key result pertains to the behavior of the field
aligned beams as they reach the x-line region. The in-
coming beams within the exhausts for columns (a-c) in
Fig. 2 are nearly perfectly aligned with the magnetic field.
However, in columns (d-f) the field rotates so sharply
that the beams do not follow the direction of the field;
rather, due to their inertia the beams continue to flow in
the directions set in columns (a-c). Thus, the inertia of
the parallel streaming carries the electrons across the in-
plane magnetic field as it turns sharply from being mainly
in the x-direction to approximately the z-direction. Sim-
ilar to guide-field reconnection [24], as a special feature
for the distribution in panels (e-f,IV), we observe two
distinct incoming beams. Confirmed by orbit tracking,
these originate from the two separate arms of the high
density separatrix.

A prominent and compelling feature of the “Burch
event” [6] is the observation of two flavors (parallel and

FIG. 2: Cuts of electron distributions in the xz-plane (vy = 0)
defined in Fig. 1(b). The distributions are obtained on the
10de × 10de region marked in Fig. 1(a). The magnetic field
lies mostly in the xz-plane and its components are indicated
by the magenta/black lines in the panels. As a signature of
the electron diffusion region, the parallel beams streaming in
along the magnetic field in columns (a-c) do not follow the
direction of the magnetic field as the field rotates sharply in
columns (d-f).

perpendicular) of crescent shaped electron distribution
functions. The perpendicular crescent shapes are ob-
served in simulations [25, 26] and predicted based on 1D
reasoning [9, 10]. More generally, both perpendicular and
parallel crescent distributions can be expected in regions
of strong density gradients present along the separatrix
between the magnetospheric low density inflow and the
exhaust regions [11], and are not a conclusive signature
of the electron diffusion region [27, 28].
Through an analysis of the magnetic fields recorded

during the Burch event, Denton et al. [29] showed that
MMS4 traveled the closest to the x-line. Here we use
the electron distributions measured by MMS4 to further
constrain the trajectory of MMS4 through the simulation
shown in Fig. 2 and Fig. 3(a). It is noted how the five
points marked along the trajectory in Fig. 3(a) provide
a qualitative match to those in Fig. 3(c-e) observed by
MMS4. For reasons given below, we consider the two
points highlighted in magenta to be within the electron
diffusion region.
The color contours in Fig. 3(a) show the magnitude

of
√

ρle/RB in the simulation, where ρle is the typical
electron Larmor radius and RB is the radius of curva-
ture of the magnetic field. For

√

ρle/RB > 0.5 the elec-
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FIG. 3: a) Color
contours of constant
√

ρle/RB , where for
√

ρle/RB > 0.5 the
electron magnetic mo-
ment breaks down as
an adiabatic invariant.
Approximate paths of
MMS1-4 for the Oct
16, 2015 event are
indicated. For the five
selected points along
the MMS4 path, cuts
of the electron distri-
bution are shown in b)
in the format of Fig. 2.
c-e) Electron distri-
butions measured by
MMS4 shown in three
different representa-
tions, with the velocity
axes normalized by
v0 = 107 m/s. The cuts
in c) provide a close
match to the numerical
distributions in b).

tron magnetic moment breaks down as an adiabatic in-
variant, and the electrons are effectively demagnetized
[18]. The format of the distributions in Fig. 3(b) is
identical to that used in Fig. 2. For the point deepest
into the exhaust in Fig. 3(b, I) we observe an incoming
beam well aligned with the magnetic field direction. In
Figs. 3(b, II-IV) the direction of the magnetic field turns
by approximately 90◦, while the beam directions are ob-
served to be virtually unchanged. As discussed above,
for the point just to the right of the x-line, the distri-
bution in Fig. 3(b, IV) includes two mixed beams origi-
nating from the two arms of the high density separatrix.
The distribution in Fig. 3(b,V) is for a point sufficiently
inside the low-density inflow that the beam electrons be-
come remagnetized, and in field-aligned coordinates (not
shown here), this distribution displays crescent shaped
characteristics [11].

The distributions in Figs. 3(c-e) were recorded by
MMS4 over a time interval of 120 ms. The distribution in
Figs. 3(c-e, V) was the last parallel crescent shaped distri-
bution observed by MMS4 at UT=13:07:02.256, denoted
t = 0 in Figs. 3(e). The parallel crescent shape is clearly
visible in the f(v‖, v⊥) representation of Fig. 3(e, V).
Unique for MMS4, the crescent shaped distributions are
observed with vz < 0 corresponding to electron stream-
ing southward away from the x-line [6]. This suggests
(contrary to the conclusion of Ref. [30]) that MMS4 at
t = 0 was located close to the magnetospheric separatrix
to the southeast of the topological x-line.

Similar to the numerical distributions in Figs. 3(b), the
MMS4 distributions in Figs. 3(c) are vxvz cuts where the
x-direction is determined by the magnetic field direction

recorded at t = 30ms and the z-direction is determined
by requiring the magnetic field to lie in the xz-plane for
t = 90ms. As is the case for the simulation distributions,
during the full sequence the magnetic field mostly lies
in the xz-plane. The direction and strength of the mea-
sured Bxz field are indicated by the magenta/black lines
in Figs. 3(c), and they closely match the magnetic field
behavior in Figs. 3(b) for the inferred trajectory through
the simulation profiles.

The measured distribution in Fig. 3(c, I) displays a
clear field aligned beam similar to that in the simulation,
and places MMS4 to the northwest of the x-line. Fur-
thermore, as is the case in the simulation, the beam is
observed to persist in Figs. 3(c, II-IV) with nearly un-
changed direction while the magnetic field rotates by
approximately 90◦. Figs. 3(d) show 3D isosurfaces of
the MMS distributions corresponding to the phasespace
value indicated by the red contour levels in Figs. 3(c).
Again, similar to the simulation results, the distribution
in Figs. 3(c-d, IV) for t = 30 contains features consistent
with mixing of two incoming beams, providing further ev-
idence that MMS4 is here observing the actual electron
diffusion region.

While other studies suggest that 3D effects are im-
portant for heating in the magnetospheric inflow [31–
33], the agreement between our numerical results and
the details of the MMS4 observations suggests that fun-
damental properties of the electron diffusion region are
well represented by 2D kinetic simulations. The speed of
MMS4 relative to the x-line is 100 km/s, predominantly
in the L-direction [29]. Thus, also consistent with the
expectations from the numerical simulation, the ≃ 60ms
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encounter with the electron diffusion region of Figs. 3(c-
e, III-IV) corresponds to an approximate diffusion region
size of about 6 km ≃ 6de.
An outstanding question in reconnection is centered on

the out-of-plane force balance of the electron fluid near
the x-line, seeking a theoretical understanding of how
the forces associated with the EM electric field (= Erec

at the x-line) can be accounted for by effects not included
in ideal MHD. During quasi-steady reconnection partial
time derivative terms become negligible such that the
momentum balance is governed by a generalized Ohm’s
law of the form

E+ ve ×B+
1

ne
∇ · pe −

me

e
ve · ∇ve = 0 , (1)

where pe = me

∫

(u−ve)(u−ve)fe(u)d
3u is the electron

pressure tensor.
In Fig. 4 we examine the role of the incoming beams

on the reconnection region momentum balance. To
distinguish between gyrotropic and non-gyrotropic con-
tributions we introduce the gyrotropic pressure tensor
peg = bbpe‖ + (I− bb)pe⊥, with pe‖ = b · pe · b
and pe⊥ = (trace(pe) − pe‖)/2. The color contours in
Figs. 4(a) correspond to the out of plane component
fM/ 〈Erec〉, with f = E+ve×B. Periodic modulations of
fM are observed particularly strongly on the low density
side of the separatrix. The amplitude of the modulation
exceeds 10 〈Erec〉, where 〈Erec〉 is the time average of the
reconnection electric field for the period where reconnec-
tion is observed in the simulation.
To investigate the origin of these modulation, we con-

sider the magenta trajectories in Figs. 4(a), typical for
incoming electrons. The trajectories are initialized with
v = vbeamb, where vbeam = 1.5vth is characteristic for
the beams in Fig. 2. The modulations in fM are in
phase with the vN of these trajectories yielding the strong
ve × B-force in the M -direction. The amplitude of the
fM modulations decline quickly as phase-mixing destroys
the coherency of the trajectories at values of L further
away from the x-line. In Ref. [34] similar structures were
observed and interpreted as standing non-linear whistler
waves.
Fig. 4(b-d) shows color contours representing the mag-

nitude of various terms in the electron momentum equa-
tion. The non-gyrotropic stress in pe includes significant
contributions to the electron momentum balance equa-
tion near the electron diffusion region where the elec-
tron dynamics is not well characterized by guiding cen-
ter theory [11]. The magnitudes of the full pressure term,
∇·pe/ne, and inertia term, meve ·∇ve/e are similar but
the latter dominates the important region within 1 de of
the topological x-line. Finally, in Fig. 4(e) we illustrate
how the sum of all terms of is approximately zero, con-
sistent with electron momentum balance being described
by Eq. (1). Again, given the correlation between the
modulations in fM and the typical beam trajectories, we
conclude that the incoming beams are responsible for the
large amplitudes of the terms ve × B, ∇ · pe/ne and
meve · ∇ve/e.

In summary, for the considered 2D kinetic simulation
of asymmetric reconnection, the distributions in the inner
electron diffusion region include strong electron beams.
These beams are generated by direct E‖ acceleration
along the arms of the high density separatrix and are di-
rected along the local magnetic field in toward the x-line.
Because of the inertia of the beams, they do not follow
the direction of the magnetic field as it rotates sharply
within the electron diffusion region. The diffusion re-
gion of antiparallel asymmetric reconnection is therefore
characterized by electron beams at oblique directions to
the local magnetic field. The trajectories of the beams
through the diffusion region are correlated with strong
perturbations of non-ideal terms in the electron force bal-
ance equations, breaking the frozen-in condition.
The described numerical results provide a qualitative

match to detailed observations of MMS4 recorded during
the “Burch event” of Oct. 16, 2015 [6]. In a time span
of 60 ms (corresponding to ∼ 6 km) the electron distri-
butions recorded by MMS4 transition from parallel cres-
cent distributions, to distributions with oblique electron
beams, and then to distributions with field aligned in-
coming electron beams. The experimentally observed se-
quence of electron distributions as well as magnetic field
strength and rotation is accurately matched by assuming
a trajectory through the simulation’s electron diffusion
region. This agreement is direct evidence that MMS4
encountered the electron diffusion region, and suggests
that 2D kinetic simulations include the dominant recon-
nection dynamics, sufficient to account for salient details
of the ∼ 6de electron diffusion region of a naturally oc-
curring 3D system.
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FIG. 4: Color contours of con-
stant fM/ 〈Erec〉, where f represents
terms or sums of terms in the elec-
tron momentum balance equations,
as indicated in the panels. The tra-
jectories in a) are initialized with
v = 1.5vthb and illustrate the be-
havior for the center of the incoming
beam distributions. The three white
arrows show the general direction of
the electron beams near the x-line,
and are consistent with vN × BL

driving the modulations observed in
fM = (E+ v ×B)M .
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