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Abstract At the Earth's magnetopause, a low-energy ion population of ionospheric origin is commonly
observed at the magnetospheric side. In this work we use a 2-D fully kinetic simulation to identify several
original signatures related to the dynamics of cold ions involved in magnetic reconnection at the
asymmetric dayside magnetopause. We identify several original signatures of the cold ions dynamics driven
by the development of magnetic reconnection at the asymmetric dayside magnetopause. We find that
cold ions tend to rarefy in the diffusion region, while their density is enhanced as a result of compression
along magnetospheric separatrices. We also observe the formation of crescent-shaped cold ion distribution
functions along the separatrices in the near-exhaust region, and we present an analytical model to explain
this signature. Finally, we give evidence of a localized parallel heating of cold ions. These signatures should
be detected with the magnetospheric multiscale mission high-resolution observations.

1. Introduction
Since the launch of the Cluster mission, observations of magnetopause crossings often reveal the presence of
a cold magnetospheric ion population in addition to the hot magnetospheric ion populations (André et al.,
2010; Fuselier et al., 2016; McFadden et al., 2008; Sauvaud et al., 2001). Due to their low energy, these ions
(hereafter cold ions) are in general not observed because of the finite low energy limit of particle instruments
and the generally positive and nonnegligible spacecraft potential (Lavraud & Larson, 2016; McFadden et al.,
2008; Sauvaud et al., 2001). However, they usually become detectable thanks to their acceleration by nearby
magnetopause motions (McFadden et al., 2008; Sauvaud et al., 2001).

When present, cold magnetospheric ions represent an important component of the magnetospheric plasma
density. Their density is usually of the same order as hotter ions from the ring current (André & Cully, 2012).
In the case of plasmaspheric plume events, the density can even be higher than the magnetosheath density
(Walsh et al., 2014). As such, they must play a key role in the properties and dynamics of magnetopause
magnetic reconnection. Though plasmaspheric plumes have been shown to have a significant mass loading
effect on the reconnection rate (Borovsky & Denton, 2006; Walsh et al., 2013), recent works suggest that cold
ions also have a significant impact on magnetic reconnection because of their temperature (André et al.,
2016; Toledo-Redondo et al., 2015, 2018).

Cold ions are heated and accelerated in the separatrix region (Divin et al., 2016; Toledo-Redondo, André,
Vaivads, et al.,2016; Toledo-Redondo et al., 2017, 2018). Once in the exhaust, they mix with magnetosheath
ions and, therefore, become hard to distinguish from other ions in spacecraft data (André et al., 2016; Li
et al., 2017; Toledo-Redondo et al., 2015). Owing to this heating, cold ions take part in the energy budget of
magnetic reconnection (Aunai et al., 2011) in some yet unknown proportion. A recent study based on four
independent observations by MMS of the reconnecting magnetopause with cold ions showed that cold ions
take at least 10–25% of the energy spent into particle heating (Toledo-Redondo et al., 2017). To study cold
ion heating, numerical simulations have the advantage of being able to flag ions and then discriminate cold
ions from other populations, even once heated.

In this work, we present a 2-D fully kinetic simulation of asymmetric magnetic reconnection with two ion
populations on the magnetospheric side: a hot one and a cold one. In particular, we highlight several specific
signatures of magnetospheric cold ion dynamics at the reconnecting magnetopause.
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The present paper is organized as follows. Section 2 introduces the setup of the simulation. Section 3 presents
the results and discusses the cold ion signatures. It is itself split into three parts. Section 3.1 shows and
explains the macroscopic behavior of cold ions in the vicinity of the reconnection region. Section 3.2 points
out a signature marking the cold ion distribution functions (DFs) at the magnetospheric separatrix, namely,
a crescent-shaped distribution, and proposes an analytical model to explain it. Finally, in section 3.3, we
compare the DFs for each ion population and present a cold ion heating observed along separatrices. In
section 4, we discuss the results, and in section 5 we present a summary and some potential use of the
described signatures.

2. Simulation Setup
We have performed a numerical simulation of collisionless asymmetric magnetic reconnection with cold
ions in a two-dimensional (2-D) spatial geometry, using the fully kinetic particle-in-cell code SMILEI (Der-
ouillat et al., 2017). This is the same simulation presented in Dargent et al. (2017). All quantities are
normalized using ion (i.e., proton) scale quantities. The magnetic field and density are normalized to B0 and
n0, respectively, arbitrarily fixed to magnetosheath values. The masses and charges are normalized to the
ion mass mp and charge e; time is normalized to the inverse of the proton gyrofrequency 𝜔−1

ci and length to
the proton inertial length 𝛿i. Velocities are normalized to the Alfvén velocity vAl. Temperature is normalized
to kBT0 = B2

0∕n0𝜇0.

The simulation is performed in the (x, y) plane in a domain of size (xmax, ymax) = (320, 128) 𝛿i. There are
nx = 6,400 cells in the x direction, ny = 5,120 cells in the y direction, and initially 50 particles per cell and
per population. The time step is dt = 8.4 · 10−4. The ion to electron mass ratio is 25, and the electron to
mean ion temperature ratio is constant and chosen equal to 𝜃 = Te∕Ti = 0.2. We fix the Alfvén velocity
to vAl = 0.05c, where c is the speed of light. The initial condition is given by a double asymmetric current
sheet with periodic boundary conditions. The two layers have a width of L = 1 and do not interact with
each other, even at later times. From now, we will only focus on one layer, on which magnetic reconnection
is initiated with a small magnetic perturbation. The magnetic mean field B = Bx(y)ex varies from −1 on the
magnetosheath side to 2 on the magnetospheric side:

B(x, 𝑦) = 1
Br

[
− tanh

(
𝑦 − 𝑦0

L
+ arctanh

(
Br − 1
Br + 1

))
Br + 1

2
−

Br − 1
2

]
ux, (1)

with Br = |Bsheath∕Bsphere| = 0.5 the magnetic field ratio between both sides of the current sheet, y0 the posi-
tion of the layer, and ux the unit vector in the x direction. The density n varies from 1 on the magnetosheath
side to 1/3 on the magnetospheric side:

n(x, 𝑦) = 1
nr

[
1 +

nr − 1
2

(
tanh

(𝑦 − 𝑦0

L

)
+ 1

)]
, (2)

with nr = nsheath∕nsphere = 3 the density ratio between both sides of the current sheet. We focus on
simulation outputs at t = 120 when reconnection has reached a steady state.

The magnetosphere density is composed by two thirds of cold ions and one third of hot ions. The temperature
of each ion population, that is, Tish for magnetosheath ions and Tic and Tih for cold and hot magnetospheric
ions, respectively, is assumed constant, so that the total ion temperature Ti = 1

n

∑
ni,sTi,s variation only

depends on the density variation of each ion population. With this assumption, we just need equation (2) and
to fix a density profiles for magnetosheath ions to obtain the initial density profiles for each ion population
and the global temperature of ions (Dargent et al., 2017):

nish(x, 𝑦) =
1
2

[
1 + tanh

(𝑦 − 𝑦0

L

)]
, (3)

nic(x, 𝑦) =
Thoc

1 + Thoc

[
1

Tih

(
K − B2∕2

1 + 𝜃
− nishTish

)
+ nish − n

]
, (4)

nih(x, 𝑦) = n − nish − nic, (5)

where nhoc = nih∕nic = 0.5 and Thoc = Tih∕Tic = 500 are the hot over cold asymptotic density and
temperature ratio, respectively. K is the constant in the pressure balance equation, and we arbitrarily fix
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Table 1
Asymptotic Values of the Fields Normalized to Ion Characteristic Quantities

Quantities Bx n Ti Tish Tic Tih

Magnetosphere 2 0.333 5 0 0.03 14.9
Magnetosheath −1 1 2.9 2.9 0 0

it at K = B2
r∕2. The asymptotic values of the different quantities are summarized in Table 1. To compare

with spacecraft data, we have to fix the magnetic field and density (e.g., B0 = 20 nT and n0 = 4 cm−3 in the
magnetosheath), and we set kBT0 ≈ 7.9610−17 J ≈ 497 eV. This means Tish ≈ 1.4 keV, Tih ≈ 7.2 keV and
Tic ≈ 14 eV, which are realistic values.

3. Cold Ion Signatures
3.1. Cold Ion Rarefaction and Compression
In Figure 1, we show a zoom of the simulation box around the magnetic reconnection region at t = 120.
The X point is located at about (x, y) = (160, 32). Figure 1a shows Ey, the electric field normal to the cur-
rent layer (hereafter called normal electric field). The magnetic field lines represented on this figure allow
us to visualize the X point and the separatrices. We notice in particular that the magnetospheric separatrix
is colocated with a strong positive electric field: the Hall electric field. We will hereafter call this region the
Hall electric field region. In Figure 1b, we show the density of cold ions together with the cold ion bulk
streamlines. We observe that the density of cold ions around the separatrix is quite inhomogeneous; in par-
ticular near the diffusion region from the magnetospheric side outward, the density quickly decreases, with
a clear rarefaction of cold ions before the X point. By contrast, for x < 140 and x > 180, the density tends
to increase along separatrices. This feature remains true all along the separatrices in the whole simulation
box. When reaching the magnetopause, the streamlines diverge on both sides of the X point and accumu-
late along the magnetospheric separatrices. Correspondingly, the cold ion density drops close to the X line
as the streamlines diverge and increases along separatrices where, on the contrary, streamlines converge.
Toledo-Redondo, André, Khotyaintsev, et al.(2016) have also identified a cold ion dropout close to the X line
using MMS observations at the reconnecting magnetopause. They explained it with the demagnetization of
cold ions and their acceleration parallel to E inside this region, which they named the cold ion diffusion
region. This phenomenon is observed here but is not enough to explain the density drop, as the latter begins

Figure 1. Cold ion density and electric field in the simulation for a zoom
around the magnetic reconnection region at t = 120 𝜔−1

ci . (a) Electric field
along y. Black lines represent magnetic field lines. The black and white
dashed line represents a cold ion streamline. (b) Cold ion density map. The
100 black lines represent cold ion streamlines.The streamlines are
calculated from from initial positions regularly distributed along the x axis
for y = 20. The purple (blue) contours show the positions of particle
distributions showed in Figure 2 (Figure 7).

below the Hall electric field region, in a place where cold ions are still
magnetized.

An important feature of magnetospheric cold ions is that they remain
frozen in the magnetic field even very close to the separatrix, at a place
where other ions are demagnetized (Dargent et al., 2017; Toledo-Redondo
et al., 2015). For this reason, they keep having a fluid-like behavior where
other ion populations have a kinetic behavior. Cold ions simply drift along
E × B while other populations are impacted by kinetic effects, in par-
ticular close to the separatrix. Near the X line, cold ions demagnetize
while entering the Hall electric field region. Further away from the dif-
fusion region (typically for x < 135 and x > 185), where the magnetic
field amplitude is stronger, they drift through the Hall electric field region
while remaining frozen-in. The divergence of the cold ion flow is solely
the consequence of their E × B drift. Far from the separatrix, the cold ion
(and all other ion populations) drift in y toward the layer comes from the
main component of the magnetic field (Bx) and the weak reconnection
electric field (Ez). Close to the separatrix, electromagnetic fields are mod-
ified by the Hall physics. Here appear a Hall magnetic field Bz and a Hall
electric field Ey. The simulation being asymmetric, the Hall field is much
stronger on magnetospheric side, as we can see in Figure 1a for the elec-
tric field. The electromagnetic Hall fields induce a E × B drift of cold ions
along x. Because of the quadrupole structure of the Hall magnetic field,
the drift directions along x are opposed depending on their location (left

DARGENT ET AL. 2499



Journal of Geophysical Research: Space Physics 10.1029/2018JA026343

or right) relative to the X point. Thus, because of the Hall electromagnetic field structure, the cold ion drift
diverges left and right of the X point. We also expect a drift in the z direction, with possible 3-D effects that
cannot be accounted for in the present 2-D simulation.

Because of their E × B drift within Hall fields, we observe a flow divergence of cold ions. But this drift velocity
appears to be larger than their thermal velocity. Typically, the exhaust velocity calculated with the Cassak
and Shay (2007) formula gives vout ≈ 0.45 while the cold ion thermal velocity is vic,th ≈ 0.17. Consequently,
because of its very low temperature, the whole cold ion distribution is shifted much more than its standard
deviation, and there are very few (if any) counter-streaming ions. The DFs of cold ions along the separatrices
(ex: Figure 7a, d) shows that indeed, in our simulation, the mean velocity of cold ions along x is larger than
the thermal velocity and almost no cold ions are counter-streaming. Thus, because of the flow divergence,
which depletes the cold ion inflow in the diffusion region, and the very low temperature of cold ion, which
prevents their diffusion along magnetic field lines, very few cold ions reach the diffusion region.

We observe in Figure 1b a peak in the cold ion density (as well as a convergence of the cold ion flow) located
in the Hall electric field region (Figure 1a). The increase of the cold ion density at the Hall field appears only
where cold ions are magnetized. The kinetic behavior of demagnetized cold ions at the separatrix (135 <

x < 185) is developed in section 3.2. In the region where they are magnetized, cold ions drift in the normal
direction with a velocity vy,drift = (E × B)y∕B2. When they enter the separatrix region, a strong Hall magnetic
field Bz appears, which implies a decrease of vy,drift. The decrease of vy,drift impacts the density through the
equation of density: 𝜕n∕𝜕t + ∇·(nv) = 0. In our case, the simulation is in a steady state, and we can neglect
the first term. The derivative along z is zero because this simulation is 2-D and the variation of n and vx
along x is negligible compared to the variation along y. The continuity equation can therefore be simplified
as 𝜕(nvy)∕𝜕y ≈ 0. So a decrease of the velocity is correlated with an increase of the density, which is observed
in Figure 1b. We can notice thanks to the streamlines that this slowdown of cold ions in the y direction is
correlated with an acceleration in the x direction along the separatrices: The cold ions get a velocity parallel
to the magnetic field. This will be further discussed in section 3.3.

Below the separatrices, in the magnetosphere, one observes another peak of density, larger but with a weaker
amplitude. This structure is related to the local pileup of magnetic field. The mechanism behind this field is
similar to what happens at the separatrix. In the magnetosphere, the magnetic field tends to pile up along
separatrices, which implies an increase of Bx. Cold ions are locally frozen-in and are thus E × B drifting.
Thus, an increase of Bx implies a decrease of the cold ion normal velocity (vic,y) and, because of the continuity
equation, an increase of the cold ion density.

Because of their temperatures, cold ions remain frozen-in at location where hotter ions are not anymore.
Therefore, they develop a specific fluid signature near boundaries such as the separatrices. We showed and
explained some of those cold ion signatures, such as the depletion of the cold ion density near the X point
or, on the contrary, the increase of their density along the magnetospheric separatrix.

3.2. Cold Ion Crescent-Shaped DFs
We now look at the behavior of cold ions when they demagnetize along a separatrix. In Figure 1, we observed
that there are very few cold ions in the exhaust as compared to their density in the magnetosphere. As a result
we get a sharp density gradient, located near the Hall electric field region, between the magnetosphere and
the exhaust. Since the density gradient is very large, we expect an asymmetry in the DFs of cold ions. Indeed,
local DFs result from a mixing of ions whose guiding center can be located either in the magnetosphere with
a lot of cold ions, or in the exhaust with a few cold ions. The separatrix is also the location of the Hall electric
field, which plays a key role on the cold ion DFs. The sum of these two effects leads to the crescent-shaped
DFs shown in Figure 2, as we will discuss in the following.

In Figure 2 we show the crescent-shaped DFs of cold ions in the (vy, vz) plane, hereafter called the
crescent-shaped signatures or crescent signatures, as well as their location in the simulation box. The DFs
are displayed for cold ions only, panels b–d, and for all ions, panels e–g, in order to show that this signature
remains observable even when all ions are considered. For comparison, all DFs (b–g) are shown within the
same velocity ranges, which implies that the hottest ions are not visible (see panels e–g) because they are
located out of the plot. The crescent signature is located in the exhaust at the boundary with the Hall electric
field. It tends to disappear at a certain distance from the X line (see panels b and e).

DARGENT ET AL. 2500
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Figure 2. (a) Electric field along y. Black lines represent magnetic field lines. The black and white dashed line represents a cold ion streamline. Blue squares
show the location of distribution functions shown in Figure 7. The distribution functions shown in frames b to g are generated with particles located within the
thin magenta region, as indicated by the arrows. (b–d) Cold ion distribution functions in the (vy, vz) plane. (e–g) All ion distribution functions in the (vy, vz)
plane. For each distribution the local density ratio of cold ions over all ions is given on top of the column. The distributions are integrated along the vx axis.
Pointed red lines give the mean velocity of the distribution. The red arrow gives the direction of the mean velocity. The purple circle shows the E × B drift
velocity.

Two ingredients are necessary to explain this signature. The first is a strong density gradient. If we look at
the velocity distribution (vy, vz; normal to the magnetic field) for particles located in the Hall electric field
layer (in red in Figure 2a), the ions with vz < 0 have their gyrocenter located on the magnetosphere side,
and the ions with vz > 0 have their gyrocenter located on the exhaust side. If there are cold ions only on the
magnetospheric side of the layer, the distribution has to look like a half disk, similar to Figure 2b. The second
ingredient is the Hall electric field. At the location of the distributions of Figure 2, the cold ion energies are
significantly higher than in the magnetosphere (cold ion thermal velocity Vth = 0.3). Indeed, when the
particles cross the Hall electric field, they all gain the same amount of energy, leading to a global shift of the
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Figure 3. Electric and magnetic field components in the simulation at
t = 120 for a cut through the layer at x = 140. The vertical dashed lines
show the y ranges of the selection box used for Figure 2c. The curves are
obtained after smoothing the data with 2-D gaussian filter of 𝜎 = 1.5 in the
x direction and 𝜎 = 0.125 in the y direction.

DF and so take the crescent distribution shape, rather that a half-moon
distribution shape (see Figures 2c and 2d). These elements are necessary
but not sufficient. In order to form such a crescent-shaped DF, some cri-
teria have to be satisfied. If the cold ion population is able to simply drift
through the Hall field layer, they will eventually populate the exhaust
side of the layer, and the DF will become isotropic. On the other hand, to
observe the crescent signature in the exhaust, we need cold ions to cross
the Hall field while their gyrocenters remain on the magnetospheric side
(vz < 0 for all cold ions). Consequently, this signature has to come from a
peculiar orbit of cold ions in the Hall field layer. Furthermore, we do not
expect this signature to be observed far from the X line: Where cold ions
remain frozen-in while they cross the separatrix, they populate both side
of the separatrix. Furthermore, the presence of a relatively dense popu-
lation of cold ions may possibly hide the presence of a crescent-shaped
distribution, even if all the other conditions are satisfied.

In order to model the phenomenon, we first look in Figure 3 at the elec-
tromagnetic fields in the simulation through the layer. The cut is done at

x = 140. The vertical dashed lines show the location of the particle's selection box for the crescent-shaped
DFs (here they correspond to the upper and lower limits in y for the position of the particles shown in
Figure 2c). First of all, in Figure 3, we observe a strong peak in Ey and Bz at the separatrix. Their values in the
magnetosphere (y < 25) and in the selection region (between dashed lines) are negligible. The Hall electric
field region is also where Bx becomes weaker, even if Bx remains at least twice as strong as Bz. Ex and Ez are
negligible everywhere. The By component is more or less constant through the layer.

To model the phenomenon producing the crescent-shaped DFs, we simplify the separatrix layer as shown
in Figure 4. In this model, we assume a Hall electric field layer along x, whose width is 𝛥y along y and with
constant Ey and Bz. The layer, the exhaust, and the magnetosphere also have a constant magnetic field Bx,
as represented in Figure 4. We neglect the other field components. The particles in the layer are accelerated
by the electric field and rotate around the magnetic field. Depending on the acceleration by the electric field
and their incident angle when penetrating the layer, they will be able (or not) to cross the separatrix, as
shown in the bottom of Figure 4.

Our model is based on one main assumption: The crescent shape in the DF is composed by magnetospheric
cold ions crossing the Hall electric field layer in only one gyration. This can be verified in our model by
solving the particle equations of motion, allowing us to deduce the particle energy gain during the crossing
of the layer. The details of the calculations are given in the appendix, but they may be summarized as follows.

Figure 4. Schematic representation of the Hall electric field layer. The layer, in red and with a 𝛥y width, is
characterized by uniform Bz and Ey. A uniform Bx is present everywhere, including the magnetosphere and the
exhaust, in green. The black arrow shows a cold ion trajectory. The norm of the particle velocity, as calculated by the
model, is shown in the magnetosphere and in the exhaust. The dashed blue square shows a typical location where
selected particles will produce a crescent-shaped distribution function. The bottom represents a cut of the layer in the
(y, z) axis, with representation of two particle orbits through the layer. These orbits are made to represent the extremum
orbits of the particles of the crescent (more details into the main text).
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We consider the equation for the work of conservative forces,

ΔEc =
∑

W , (6)

where Ec is the kinetic energy and W the work made by the forces. Here the only working force is the electric
field, so this equation can be rewritten as

1
2

m(v2 − v2
th) = ∫ qE · dl = qE𝑦Δ𝑦, (7)

where m and q are the particle mass and charge, respectively; v its velocity; and vth the thermal velocity
of cold ions in the magnetosphere. Given that cold ions in the magnetosphere have for a typical velocity
v ∈ [0, vth], we expect from equation (7) that any ion in the DF has

v <

√
2q
m

E𝑦Δ𝑦 + v2
th. (8)

In Figure 2c, we see that the crescent does not correspond to a complete half circle. As shown in Figure 4, the
cold ion particles cross the Hall electric field layer in one gyration. Consequently, when a cold ion reaches
the exhaust (and more specifically the region where we observe the signature), it has already performed part
of its gyration around Bx . Thus, we can determine a minimum and a maximum velocity that cold ions can
locally have along vz. To find a local value of the velocity, we need to link the cold ion velocity vz with its
position y. We can express the position in y of a particle (details of calculation in the appendix) as

𝑦(t) = A(sin(𝜔ct + Φ) − sin(Φ)) + 𝑦0, (9)

where A and 𝛷 are constants that depend on the electromagnetic field. 𝜔c is the particle gyrofrequency. y0
is the initial position of the particle, and we consider that at t = 0, the particle is crossing the boundary
between the magnetosphere and the Hall electric field region. We can determine vz:

vz(t) = −
q
m

BxA[sin(𝜔ct + Φ) − sin(Φ)] + vz,0 (10)

= −
q
m

Bx[𝑦(t) − 𝑦(0)] + vz,0, (11)

Now, we define t = t1 the instant when the particle reaches the exhaust. Thus, we have 𝛥y = y(t1) − y(0),
where 𝛥y is the width of the Hall field layer. There, the velocity vz(t1) = vz,out of a cold ion can therefore be
written as

vz,out = −
q
m

BxΔ𝑦 + vz,0, (12)

where vz,0 is the velocity along z of the particle entering into the Hall field from the magnetosphere. Given
vth the thermal velocity of cold ions in the magnetosphere, a large majority of particles has vz,0 ∈ [− vth, vth].
The direction of rotation for cold ions coming from the magnetosphere to the exhaust only depends on
the Bx direction. Consequently, once a cold ion enters the exhaust, its velocity is progressively transferred
from |vy| to |vz|. The minimum value of |vz| is therefore reached when the particle goes in or out of the
exhaust. Thus, there exists a critical velocity vz,crit such that no particle from the crescent distribution can
have |vz| < |vz,crit|, with

vz,crit = −
q
m

BxΔ𝑦 + vth. (13)

This vz,crit is represented in Figure 4 with a white dashed line. Note that frozen-in particles drifting through
the separatrix can also have a vz,crit velocity once they exit the layer. Thus, |vz| > |vz,crit| is a necessary
condition for particles forming the crescent.

On the other hand, the maximum value of vz can be obtained from the maximum kinetic energy that a
particle can have in the velocity plane perpendicular to the magnetic field once it crosses the layer. This

DARGENT ET AL. 2503



Journal of Geophysical Research: Space Physics 10.1029/2018JA026343

Figure 5. Same distribution function as in Figure 2c. Pointed red lines give
the mean velocity of the distribution. The red arrow gives the direction of
the mean velocity. The purple circle shows the E × B drift velocity. The
yellow circle represents the theoretical value of the energy of ions from the
crescent. It is calculated as a circle with a center v = 0 and a radius√

v2 − v2
x , where v is the norm of the velocity as calculated by the model

and vx the mean velocity along x of the particles in the distribution. The
horizontal white dashed lines represent the minimum and maximum
values of the crescent along vz, as determined by the model.

scenario corresponds to particles that locally have all their perpendicular
velocity along z, that is, |vz,max| = √

v2
max − v2

x (see bottom of Figure 4).
The vx (determined in appendix) can be written as follows:

vx(t) =
q
m

BzA[sin(𝜔ct + Φ) − sin(Φ)] + vx,0 (14)

=
q
m

Bz[𝑦(t) − 𝑦(0)] + vx,0. (15)

Thus, at the exit of the Hall field layer, we get

vx,out =
q
m

BzΔ𝑦 + vx,0, (16)

with vx,0 ∈ (− vth, vth). In the model, Bz = 0 in the exhaust, so vx,out
remains a constant, and we can thus write from equations (7) and (16):

|vz,max| = √
v2

max − v2
x,out =

√
2q
m

E𝑦Δ𝑦 + v2
th − v2

x,out. (17)

Thanks to the equations (8) (vmax), (13) (vz,crit), and (17) (vz,max), we now
have the characteristics of the crescent DF.

To check the model, we first have to determine the variables of the model
(𝛥y, vth, Bx, Ey, and 𝜔c). 𝛥y is defined as the full width at half maxi-
mum of the peak of electric field, while Ey and Bz (included into 𝜔c) are
defined as the maximum of their respective peaks. To determine those
values, we used the smoothed values of electromagnetic fields, as done
in Figure 3. For Bx and By, we used their mean value through the layer

(not smoothed). vth = 0.3 is calculated from the asymptotic cold ion temperature. Figure 5 shows a DF along
with predictions from the model. The energy of the crescent (mv2∕2, calculated from equation (7)) is repre-
sented as a yellow circle. We note that the model prediction matches quite well with the DF. We also plotted
the minimum and maximum values of vz,out (i.e., vz,crit and vz,max) as dashed white lines. In Figure 5, we
observe once again that the crescent is located in between the two vz predicted by our model. This model
thus appears to be a good description of the phenomenon behind the crescent-shaped signature.

Figure 2 shows that the crescent-shaped signature gradually disappears as one moves away from the X line.
According to our model, this means that no cold ions are able to cross the layer in less than one gyration. We
now use this model to determine an existence criteria for the crescent-shaped DF. A key point of this model
is that the thermal velocity of cold ions is too small to let them cross the Hall electric field by thermal inertia.
It is the normal electric field that allows cold ions to cross the layer by accelerating particles. The electric
field action is opposed by the magnetic field, which forces particles to turn back. The existence criteria of
the crescent signature mainly depends on the magnitude ratio between electric and magnetic fields and the
width of the layer.

First of all, a particle is able to cross the layer if at any moment of its trajectory its location along y is located
in the exhaust, in other words, if

Δ𝑦 < max[𝑦(t)] − 𝑦0, (18)

where y0 the initial position of the particle (previously defined as located at the boundary between the mag-
netosphere and the Hall electric field layer),𝛥y the width of the layer, and y(t) the particle position, as defined
by equation (9). In order to determine an existence criteria, we need to solve equation (18) (see the appendix)
and get

Δ𝑦 <
1
𝜔c

√
v2
𝑦,0 +

(E𝑦 + Bxv0,z − Bzv0,x)2

B2
x + B2

z
+ 1

𝜔2
c

q
m
(E𝑦 + vz,0Bx − vx,0Bz). (19)

As already stated, the crescent exists if particles can cross the layer. The existence criteria can thus be deter-
mined by maximizing the right-hand term of equation (19). The optimal orientation of the initial velocity to
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Figure 6. (a) Width 𝛥y of the Hall electric field layer and penetration
length dp along the separatrices. Results are plotted along the x axis.
(b) Magnetic field along x (only when positive). The black dashed line
represents the separatrices and is calculated as the maximum of Ey along y.

cross the layer is v0 = vthez, given that Bx > Bz (see Figure 4). As a
result, we determine from equation (19) that there exist particles crossing
the layer if

Δ𝑦 <
2q

m𝜔2
c
(E𝑦 + Bxvth) = dp, (20)

where dp is the penetration length of the particle inside of the layer.

To check the validity of equation (20), we calculate 𝛥y and dp by taking
the characteristic values of the fields in the simulation along the mag-
netospheric separatrices. In Figure 6a we plot 𝛥y and dp along x at the
magnetospheric separatrices. We observe that equation (20) is satisfied
only between x ≈ 138 and x ≈ 175. In Figure 6b, we can see the magnetic
field along x together with the position of the magnetospheric separa-
trices. As we move further away from the X line (x ≈ 165) and despite
of a kind of plateau corresponding to the electron diffusion region, dp
decreases. This is partly a consequence of the decrease of the Hall electric
field and partly because of the increase of the magnetic field as we move
away from the X line along the separatrix (in our case, the increase of B is

much more important than the decrease of E). The width of the Hall electric field region, on the other hand,
is more or less constant. If we look at the presence or the absence of crescent-shaped DFs along the sepa-
ratrices (see Figure 2), we observe that crescents are located along the layer between x ≈ 138 and x ≈ 180,
except where the cold ion density is very low. The existence criteria (equation (20)) is thus quite well satis-
fied, considering the simplification made in the model. However, despite the criteria being satisfied, we do
not observe crescents between x ≈ 150 and x ≈ 170, because of the drop in the cold ion density, as discussed
in section 3.1.

Particles which are unable to cross the Hall electric field region in less than one gyration will nevertheless
cross the separatrix by E × B drifting within the main magnetic field Bx and the reconnection electric field
Ez, but this process is much slower, and these particles will also E × B drift along x (direction of the exhaust
velocity) because of the Hall fields (Bz and Ey). As a result, these particles are not observed in the exhaust
near the X line. To summarize, when those particles cross the Hall fields they will not have crescent-shaped
DFs but gyrotropic DFs with possibly other deformations associated with the presence of strong gradients.
Those DFs are typically observed further away from the X line where cold ions are frozen-in and will be
discussed in section 3.3. The dynamics behind the crescent-shaped signature is not specific to cold ions, but
the crescent appears because mv2

th∕2 << qE𝑦Δ𝑦. In other words, for other ion populations with higher vth
no crescent structure can develop because the potential jump is negligible compared to the particle energy.

3.3. Comparison of Ion DFs for Different Populations and Cold Ion Parallel Heating
At the magnetopause, cold ions have different dynamics as compared to other ions mainly because they are
frozen-in while the other ion populations are not. In this subsection, we are interested in the relative mod-
ifications of the ion population distribution functions (DFs) occurring near the magnetospheric separatrix
where all ions are present. In Figure 7, we show the particle DFs of the ion populations taken along a cold
ion streamline. The streamline is shown in Figure 2a together with the locations where the particles of the
distributions are picked (blue squares).

The first row of the DFs shows that of cold ions. As a very low-energy population, cold ions are frozen in to
the magnetic field as long as they remain in the magnetosphere (Figure 7g) where their DFs are isotropic.
Once in the current layer, cold ions deviate from the E × B drift velocity (purple point in Figure 7d). They
are accelerated along x leading to a deformation of the DF in that direction. We observe, however, that vx
becomes larger than the E × B drift velocity (purple point in Figure 7d, which has here an x component
because of the Hall fields Ey and Bz) and the DF deforms itself in that direction. This means an acceleration
unrelated to the E × B drift, which leads to a temperature anisotropy with Txx > Tyy,Tzz. Note that the
magnetic field is mainly oriented along x, so that Txx ≈ T//. Once fully within the Hall electric field region
(see Figure 7a), the temperature is isotropic once again. This means that cold ions crossing the separatrix
are first heated in the parallel direction and then get heated in the perpendicular direction.
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Figure 7. Ion distribution functions in the (vx , vy) plane for three different ion populations near the magnetospheric separatrix. Each line corresponds to an ion
population: cold magnetospheric ion (distributions a, d, and g), magnetosheath ions (distributions b ,e, and h), and hot magnetospheric ions (distributions c, f,
and i). Each column corresponds to a different location, picked along a same cold ion streamline crossing the Hall electric field. These locations are plotted in
blue in Figure 2a: left blue square for distributions (a–c), central blue square for distributions (d–f), and right blue square for distributions (g–i).
(xmin, xmax , ymin, ymax) coordinates of each blue square are given at the bottom of the column. The distributions are made by integration long the vz axis. Dashed
red lines give the mean velocity of the distribution, that is, for the plotted population. The red arrow gives the direction of the velocity. The purple circle shows
the E × B drift velocity.

The second row of DFs in Figure 7 shows magnetosheath ions. Despite the distributions being picked at the
magnetosphere side of the exhaust, the density of magnetosheath ions is locally of the same the order of
magnitude as that of the cold ions (Figures 7a and 7d). As expected, the more we look into the magnetosphere
(Figure 7h), the more their density decreases. Magnetosheath ions are also more energetic than cold ions
(Tish∕Tic ∼ 100). We indeed observe that their standard deviation along vy is way larger than that of cold
ions. Their DFs, as for cold ions, are shifted in the negative vx direction and take a D shape, which is a typical
signature of magnetosheath ions in the exhaust near the magnetospheric separatrix (Cowley, 1982). Such
D-shaped distributions appear there because at the magnetospheric separatrix the magnetic field lines are
linked on one side to the magnetosphere, devoid of magnetosheath ions, and on the other side to the exhaust,
from which magnetosheath ions flow. The consequence is that the velocities of cold magnetospheric ions
and magnetosheath ions are orientated in the same direction.
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Figure 8. Ratio of parallel over perpendicular cold ion temperatures. Black
lines represent magnetic field lines. The color palette shows this ratio only
when the cold ion density is higher than 0.02 n0. The purple (blue) contours
show the positions of particle distributions shown in Figure 2 (Figure 7).

The third row in Figure 7 shows the hot magnetospheric ions DFs. These
ions are much more energetic than cold ions (Tih∕Tic ∼ 500). Due to
their high temperatures, their DFs are impacted by Larmor radius effects
over a broader area with respect to the other populations. Indeed, the
DFs of hot ions are not isotropic even for the ones sampled in the magne-
tosphere (Figure 7i). The other specificity of hot magnetospheric ions is
their bulk velocity. Unlike cold magnetospheric ions and magnetosheath
ions, the hot ions have a positive mean vx. This behavior has been already
observed by Gosling et al. (1990) in the context of flux transfer events. In
this case, the counter-streaming ions are the magnetospheric ring current
ions leaking out of the magnetosphere along the reconnected magnetic
field lines. This phenomenon is probably similar here, but this is beyond
the scope of this paper. However, we are interested in these DFs in order

to confirm that hot magnetospheric ions can easily be discriminated from cold magnetospheric ions when
observing the full ion DF thanks to their high energy.

We have observed that the cold ion DFs (first row of Figure 7) are anisotropic along the magnetospheric sep-
aratrices where they are heated in the direction parallel to the magnetic field. In Figure 8, we see the ratio of
parallel over perpendicular cold ion temperatures. We observe that the cold ion temperature is mainly par-
allel (i.e., in red) along the magnetospheric separatrices. An exception is around the diffusion region where
instead they are mostly heated in the perpendicular direction (in blue), but we already show in section 3.1
that both the density and the dynamics of cold ions are different there. In the magnetosphere (i.e., below the
Hall electric field region), cold ions are nearly isotropic. Their temperature has a slight parallel anisotropy
for x ∈ [130, 190] and a slight perpendicular anisotropy for x > 190 and x < 130. These small anisotropies
result from the conservation of particle's mean magnetic moment given by< 𝜇 >= kBT⟂∕B (Baumjohann &
Treumann, 1997), where kB the Boltzmann constant, B the norm of the magnetic field, and T⟂ the population
temperature in the direction perpendicular to the magnetic field. We start by noticing that the magnetic field
decreases more and more as we get within the diffusion region (see Figure 6b). There (i.e., for x ∈ [130, 190]
in the magnetosphere), in order to conserve the magnetic moment, T⟂ decrease while T// remains constant.
By contrast, further away from the reconnection region (i.e., for x > 190 and x < 130 in the magneto-
sphere), the pileup of magnetic field lines along the separatrices causes a magnetic field increase, and thus,
T⟂ also increases. In the exhaust, that is, for y above the separatrices, cold ions have a higher perpendicular
temperature, except in the core of the exhaust where the plasma has never been involved in the reconnec-
tion dynamics. There, the temperature is mainly parallel, but given the very low density of cold ions there
(nic < 0.04), the measurement relevance is questionable (less than 7 cold ion macroparticles per simulation
cell). However, because of the exhaust dynamics, this plasma does not impact the dynamics at the separa-
trices and therefore has no impact on the discussions of this article. We consider that the magnetospheric
separatrices are the only region where cold ions have both an anisotropic temperature and a nonnegligible
density. On the other hand, we know from section 3.1 that most of the cold ions enter the exhaust by crossing
these separatrices. Therefore, how does parallel heating occur as cold ions enter the exhaust? This question
is still unanswered, but we present here some clues.

The observation in our simulation of a parallel heating of cold ions along magnetospheric separatrices is
unexpected, as observational studies of cold ions show a perpendicular heating of cold ions in the Hall elec-
tric field region (Graham et al., 2017; Toledo-Redondo, André, Vaivads, et al., 2016). However, we observed
that the parallel heating of cold ions begins before they reach this region. In Figure 9a, we plot the different
diagonal components of the cold ion temperature tensor. We observe for y ∼ 24 that the parallel temperature
starts to rise up, while the perpendicular components remain unchanged and begin to increase at y ∼ 26
once we reach the Hall electric field region. Their growth is quicker than the parallel one. At y ∼ 27 the
temperature becomes more perpendicular than parallel. There may be several possible explanations for the
heating observed for 26 < y < 27.5 in the Hall electric field region. In particular, the presence of a par-
allel ambipolar electric field (Scudder et al., 2002) could explain the parallel heating, and an electric field
gradient perpendicular to the magnetic field may provide an efficient mechanism for perpendicular heating
(Cole, 1976; Toledo-Redondo, André, Vaivads, et al., 2016). We now focus on what happens at 24 < y < 26.
Figure 9b shows the parallel velocity of cold ions together with its projection on vx, vy, and vz. We observe
that for the region of interest the parallel velocity is more or less superposed with the velocity along x. We
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Figure 9. Components of the cold ion temperature, cold ion parallel velocity, and electric field for a cut at x = 130 and
t = 120. (a) Diagonal components of the temperature tensor in the (∕∕,⟂1,⟂2) frame. (b) Mean velocity of cold ions in
the direction parallel to the magnetic field and its projection upon x, y, and z directions. (c) Electric field components.
A dashed blue line show the minimum value of Ex . Vertical dashed lines are plotted for y = 24, 26, and 27.5 in order to
roughly show the area where the heating is only parallel (for 24 < y < 26) and the position of the Hall electric field
peak (for 26 < y < 27.5).

also observe on this plot that for 24 < y < 26, v// decreases from zero toward a negative peak: Cold ion
streamlines begin to turn (see Figure 1). In Figure 9c we plot the electric field components along the cut. We
see the positive peak of Ey corresponding to the Hall electric field and a small peak of the x component of the
electric field (Ex ∼ − 0.1). The small Ex layer probably corresponds to the ambipolar electric field (Scudder
et al., 2002), but its low amplitude, relative to the noise of the simulation, makes the study of its potential
relation with the parallel heating challenging.

In Figure 9, we observe that the cold ions begin to accelerate in the parallel direction before reaching the Hall
electric field region. This particle acceleration results in a parallel heating, as particles at a given location
are faster owing to their gyrocenter being located deeper into the acceleration layer. However, the origin of
this acceleration not well understood for now. Therefore, future work shall be performed to understand the
mechanism behind the cold ion parallel heating along magnetospheric separatrices.

4. Discussions
In this work, we used numerical simulations to highlight three signatures specific to magnetospheric cold
ions in the vicinity of an asymmetric reconnecting boundary representative of the dayside Earth's mag-
netopause. The first signature is that of a rarefaction of cold ions near the diffusion region, along with a
related compression along the magnetospheric separatrices. The second signature is a crescent-shaped DF
in the velocity space plane perpendicular to the magnetic field. This signature is observable along magne-
tospheric separatrices in the near exhaust. The third signature is a cold ion heating parallel to the magnetic
field along the separatrices. The crescent-shaped DF looks like previously reported ion and electron signa-
tures (Hesse et al., 2014; Shay et al., 2016; Wang et al., 2016), despite a different mechanism. In the later
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papers, this signature results of a magnetic field reversal, while in our case it comes from the Hall electric
field acceleration.

The rarefaction of cold ions at the X line observed in our simulation can be of use as a signature of magnetic
reconnection in the presence of cold ions. It is however doubtful that this signature will be identified in obser-
vations, given the difficulty to distinguish cold ions from the others at the magnetopause (Toledo-Redondo,
André, Khotyaintsev, et al.,2016). By contrast, the compression of cold ions along magnetospheric separatri-
ces may have an impact on the plasma dynamics at the magnetopause. Indeed, even if cold ions are scarce
in the magnetosphere, their density rises at the magnetopause, and thus, their role should not be neglected.
Their local effects, for example, on the Hall electric field, will be reinforced (André et al., 2016; Dargent
et al., 2017; Toledo-Redondo et al., 2015, 2018).

Crescent-shaped DFs have recently drawn a lot of attention as a signature of magnetic reconnection sites.
Predicted by simulation in Hesse et al. (2014), crescent-shaped electron distributions were used to identify
electron diffusion regions in MMS data (Burch et al., 2016). The origin of this signature have been stud-
ied a lot (Bessho et al., 2016; Egedal et al., 2016; Lapenta et al., 2017; Zenitani et al., 2017). This signature
results from Speiser (1965) orbits. In the context of magnetic reconnection, Speiser orbits are restrained to
the diffusion region and the center of the exhaust, which are the only places where antiparallel magnetic
field lines are observed over scales comparable to the gyroradius of the particles. This result has been gen-
eralized to ions (Dargent et al., 2017; Shay et al., 2016), whose U-turn in the magnetosphere also produces
a crescent-shaped signature. Wang et al. (2016) also showed that this signature can split into two crescents
near the Hall electric field, which acts like a filter for low-energy particles. Two crescents are locally formed
there: one for ions able to cross the electric field and one for the reflected ions. The common point between
all those signatures is that they result from Speiser-type orbits and therefore need a magnetic field reversal
at the scales of the population mean Larmor radius. Their formation mechanism therefore differs from the
one presented in this work. The idea that short-width electric field can produce crescent-shaped DF had was
already presented by Price et al. (2016). This idea is developed by Egedal et al. (2016), whose model explains
how crescent-shaped DFs of electrons can appear, even without Speiser orbits. This model is probably the
nearest to the model described in this article. However, because of the differences of scale and temperature
between electrons and cold ions, some specificities exist between the models, especially on the assumptions
on electromagnetic fields. In particular, we take into account the Hall magnetic field (Bz), which can be
strong enough to impact the gyration of ions at the separatrix.

The various signatures presented in this work share a common feature: They are located along or adjacent
to magnetospheric separatrices. Knowing that a separatrix region crossing lasts few seconds to few tens of
seconds (André et al., 2016; Khotyaintsev et al., 2006; Toledo-Redondo et al., 2017), the FPI instruments
onboard MMS (Pollock et al., 2016) are currently the only instruments able to observe such fine details,
thanks to a time resolution of 150 ms for ions. The temperature of the cold ions is usually close to the
lower energy limit of the FPI instrument, which is in turn close to the usual ion drift energies near the
magnetopause, owing to the relative motion between the spacecraft and the ambient plasma. Nevertheless,
FPI should be able to resolve these crescents at least for some favorable cases (cold ion temperatures of
several tens of eV to few hundred eV and drift energies of no more than 10-20 eV). While ion crescents such
as those described in Shay et al. (2016) have already been observed (Wang et al., 2016), the cold ion crescents
reported here remain to be found in MMS data.

The signatures described here are of particular interest to understand how low-energy ion heating occurs
along the separatrices. At present, two mechanisms are cited to explain cold ion heating along separatri-
ces: waves and large electric field gradients (Toledo-Redondo, André, Vaivads, et al.,2016; Toledo-Redondo
et al., 2017). The heating by electromagnetic waves happens for instance when their frequency is close to
the ion cyclotron frequency (André et al., 1994; Chang et al., 1986; Graham et al., 2017). However, the rel-
atively small size of our simulations and the heavy electrons (mass ratio of 25) hinder the development of
waves, and thus, this process cannot be studied. The Hall electric field effect is the important driver in our
simulation. Cole (1976) proposed a model for ion heating by a strong electric field gradient, perpendicular
to the magnetic field. From his model, we expect a perpendicular heating from our observed Hall electric
field along the separatrix. The model of Cole (1976) has recently been used to explain the perpendicular
heating of cold ions observed in MMS data (Toledo-Redondo, André, Vaivads, et al.,2016), as well as in sym-
metrical simulations (Divin et al., 2016). The cold ion parallel heating observed in our simulation implies
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that there may exist another process capable of heating cold ions (though, again, this time in the direction
parallel to the magnetic field). In our simulation, this process is more efficient than the perpendicular heat-
ing. The comprehension of this mechanism and its relative importance compared to others (e.g., waves)
require future-dedicated work using both spacecraft data and simulations. We note that this temperature
anisotropy (T//∕T⟂ ∼ 2) is small but not negligible compared to the perpendicular heating observed along
the separatrices by Divin et al. (2016) (T//∕T⟂ ∼ 0.1) and Toledo-Redondo et al. (2017) (T//∕T⟂ ∼ 0.3).

5. Conclusion
In this paper, we have highlighted and analyzed several key signatures of magnetospheric cold ions using
a fully kinetic 2-D simulation of a typical dayside magnetopause undergoing magnetic reconnection. We
showed that consistent with a fluid behavior, the divergence of cold ion streamlines on either side of the
reconnection site causes a local rarefaction of cold ions very near the magnetic X line. By contrast, stream-
lines converge at the magnetospheric separatrices and so that cold ion density is enhanced by compression
there. We also identified an interesting signature of cold ions at the separatrix: Their DF in the velocity space
plane perpendicular to the magnetic field can be crescent shaped. We built a theoretical model that explains
this signature very well, using a combination of a strong cold ion density gradient and a strong normal elec-
tric field (the Hall electric field). In this model, the crescent-shaped signatures appear when cold ions can
cross the electric field layer in less than one gyration and reach the side with few cold ions. We also defined
an existence criteria for this signature, which should ease its observation in spacecraft data. Indeed, if cold
ions cannot cross the electric field in less than one gyration, there is no signature. Then, we compared the
DFs of each ion populations near the separatrix. In doing so, we noticed a parallel heating of cold ions in
this region, which remains to be fully explained.

Cold ions often have an important contribution to the total magnetospheric ion density. They thus have
a significant impact on magnetic reconnection, especially regarding energy partitioning in the process
(Toledo-Redondo et al., 2017). However, observational studies of their partitioning remain hard to perform
because the heating of the cold ion population makes them more difficult to distinguish from other ions in
spacecraft measurement. In that respect, simulations thus remain a key, complementary tool for performing
such work in the future.

Appendix A
The simplified model of the Hall electric field showed in Figure 4 allows us to determine any particle
trajectory in the current layer. Electromagnetic fields are deemed constant in the layer and defined as

B = Bxex + Bzez, (A1)

E = E𝑦e𝑦. (A2)

Outside of the layer, we simply take

B = Bxex, (A3)

E = 0. (A4)

Moreover, we consider that a particle entering the layer has a velocity v0, such as

v0 = vx,0ex + v𝑦,0e𝑦 + vz,0ez, (A5)

v2
0 = v2

x,0 + v2
𝑦,0 + v2

z,0 = v2
th, (A6)

where vth is the cold ion thermal velocity in the magnetosphere. We put t0 = 0 the time at which the particle
enters the layer at the position y = y0.
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A1. Resolution of the Equations of Motion
First are the equations of motion:

m
q

dvx

dt
= v𝑦Bz, (A7)

m
q

dv𝑦
dt

= E𝑦 + vzBx − vxBz, (A8)

m
q

dvz

dt
= −v𝑦Bx. (A9)

Let us derive

d2vx

dt2 =
q
m

dv𝑦
dt

Bz, (A10)

d2v𝑦
dt2 = −𝜔2

c v𝑦, (A11)

d2vz

dt2 = −
q
m

dv𝑦
dt

Bx. (A12)

We deduce from equation (A11) the velocity along y and its derivative:

v𝑦 = 𝜔cA cos(𝜔ct + Φ), (A13)

dv𝑦
dt

= −𝜔2
c A sin(𝜔ct + Φ), (A14)

where 𝛷 and A are constants that we will determine.

At t = 0, using the previous equations and equation (A8), we obtain

v𝑦(0) = v𝑦,0 = 𝜔cA cos(Φ), (A15)

dv𝑦
dt

(0) =
q
m
(E𝑦 + vz,0Bx − vx,0Bz) = −𝜔2

c A sin(Φ), (A16)

and, from there,

tan(Φ) = −
q

m𝜔cv0,𝑦
(E𝑦 + Bxv0,z − Bzv0,x), (A17)

𝜔2
c A2 = v2

𝑦,0 +
(E𝑦 + Bxv0,z − Bzv0,x)2

B2
x + B2

z
. (A18)

From equation (A14) and then equations (A7) and (A9), we can determine the velocity in all directions:

v𝑦 = 𝜔cA cos(𝜔ct + Φ), (A19)

vx =
q
m

BzA[sin(𝜔ct + Φ) − sin(Φ)] + vx,0, (A20)

vz = −
q
m

BxA[sin(𝜔ct + Φ) − sin(Φ)] + vz,0. (A21)

DARGENT ET AL. 2511



Journal of Geophysical Research: Space Physics 10.1029/2018JA026343

A2. Calculation of the Kinetic Energy of Particles in the Crescent
The integration of the velocity equation gives us

𝑦(t) = A(sin(𝜔ct + Φ) − sin(Φ)) + 𝑦0. (A22)

We set 𝛥y the width along y of the Hall electric field layer. From equation (A22) and for t1 the time at which
the particle leaves the layer on the exhaust side, we have

Δ𝑦 = 𝑦(t1) − 𝑦(0) = A(sin(𝜔ct1 + Φ) − sin(Φ)). (A23)

Thanks to velocities and equations (A23), (A15), and (A16), we deduce the kinetic energy of a particle at the
exit of the exhaust side of the layer. After some calculation, we obtain

Ec =
1
2

mv2 = 1
2

mv2
th + qΔ𝑦E𝑦. (A24)

With this method, calculation are heavy. We can find the same result using the conservation of forces, as
done in section 3.2. We therefore obtain the same results as equation (7).

A3. Crescent Velocity Space Limits Along vz
We now want to determine the minimum velocity along z in the crescent-shaped distributions. For that, we
look at the exit of the layer on the exhaust side, and we substitute equation (A23) into equation (A21) at
t = t1. We deduce that vz is equal to

vz(t1) = −
q
m

BxΔ𝑦 + vz,0, (A25)

with vz,0 ∈ [− vth, vth].

A4. Crescent Distribution Existence Criterion
For the crescent-shaped distribution to appear, we need cold ions to cross the Hall electric field layer in less
than one gyration. This means that there exists a moment of the trajectory at which the particle reach the
exhaust, that is,

Δ𝑦 < max[𝑦(t)] − 𝑦0, (A26)

where y0 the initial position of the particle (previously defined as located at the boundary between the mag-
netosphere and the Hall electric field layer),𝛥y the width of the layer and y(t) the particle position, as defined
by equation (A22).

From equation (A22) and by using equations (A18) and (A16), we can resolve the right-hand side of
equation (A26):

max[𝑦(t)] − 𝑦0 = A(1 − sin(Φ)) (A27)

= 1
𝜔c

𝜔cA + 1
𝜔2

c
[−𝜔2

c Asin(Φ)] (A28)

= 1
𝜔c

√
v2
𝑦,0 +

(E𝑦 + Bxv0,z − Bzv0,x)2

B2
x + B2

z
+ 1

𝜔2
c

q
m
(E𝑦 + vz,0Bx − vx,0Bz). (A29)

We now want to determine if particles are able to cross the layer. For that, we have to define v0 in order to
maximize equation (A29). In this case, we have to take v0 = vthez. With this value of v0, we determine from
(A26) and (A29) that a particle is able to cross the layer if

Δ𝑦 <
2q

m𝜔2
c
(E𝑦 + Bxvth). (A30)

In practice, the cold ion thermal velocity is negligible, and we can assimilate the electric field along y to the
total local electric field. This helps to simplify the criterion as

Δ𝑦 <
2q

m𝜔2
c

E. (A31)
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