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Abstract At the dayside magnetopause, the magnetosphere often contains a cold ion population

of ionospheric origin. This population is not always detectable by particle instruments due to its low
energy, despite having an important contribution to the total ion density and therefore an impact on key
plasma processes such as magnetic reconnection. The exact role and implications of this low-temperature
population are still not well known and has not been addressed with numerical simulation before.

We present 2-D fully kinetic simulations of asymmetric magnetic reconnection with and without a cold

ion population on the magnetospheric side of the magnetopause, but sharing the same total density,
temperature, and magnetic field profiles. The comparison of the simulations suggests that cold ions directly
impact signatures recently suggested as a good marker of the X line region: the Larmor electric field.

Our simulations reveal that this electric field, initially present all along the magnetospheric separatrix,

is related to the bounce of magnetosheath ions at the magnetopause magnetic field reversal through
Speiser-like orbits. Once reconnection widens the current sheet away from the X line, the bouncing stops
and the electric field signature remains solely confined near the X line. When cold ions are present, however,
their very low temperature enables them to E x B drift in the electric field structure. If their density is large
enough compared to other ions, their contribution to the momentum equation is capable of maintaining
the signature away from the X line. This effect must be taken into account when analyzing in situ
spacecraft measurements.

1. Introduction

Magnetic reconnection at the Earth’s dayside magnetopause involves ion populations from both the mag-
netosheath and the magnetosphere. These populations greatly differ, leading to asymmetric boundary
conditions. The magnetosheath plasma is typically denser than the magnetosphere (e.g., n ~ 10 cm~3 ver-
sus 0.5 cm™3) and the magnetic field weaker (e.g., B ~ 40 nT versus 60 nT) [Baumjohann and Treumann, 1997;
De Keyser et al., 2005]. This asymmetry produces typical magnetic reconnection signatures, such as a possible
shift of the X line on the magnetospheric side and a wider exhaust on magnetosheath side [De Keyser et al.,
2005; Cassak and Shay, 2007; Pritchett, 2008]. The Hall electric field, which results from decoupling between
demagnetized ions and frozen-in electrons, is strongly asymmetric. It mostly develops on the magnetospheric
side and points outward [Mozer et al., 2008]. Another such signature is the so-called Larmor electric field
[Malakit et al., 2013], located near the X line, normal to the current sheet and which sign is the inverse of the
Hall electric field. All those signatures are affected by the properties of the upstream plasmas.

The magnetosphere is usually not composed of only one population but often involves several with quite
distinct characteristics. In particular, near the dayside magnetopause, a low-energy population, hereafter
referred to cold ions, is often observed [Sauvaud et al., 2001; André and Cully, 2012; Walsh et al., 2014; Fuselier
et al., 2016]. These ions have energies in the range 0-100 eV, to be compared with hotter ions of plasma
sheet origin at several keV to tens of keV [Sauvaud et al., 2001; Toledo-Redondo et al., 2015]. Due to their low
energy, cold ions are often at the limit of detection for spacecraft particle instruments [Sauvaud et al., 2001;
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André and Cully, 2012]. This cold population comes from the ionosphere by various means [André and Cully,
2012; Fuselier et al., 2016]. The polar wind, or warm plasma cloak, is an outflow of cold ions through the polar
cusp, where magnetic field lines are open. It escapes from the ionosphere and reaches the magnetopause,
mainly on the nightside in the magnetotail, and also on the dayside to the magnetopause. These cold ions
mainly affect high latitudes, but we also observe an outflow at lower latitudes, called plasmaspheric wind
[Matsui et al., 1999], bringing cold ions to the magnetopause ~70% of the time [André and Cully, 2012]. This
outflow has a density of 0.5-3 cm~3, which is of the same order or larger than the density of hot ions. Another
origin for cold ions is the plasmaspheric plumes. Resulting from a change in the convection properties in
the inner magnetosphere, they form a tongue of very dense and low-energy plasma eventually reaching the
magnetopause. Plumes are not as frequent as the other outflows (~ 20% of the time), but they bring a very
large amount of plasma (3-40 cm~3) [Borovsky and Denton, 2006; Borovsky et al., 2008]. During plasmaspheric
plume events, we observe a mass loading of the upstream plasma at the magnetopause, impacting the recon-
nection rate [Borovsky and Denton, 2006; Borovsky et al., 2008; Walsh et al., 2014; Wang et al., 2015]. Together
with the plasmaspheric wind, these populations of cold ions represent an important contribution to the total
particle density, especially in the equatorial plane where magnetic reconnection and the Magnetospheric
Multiscale (MMS) spacecraft operate [Burch et al., 2016].

If the impact of the cold ion density on magnetic reconnection, i.e., mass loading, has been studied [Borovsky
etal., 2008; Walsh et al., 2014], much less is known about the effect associated with their very low temperature.
Because the environment is collisionless, plasma populations with very different energies can coexist and have
various effects on magnetic reconnection. For example, the presence of both hot and cold magnetospheric
ions results in intrinsic reconnection scales associated with both hot and cold ions [André et al., 2010;
Toledo-Redondo et al., 2015; Toledo-Redondo et al., 2016al. From the kinetic viewpoint, their very different tem-
peratures result in distinct particle dynamics, with the existence of a region where hot ions are demagnetized
while cold ions are not [André et al., 2010; Lee et al., 2014; Toledo-Redondo et al., 2016a]. Until now, our knowl-
edge on cold ion dynamics and their role in magnetopause reconnection has been mainly addressed using
spacecraft observations [Lee et al., 2014; Wang et al., 2015; Toledo-Redondo et al., 2016b]. Borovsky and Hesse
[2007] studied the impact of mass loading on magnetic reconnection, but they used MHD simulations and
did notinvestigate the role of the temperature. In this paper, we use numerical simulations to provide a repro-
ducible, simple, and complementary viewpoint on this problem. Due to the kinetic nature of the problem we
use a fully kinetic particle-in-cell (PIC) code.

Using two-dimensional (2-D) fully kinetic simulations, we model asymmetric magnetic reconnection with and
without cold ions. We are interested in the dynamics of these ions and the impact of having two magneto-
spheric ion populations with very different temperatures. In order to isolate the effects from well-known fluid
behavior such as the system mass loading, we keep exactly the same macroscopic quantities for the initial
condition of both simulations, so that the only difference between them is the multicomponent property of
the magnetospheric ion distributions: either only one ion population or two ion populations (a hot one and
a cold one). In those simulations, we observe in particular an impact of cold ions on the Larmor electric field
signature.

The present paper is organized as follows. Section 2 details the data normalization used by the numerical
model and the method used to introduce cold ions in the simulation. In section 3, we look at the fields near the
X line in both simulations and focus on the mechanism underlying the presence of the Larmor electric field.
In section 4, we look at the fields along the separatrix and far from the X line in both simulations. We explain
in particular why, without cold ions, the Larmor electric field only appears near the X line, whereas with cold
ions a similar field appears all along the magnetospheric separatrix. Finally, section 5 presents a summary and
some outlook.

2. Setup of Simulations With and Without Cold lons

In this paper, we present two fully kinetic simulations of asymmetric magnetic reconnection in a two-
dimensional (2-D) geometry using the particle-in-cell (PIC) code SMILEI (see http://www.maisondelasimulation.
fr/smilei). Both simulations share the same electromagnetic setup, total density, and temperature profiles.
They only differ by the velocity distribution of the plasma particles. The first one is a reference simulation, with
only the ion populations representing the magnetosheath on one side and the hotter magnetosphere on the
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other side. The second simulation has three ion populations, a magnetosheath population on one side, as in
the first run, and two populations on the magnetospheric side: a hot and a much colder one.

2.1. General Setup

The data presented are normalized using ion scale quantities. The magnetic field and density are normalized
to arbitrary value B, and n,, respectively. The masses and charges are normalized to the proton mass m, and
charge e, time is normalized to the inverse of the proton gyrofrequency w;‘: m, /eB, and length to the proton
inertial length §;=c/w
frequency.

i Where cis the speed of light in vacuum and w),; = 4 /noez/mpe0 is the proton plasma

The initialization of both runs consists in two current layers in the (x, y) plane in a domain of size (X2, Ymax) =
(320, 128)3;. There are n, = 6400 cells in the x direction, n, = 5120 cells in the y direction, and initially
50 particles per cell and per population. Plasma moments and electromagnetic forces are calculated using
second-order interpolation. Particles are loaded using local Maxwellian distributions. The time step is calcu-
lated using a Courant-Friedrichs-Lewy (CFL) condition leading to dt=8.4 - 10~* and the total simulation time
is T=160. The double layer configuration allows a full periodic system, i.e., periodic domain boundary condi-
tions in both x and y directions [Drake et al., 2006]. From now on, we will only focus on one current layer and
give profiles for this layer. The half box size is (x,,, y,,) = (320, 64)5;, with the layer located at y,=y,,/2.

To initialize both simulations, we chose an electric field E null everywhere and an asymmetric antiparallel
magnetic field B which is along the x axis:

1 Y=Y B —1 B,+1 B -1
B(x,y) = — |—-tanh | —— tanh - 1
x,y) B [ an < 1 + arctan <Br+1>> 3 5 u, (1

With B, = |Byheath/Bsphere| the magnetic field ratio between both sides of the current sheet and u, the unit
vector in the x direction. In our case, we choose B, = 0.5. Using the quasi-neutrality, we set the total density
n=n;=n,, given by

n(x,y):nlr [1+n'2_1 (tanh <y_Ly°>+1> (2)

With N, =Ngean /Nephere the density ratio between both sides of the current sheet. In our case, we choose n, =3.

The total temperature T=T; + T, is determined in order to preserve the pressure balance. The electron to ion
temperature ratio is constant and chosen equal to 8 =T, /T, = 0.2. We assume that the ratio of electron and
ion currents is equal to —T,/T;. The mass ratio m;/m, is 25. We trigger magnetic reconnection thanks to a
perturbation B, on the initial magnetic field (equation (1)):

B, = B, (x,y)u, + By, (x, y)u, (3)

Yo _(X—Xo)2 + (= Y)?

B, (x,y) = 256722 exp @
o2

o2

_(X —Xp)* + (Y — ¥o)?
o2

X=X,
B, (x,y) = 25b exp (5)
(o2

where Yo =y,/2, Xo =X,,/2, 6b=0.12, and o = 1. From now on, we will name the runs without and with cold
ions run A and run B, respectively.

2.2. Cold lon Setup

The run B, with cold ions, needs two populations on the magnetosphere side. Our initial condition and numer-
ical parameters are based on spacecraft observations from Toledo-Redondo et al. [2015]. We split ions between
magnetosheath ions (ish), hot magnetosphericions (ih), and cold magnetospheric ions (ic). To keep total den-
sities equal as equation (2), we must have n = ny, + ny, + n;.. To calculate the density profile of each species,
we make the assumption that each of these species have a constant temperature in the domain. We then
arbitrarily fix the magnetosheath ion density profile as follows:

Nign (X, y) = % [1 + tanh (y_LyO )] (6)
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13 ‘ Density‘without ,C°|d ion ‘ ' On the magnetosheath side, there is only
Lol | | one ion population, so equation (6) tends
' ' to the same value than equation (2), i.e,
GBI I 1 n=1.0n the magnetosphere side, there
= 0.6 ! are two populations. We first fix their
04r | asymptotic density and temperature ratio
0.2 : as nhoc=nih/nic=0'5 and Thoc= ih/Tic=
0.0 7 o =8 % 2 o 2o 500. Next, we use the asymptotic values
Densities with cold ion of each species to determinate their tem-
12 T T — T perature, which will remain the same in
LoH ;’S;th : the whole box. The normalized pressure
08H ot ! balance is given by this formula:
= 06} cold B?
04l nishTish+nihTih+nicTic+neTe+? =K (7)
02F
o ‘ : \ ‘ , . where K is a constant, fixed at 1/B? in
0 10 20 30 40 20 60 70 our case. On the magnetosheath side, we

Y have n,, =n=1and n;, =n;  =0. On the

Figure 1. Initial density profile of each ion species for each run. The run  magnetospheric side, we have ng,=0and

A WIthOL'It colf:I ions has onl'y'one ion pf)pl{latlon. The \{ert|cal black n=1/n,=ny, + n, sony/n=n.. /(1 +

dashed line gives the y position of the initial perturbation. h
Nhoo)and ni /n=1/(1+n,,.). Fromthose

asymptotic densities and equation (7),
we can deduce the temperature of each

ion species:
K-1/2
TiSh = 1460 (8)
n 1 14 Npoc
T.=—1 K-— ) ——— 9
“ 140 < 283) NhocThoe + 1 ©)
Tih = 7-iv:Thoc (10)

With the assumption of constant temperature for each ion species, we can use these values to determine the
missing density profiles. Using n = nyy, + ny, + n;., we can solve equation (7) to find n;. and n;, everywhere:

T 1 (K=B)2
Nic(x,y) = TOT;OC [ﬂ (W = NighTigh | + Mgy — N (am
Nip(X,y) =N = Nigy, — Ny (12)

Electrons and electromagnetic fields are the same as in the run without cold ions. The initial density profiles
of each species are shown in Figure 1.

We run both simulations until reaching a quasi steady state. They evolve in a similar way, reconnecting approx-
imately the same amount of magnetic flux in the same time period. The reconnection rate of both simulations
with and without cold ions is shown in Figure 2. From now on, we will work with data taken at T=120, where
the steady state of magnetic reconnection is reached for both simulations, and the reconnection rate similar.

3. lon Kinetic Dynamics Near the X Line

The X line and its surroundings, the decoupling region, form an area where fluid assumptions are no longer
satisfied. A kinetic treatment is thus necessary to fundamentally understand the mechanisms controlling
reconnection and the signatures used for the detection of X line regions in spacecraft data. One of these signa-
tures is the Larmor electric field, recently proposed from fully kinetic simulations to identify the X line region
in asymmetric current sheets [Malakit et al., 2013]. This signature consists of an electric field located near the
X line whose normal component points toward the magnetosphere, as opposed to the well-known strong
Hall electric field, which points outward and is seen all along the magnetospheric separatrix. We will look into
more details at the origin of this Larmor electric field and discuss the effect that cold ions have on it.
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0.25

oD /ot

-0.05

Reconnection rate versus time

run A

run B '

20 40 60 80 100 120 140 160 180
t

Figure 2. Reconnection rate of both simulations with (run B, thick blue
curve) and without (run A, dashed green curve) cold ions. Reconnection
rate is here defined as the time derivative of the magnetic flux @ in the
simulation plane (x, y). See Shay et al. [2001] or Pritchett [2008] for a
developed description of the magnetic flux and how reconnection rate
comes from it.

To analyze this electric field, we start from the Ohm's law:

a)

b)

1 (. 3\ me
E=-uxB+—|(jxB-V-P,|——
en e

Figure 3 shows the electric field along y
direction for both simulations without ((a)
run A) and with ((b) run B) cold ions. In this
section, we will focus on what happens
near the X line, whose x location is given
in Figure 3 by a vertical white dashed line.
Another one gives the position x = 1306;,
which is the location of section 4 study.

3.1. Kinetic Dynamics Without

Cold lons

Let us first look at the simulation without
cold ions (run A). In Figure 3a, we can see
the normal electric field £, for run A. The
X point is located at (x,y) ~ (160,32)5;,
the locus of the initial perturbation. The
magnetosheath is located at y > 32 §; and
the magnetosphere at y < 326;. We can
see in red the Hall electric field all along
the magnetospheric separatrix. On the
magnetosphere side, we can also see in
blue the Larmor electric field located only
close to the X line and fading out with the
distance away from it.

ou,
ot

+(u, - V)ue) (13)

Electric field along y, t = 120.00

100 120 140 160 180

L

X

Electric field along y, t = 120.00

100 120 140 160 180

|| 190000
HOOOOOoNRO®PO
ST XS NN

200 220

| | 90000
HOOOOoNMOI®O
cmoriN

200 220

Figure 3. Normal electric field £, in the box for (a) run A without cold ions and for (b) run B with cold ions. The white
box at x € [155.,165.] and y € [27.,29.] indicates where particles are picked to form the particle distribution functions
of Figures 5 and 6. The white box at x € [130.,135.] and y € [25.5, 26.5] indicates where particles are picked to form
the particle distribution functions of Figure 9. The white vertical dashed lines indicate respectively x = 130 and the x
location of the X line in both runs. Both pictures are obtained after averaging 20 time steps between t = 119 and 12050;1
and smoothing the 2-D result with a Gaussian filter of ¢ = 0.25 in the x direction and ¢ = 0.125 in the y direction.
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O;Bn law terms along y axis at the « position of the X line for t=120.00 where ethe proton charge, m, the elec-
tron charge, u; is the fluid velocity of

shown by Malakit et al. [2013], we can

— & | rarge, u, s
25H — —(uxB), ! a species s (i for ions, e for electrons),
sl = O B),/ne E | and TD)e the electron pressure tensor.
— —(V-P,),/ne | Figure 4 shows the main terms of the
151 sum of all terms i Ohm’s law along the y direction. As
I
I
1
I
I

LOr see that the electricfield aty =~ 29, i.e.,
the Larmor field signature, is mainly

037 supported by the —u; X B term. The
| magnetic field is positive on the mag-
netospheric side. So, for this term to be

—05} negative, we deduce that ions have a
positive out-of-plane velocity. The ori-

105 20 25 30 35 gin of this out-of-plane velocity has

y now to be explained.

Figure 4. Different terms of the Ohm's law at the position of the X line in To understand the mechanism behind

the x dlrgctlon for run A The vgrtlcal black dashed ||ne'g|ves the y position the Larmor electric field, we take all

of the X line. The curve is obtained after averaging 20 times between X L

t=119 and 120w and smoothing the 2-D result with a Gaussian filter ions within X =155, 1§5']5i a.nd y=

of 6=2.5 in x direction and 6 =0.125 in y direction. [27.,29.]¢; (right-hand side white box
in Figure 3a) and plot in Figure 5 the

particle velocity distributions for all ions reduced to the v,-v, plane. The total ion distribution (Figure 5a) is
composed of a quasi-isotropic population (the magnetosphere ions in Figure 5¢, representing 77.16% of the
box density) and a crescent-shaped distribution (the magnetosheath ions in Figure 5b, representing 22.84%
of the box density). We note that magnetosheath ions have a clear positive out-of-plane velocity and magne-
tosphere ions have a comparatively small negative out-of-plane velocity. The shape of the magnetospheric
ion distribution, slightly asymmetric in the v, direction, can be interpreted as a diamagnetic drift of magne-
tosphere ions. The boundary layer is a location where the density of magnetosphere ions decreases, reaching
zero far on the magnetosheath side. The magnetosheath ion distribution has a crescent shape which is similar
to the electron distributions observed at the electron diffusion region [Hesse et al., 2014; Burch et al., 2016; Shay
et al., 2016]. This crescent shape distribution is explained by their bounce between the magnetospheric and
magnetosheath magnetic field lines [Shay et al., 2016; Phan et al., 2016]. The only magnetosheath ions which
are able to reach this area, on the magnetosphere side, are those doing their U-turn in this area or farther.
Interestingly, most of the magnetosheath ions make their U-turn in the same region. This leads, from a fluid
perspective, to a positive ion velocity in the out-of-plane direction at the sub-Larmor radius scale. Despite
representing only 23% of the total density there, their large positive velocity has a strong contribution to the
total ion bulk velocity, making it overall positive. In this region of positive B,, the positive out-of-plane total
ion bulk velocity is associated with a negative u; X B term in the normal direction. This term, the only one
locally negative (see Figure 4), explains the negative electric field. It is important here to note that although
this electric field is supported by the ideal term, it is entirely resulting from a kinetic ion effect and therefore
would not appear in fluid models.

To better illustrate the kinetic behavior of ions in the Larmor electric field area, we take a typical ion from
the magnetosheath ion distribution (Figure 5b) and use it to initialize a test particle tracing. Using the elec-
tromagnetic configuration at t = 120 w;‘ with a steady state assumption, we look at the particle trajectory
during 10w;1 . We choose the particle such that it does not have too much velocity in the x direction, which
enables us to sample the bounce motion correctly with only one particle. The trajectory of this particle is
represented in Figure 6. The in-plane trajectory in Figure 6a shows that the particle is bouncing between
magnetic field lines of the magnetosheath (above the dashed line) and magnetosphere (below the dashed
line). The out-of-plane trajectory in Figure 6c (projected on plane (y, z)) shows a drift of the particle in the z
direction. This is a Speiser orbit drift, caused by the reversal of the magnetic field [Speiser, 1965]. We also
observe a widening of the particle orbit, which means that the particle is gaining energy.

3.2. Kinetic Dynamics With Cold lons
Let us now look at the simulation with cold ions. In Figure 3b, we can see the normal electric field E, for run B.
The first thing to be noticed is that the Larmor electric field is not confined around the X line anymore. This key
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Yy

Figure 5. lon distribution functions at the Larmor electric field location (see the right-hand side white box of Figure 3a).
Distributions are shown for the normal versus out-of-plane velocities, i.e., the (vy, ;) space. They are calculated as

the sum of the weight of each particle included into a (3v,, 6v,) box of velocity space, where v, =6v,=0.1. The thick
green lines give the origin. The dashed red lines give the position of the mean velocity of the distribution. The red
arrow shows the direction of the average velocity. (a) Total ion distribution. (b) Magnetosheath ion distribution.

(c) Magnetosphere ion distribution. Magnetospheric and magnetosheath ions represent, respectively, 77.16% and
22.84% of the ion density in the box.

feature is further developed in section 4.2, where the region far from the X line is discussed in detail. If we focus
on the X line region, however, the simulation shows very few differences with the case without cold ions. The
Larmor electric field, associated with the unchanged magnetosheath ions, remains comparable.

In Figure 7, we show different quantities along a cut in the normal direction at the X point. In Figure 7a, densi-
ties for each ion species are shown. We can see there are still magnetosheath ions on the magnetospheric side
and hot magnetospheric ions on the magnetosheath side, which is consistent with the results of section 3.1.
In Figure 7b, we present the out-of-plane velocity for each ion population. As previously, we see that the
out-of-plane velocity is positive for magnetosheath ions and negative for hot magnetospheric ions in the
Larmor electric field area. However, contrary to hot magnetospheric ions, the cold magnetospheric ions there
have a positive out-of-plane velocity. The reason for this difference is that cold ions are locally frozen in the
magnetic field and experience an ExB drift. This is confirmed by Figure 7¢, which shows the —(u,xB), compo-
nents for each population. On this panel, the cold ion curve fits exactly the E, curve within the Larmor electric
field region, which means that they are frozen in. In contrast, the velocity of the other ion populations does
not match this curve at all, meaning they are demagnetized.

To study the contribution of each population to Ohm'’s law terms, we can rewrite equation (13) as done by
Toledo-Redondo et al. [2015]. We neglect here time variations and the contribution of electron inertia:

Ny Nin Nish 1 (. 3
Ez_TuicXB_TUIhXB_TuishXB+a jXB—V'Pe (14)

Figure 7d shows the —n, /n(u; x B), terms of the Ohm’s law for each ion population. This plot shows that the
main contributors to the Larmor electric field (i.e., the negative electric field between dotted lines) remain

DARGENT ET AL.

MAGNETIC RECONNECTION WITH COLD IONS 5296



@AG U Journal of Geophysical Research: Space Physics 10.1002/2016JA023831

a)
50 T : T ) 1.0
0.8
| 0.6
0.4
0.2
0.0
= == _— -0.2
=~ +—=— = 0.4
= -0
/,’_’—:;—_—i\ e
20 M—_—}&‘ -1.0
120 30 140 150 160 0 180 190 200
b) % c)
” 1 —
48 . B
L
B oo—dk — B~ .l
-2 2% 5 <:>
a4 :5 o CE
‘;/ 28 3 32 3? 36 38 4

Figure 6. (a) Normal electric field £, in the box with the in-plane trajectory of the test particle calculated in fixed
electromagnetic fields. The color of the arrow depends on the kinetic energy of the particule: the lightest, the more
energetic. In-plane magnetic field lines are depicted as thick black lines. The dashed line gives the y location of the X
point. The red box represents the main area of Larmor electric field. (b) Particle distribution of magnetosheath ions
located in the Larmor electric field (see Figure 5b). The colored points give the location in velocity space associated
with the velocity arrows shown in Figure 6c¢. (c) Out-of-plane (y, z) trajectory of the test particle. The arrows symbolize
the velocity of the test particle at a given position. Each of these velocities is associated with a point of the same color
in Figure 6b.

the magnetosheath ions (blue line). However, we can also see a nonnegligible contribution from cold ions
(red line). Because they drift in the Larmor electric field (they are magnetized there), they have a negative con-
tribution to the electric field, which is contrary to the positive one from the demagnetized hot magnetospheric
ions. In conclusion, close to the X line the Larmor electric field still exists and is associated with similar under-
lying dynamics of magnetosheath and hot magnetospheric ions. Cold ions are frozen and weakly contribute
to the Larmor electric field.

4, lon Kinetic Dynamics Far From the X Line

What initially makes the Larmor electric field feature interesting is its localization near the X line [Malakit et al.,
2013]. However, we have seen on Figure 3b that for the simulation with cold ions, it is not located solely at
the X line anymore. Far from the X line, the current sheet is broadened by the reconnection process, making it
impossible for magnetosheath ions to bounce, as described in the previous section, and to create this Larmor
electric field. Therefore, another mechanism, related to the presence of cold ions, has to take place to allow
this field to exist there. In this section, we will look into more details at the differences between the cases
with and without cold ions, and we will show why a negative electric field is seen below the magnetospheric
separatrix in the presence of cold ions.

4.1. Kinetic Dynamics Without Cold lons

Let us first consider the case without cold ions and look at the terms of the Ohm’s law (equation (13)) far from
the Xline at x = 130. To simplify the analysis, we can ignore some terms that are negligible. The reconnection
process being in a steady state, the du/dt term is negligible. The inertial term (u- V)u is also negligible except
in the very vicinity of the X point [Hesse et al., 2014; Dargent et al., 2016].

The simplified Ohm’s law can be written as follows:

1 (. 3
E=—u,4><B+e—n jXxB-V-P, (15)
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Figure 7. Different quantities for a cut at the position of the X line in the x direction inrun B at t = 120w;1 . The curves
are obtained after smoothing with 2-D Gaussian filter of 6 = 1.5 in x direction and ¢ = 0.125 in y direction. The normal

electric field E, is plotted in black on each panel. The vertical dashed line represents the X point position in y. The

vertical dotted lines give arbitrary boundaries for the Larmor electric field. (a) Density of each ion species and total
density. (b) Out-of-plane velocity of each ion species. (c) —us x B term of each ion species in the normal direction.
(d) —ng/nug x B term of each ion species in the normal direction.

Figure 8 presents these terms in a cut through the magnetopause along the normal direction y, together with
-

the electric field E,, away from the X line at x = 130. We first see that the pressure term V - TD)e/ne is negligi-
ble everywhere. Then, one can notice that for y ~ 25 (i.e., the area next to the Hall electric field peak on the
magnetospheric side) the —u; x B term is positive and does not entirely balance the (negative) electric field,
unlike the results at the X line in Figure 7. Even if the crescent shape of the magnetosheath ion distribution
far from the X line (Figure 9b) looks like the distribution at the X line (Figure 5b), we observe that local mag-
netosheath ions are not bouncing in a Speiser fashion but are rather merely gyrating around magnetic field
lines. Magnetosheath ions represent a smaller proportion of ions in the box (9.94% for Figure 9) compared to
near the X line (22.84% for Figure 5), where the Speiser orbits (see Figure 6) allow more magnetosheath ions to
reach the magnetosphere side. By contrast, the distribution of magnetosphere ions is qualitatively the same
at x = 130 (Figure 9¢) and at the X line (Figure 5c). The result is that the total out-of-plane velocity is negative
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Ohm law terms along y axis at @ =130 for t=120.00
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Figure 8. Different terms of the Ohm’s law at x = 1304; for run A. The vertical black dashed line gives the y position of
the X line. The curve is obtained after averaging 20 times between t = 119 and 120@51 and smoothing the 2-D result
with a Gaussian filter of 6 = 2.5 in x direction and ¢ = 0.125 in y direction.
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Figure 9. lon particle distributions near the separatrix on the magnetosphere side of the boundary layer, and far from
the X line. Particles are picked in a box for x = [130., 135.]6; and y = [25.5, 26.5]6;. Distributions are shown for the
normal versus out-of-plane velocities, i.e., the (vy, v,) plane. They are calculated as the sum of the weight of each
particle included into a (6v,, év,) box of the velocity space, where év, = év, = 0.1. The thick green lines give the origin.
The dashed red lines give the position of the distribution mean velocity. The red arrow shows the mean direction of the
distribution velocity. (a) Total ion distribution. (b) Magnetosheath ion distribution. (c) Magnetosphere ion distribution.
Magnetospheric and magnetosheath ions represent, respectively, 90.06% and 9.94% of the ion density in the box.
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and that u; X B has to be locally positive, contrary to what happens at the X line. The electric field below the
separatrix at y ~ 25 is negative and much smaller than at the X line, as can also be seen in Figure 3a. This field
gets smaller with distance from the X line. It is clear, from Figure 8, that the positive ion ideal term (u; X B) is
mostly balanced by the Hall term (j x B), i.e.,

1.
(u,-XB)y ~ e—n(JXB)y (16)
Equation (15) can also be rewritten for ions, neglecting the inertia term:

o 1 (v.7
E, = —(u;xB), + — <v P,>y (17)

Given E, ~0 for y ~ 25, we have from equation (17)
1 =
(U xB), ~ — | V- P, (18)
en y

Note that this result is consistent with a diamagnetic drift.

In this region next to the separatrix on the magnetospheric side, the ideal ion electric field (u; X B) therefore
approximately equals the ion pressure term. Equation (18) is a key result here, as we will show in the next
section that hot magnetospheric and magnetosheath ions essentially have the same behavior, the only
difference in equation (17) being the contribution of the cold ions.

4.2. Kinetic Dynamics With Cold lons

We now look at the same location in run B, in the presence of cold magnetospheric ions. In Figure 10, we can
see the same quantities as in Figure 7, again for x = 1304, far from the X line. In Figure 10a, we can see that in
the entire negative electric field area (between dotted lines), cold magnetospheric ions represent more than
two thirds of the total density. Regarding magnetosheath ions, they are almost absent in that area, as already
said for run A in the previous subsection. Figure 10b shows the same features as Figure 7b: magnetosheath
ions have a positive out-of-plane velocity and hot magnetospheric ions a negative out-of-plane velocity. Cold
magnetospheric ions, however, now contribute with a small positive out-of-plane velocity. The explanation
for the cold ion velocity is the same as before. As shown in Figure 10c, cold ions are frozen into the magnetic
field and E x B drift within it, while the other ion populations are locally demagnetized.

The ion momentum equation can be written as follows:

Ny N 1 3
E, = ——L(ug xB), - ~(u.xB), + — (V- P, (19)
y

where the subscript d refers to the demagnetized magnetosphere and magnetosheath ions (d = ish + ih). As
shown in the Appendix A, the contribution of the cold ions to the pressure term is negligible, which allows to

write the following:
= =
(v. P,) = (v. Pd) (20)
y y

Figure 10d shows the relative contribution of each population to the normal electric field. Comparing Figures 8
and 10d, we can see the Hall term does not contribute as much to the positive peak electric field (Hall electric
field) aty ~ 26.Thisis consistent with spacecraft observations at the subsolar magnetopause [Toledo-Redondo
et al, 2015] and can be interpreted as a reduction of the Hall effect in presence of cold ions because those
are coupled to the electrons and the magnetic field. In a second time, we notice that the cold ion contribu-
tion matches quite well the electric field in the negative electric field area (i.e., between dotted lines). On the
other hand, the contribution of demagnetized ions (magnetosheath and hot magnetospheric ions together,
light blue curve) is qualitatively the same as the —u; x B contribution in Figure 8. Equation (16) is verified,
but for demagnetized ions only: the Hall term (purple curve in Figure 10d) balances the demagnetized ions
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Figure 10. Different quantities for a cut far from the X line (x = 1305;) inrun B at t = 120(;)31 . The curves a obtained
after smoothing data with 2-D Gaussian filter of ¢ = 1.5 in x direction and ¢ = 0.125 in y direction. The normal electric
field E, is plotted in black on each panel. The vertical dashed line represents the X point position in y. The vertical
dotted lines give arbitrary boundaries for the negative electric field region. (a) Density of each ion species and total
density. (b) Out-of-plane velocity of each ion species. (c) —ug x B term of each ion species in the normal direction.

(d) —n,/nu, x B term of each ion species in the normal direction and for hot magnetospheric ions and magnetosheath
ions together. The Hall term is added in purple.

contribution (light blue curve). Then, as in section 4.1, equation (18) is also verified. Equation (19) can then be
split into two equations:

E, ~ — < (u_xB) 21)
y Ty Ve y
Ny 1 3
24, xB), ~ — (V- P, (22)
n en ,

Equation (21) shows that the electric field is associated with the drifting of the cold ions in the electric field,
as demonstrated by the black and red curves in Figure 10d. Equation (22) then merely follows from the com-
bination of equations (19), (20), and (21). When multiplied by n/n, it becomes identical to equation (18), but
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Figure 11. Normal electric field £, in the box for the run A without cold ions for early time. The picture is obtained after
averaging three files for times between t = 19 and 2000;1 and smoothing the 2-D result with a Gaussian filter.

for demagnetized ions only. The fact that cold ions E x B drift here does not, however, explain why there is
an electric field in the first place. To explain why we have an electric field there and not in run A, we looked at
the beginning of the simulation. In both runs A and B, we notice we have initially an electric field everywhere
along the layer (Figure 11 for t = 20a);1). Indeed, at the beginning, the boundary layer was thin everywhere.
Therefore, magnetosheath ions were able to bounce (Speiser like) between the magnetosphere and magne-
tosheath magnetic field lines all along the current sheet. As explained in section 3.1, these ions produced a
positive out-of-plane velocity and a negative electric field: the Larmor electric field. In run A without cold ions
the bounce dynamics disappears everywhere but at the X line because reconnection broadens the current
sheet everywhere but there. In other regions, the ions are demagnetized. Their kinetic dynamics leads to
equation (18) from the fluid perspective. As a result the electric field vanishes everywhere except at the X line.
In run B, hot magnetospheric and magnetosheath ions behave similarly; i.e., they satisfy equation (18). Cold
ions, however, have a Larmor radius smaller than the width of the initial electric field structure and therefore
drift within it. They contribute to the Ohm’s law only through the ideal term and therefore maintain the elec-
tric field. This electric field has little effect on demagnetized magnetosheath and magnetospheric hot ions,
whose Larmor radius is at much larger scale; hence, they behave as in run A. It is, however, interesting to
notice that the strength of the electric field will strongly depend on the contribution of cold ions to the total
density. Indeed, in Figure 10d the main contribution to the electric field comes from —n;./n(u;. X B),, giving
equation (21). However, cold ions are frozen in the field, which means

E, = —(u.xB), < —%(uic xB), (23)

So to satisfy equations (21) and (23), we need n;./n ~ 1. Our results suggest that for an electric field to be
maintained far from the X line, the density ratio between cold ions and magnetospheric ions needs to be
sufficiently large. This condition allows to justify the approximation of £, & —n;./n(u;. X B). In our case, cold
ions represent about two thirds of the total density, which is enough to sustain the Larmor electric field. As
this density ratio drops, we expect the electric field to decay.

5. Summary and Future Work

The magnetospheric plasma at the dayside magnetopause is a mix of different populations. In particular,
low-energy species coming from the ionosphere can represent at times an important part of the total density
and sometimes be largely dominant. Until now, the effect of cold ions on magnetic reconnection has been
studied with observations only. In this paper, we have performed PIC simulations of asymmetric magnetic
reconnection with and without cold ions on the magnetospheric side. Both initial conditions of the simula-
tions share the same total density, total temperature, and electromagnetic fields. The only difference is the
composition of the magnetospheric ion population. The run without cold ions has only one ion species on
the magnetospheric side. The run with cold ions has two populations on magnetosphere side: a cold and a
hot one, with a temperature ratio of 500. The presence of cold ions has been shown to drive an electric field
along the magnetospheric separatrix looking like the Larmor electric field [Malakit et al., 2013], located at the
magnetic reconnection X line.

We first investigated the mechanisms underlying this Larmor electric field. It corresponds to an electric field
normal to the magnetopause, located near the X line on the magnetospheric side of the magnetopause.
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We looked at magnetosphere and magnetosheath ions independently in the simulation without cold ions.
Using test particle and particle distribution diagnostics, we showed that the origin of this electric field is purely
kinetic. It is due to the bounce of the dense magnetosheath ions on the magnetospheric side in the area
of magnetic field reversal. Their U-turn appears as a mean out-of-plane ion velocity, which, coupled with a
stronger magnetic field on the magnetospheric side, is associated with an electric field. This phenomenon is
the consequence of having a thin boundary layer between asymmetric plasmas with a magnetic field reversal.
The local and steep magnetic field reversal leads to particle motions with Speiser-like orbits, and so that par-
ticles can reach far out on the other side of the boundary. The asymmetry leads the denser species most likely
to create a mean velocity on the other side of the boundary (with a crescent shape distribution). At the mag-
netic reconnection site, both these conditions are met, which makes it a perfect location for a Larmor electric
field to appear.

We analyzed the run with cold ions and demonstrated that there exists in this case an electric field signature
akin to the Larmor electric field, but this one is present all along the separatrix and not just near the X line.
We showed that cold ions are responsible for the existence of this elongated electric field signature. Due to
their low temperature, these ions are frozen in the electric field; they E x B drift. Furthermore, at the beginning
of the simulation, the current layer is thin everywhere, so a Larmor electric field appears everywhere along the
separatrix on the magnetospheric side in both runs. Cold ions E x B drift into this initial Larmor electric field.
This ExB drift velocity consistently supports the electric field within which they drift. Thanks to their dominant
contribution to the density, they are, therefore, able to maintain this electric field once the layer becomes
too thick for the Larmor electric field to be produced by Speiser orbiting. The initial electric field observed
in the simulations may exist at the magnetopause if the layer is thin enough so that the finite Larmor radius
effect exists. If so, this signature of cold ions should be observable thanks to the Magnetospheric Multiscale
spacecraft. Whether it happens often and over which distance is however beyond the scope of this paper. This
electric field can also have another origin. We also observed in our simulations that the Hall effect is reduced
in presence of cold ions, as suggested by Toledo-Redondo et al. [2015]. More generally, this results mean that
cold ions can affect electric field structures below the scales of hot magnetospheric and magnetosheath ions.

In this work, we focused on the effect of having a magnetospheric plasma with two populations, a hot and a
cold one, but keeping the same total fluid properties identical in our two runs. However, in observations, the
presence of cold ions typically increases the density, especially in the case of a plasmaspheric plume. Future
works shall look at the combined effects of density and temperature of cold ions on magnetic reconnection.

Appendix A

— —

— -
We here focus on the area between dotted lines in Figure 10, and we show thatin thisarea, V- P; =V . P in
the y direction. This demonstration is based on two assumptions, which have to be locally verified:

1. Inertia terms of the Ohm'’s law are negligible.

5
3
2(v-7.) o

y

In our case, those two conditions are satisfied between dotted lines. Furthermore, frozen species drift in the
fields with the same perpendicular velocity, so u, x B = u;. X B.

First, we deduce some relations from these assumptions. Given that u; = (n,.u,.+n,u,)/nand u,xB = u,. xB,
we obtain

jxB=en(u;—u,)xB (A1)

=eny(u; —u,)xXB (A2)

Thanks to the two assumptions, we can locally simplify the Ohm’s law as follows:
1 =
E,=—(u;xB), + — | V- P, (A3)
en y

and

E,=—(u;xB), + e1_n(j x B), (A4)
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Pressure terms along y axis far from the X point for t=120.00
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Figure A1. Pressure gradient at x = 1306; of all ions (blue curve) and demagnetized ions (i.e., hot magnetospheric and
magnetosheath ions, green curve). The vertical dotted lines give arbitrary boundaries for the negative electric field
region. The picture is obtained after averaging 20 files for times between t = 119 and 120w;1 and smoothing the 2-D
result with a Gaussian filter.

By identification, we obtain from equations (A3) and (A4)

=2
(GxB), = <V~ P,) (A5)
y
In a second time, we apply the fundamental principle of dynamics to every ion species:
du; 3
nm,Ez—V~Pi+n(E+uixB) (A6)
duy =
ndm,w =-V. P ;+nyE+u, xB) (A7)
du, =
nicmiﬁ =-V.P +n(E+u. xB) (A8)

With a stationnarity assumption and neglecting steady inertia and along the y direction, we obtain the

following:
0=- <V-?i> +n(E, + (u;xB),) (A9)
y
0=- <V-75d) +ny (E, + (uy xB),) (A10)
y
3
0=—<V~ Pic> + ;e (E, + (u X B), ) (A11)
y
We deduce
v % =Dy %
“Pa) =—=(V-P;) —ng((u-uyxB) (A12)
y n y

—
<
1

n. 3
Pic> == <v- P,) =i ((u; =) XB), (A13)
y n y

Let's begin to work with equation (A13). We assumed thatu, = u;., so by using equation (A1), we have u;—u;. =
j/n. If we inject this into equation A13, we obtain thanks to equation (A5):

3 Nic 3 Nic .
V-Pe) == (v.-B,) - =GxB),=0 (A14)
y D y 7
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In the same spirit, we inject equation (A2) into equation (A12) and we obtain the following:

<v .?d) = % <V -?,) — n4((u; —u,) X B), + (j X B), (A15)
y y
n = Ny . .
=Fd(V.Pi>y—7d(JXB)y+(jXB)y (A16)
= (jxB), (A17)
_ <v .75,,) (A18)
y

We have shown with those calculations that as long as the initial assumptions are verified, the pressure gradi-
ent of demagnetized ions is equal to the one of allions. This result is confirmed by the simulation, as we can see
in Figure A1, where both gradients are equal in the region of interest (between dotted lines). This means that
the pressure gradient of a frozen ion population has to be negligible in front of the one of demagnetized ions.
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