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Abstract We investigate how magnetic reconnection is influenced by an inflow of a dense cold ion
population. We compare two 2.5D Particle-In-Cell simulations, one containing the cold population and
one without. We find that the cold population influences the reconnection process on both global and
kinetic scales, and that the dominant contribution can be explained through mass-loading. We provide an
analysis of how these multiscale changes are related through kinetic processes in the ion diffusion region,
the so-called micro-macro coupling of mass-loading. The inertia of the cold ion population is found to be
the significant link that connects the changes on different scales. The cold and warm populations exhibit
counter streaming behavior when and after the ion diffusion region reorganizes itself in response to the
arrival of the cold population. This signature of the cold population should be observable by spacecraft
observatories such as MMS.

Plain Language Summary We investigate how magnetic reconnection is influenced by a
dense inflow of cold ions. We find that the cold ions influence the reconnection process on both large and
small scales, and that these are connected through the cold ion inertia. We also see cold and warm ions
moving in opposite directions close to the reconnection site, which should be observable by spacecraft
observatories.

1. Introduction

Magnetic reconnection is a process where energy stored in magnetic fields gets converted into kinetic and ther-
mal energy in the plasma, caused by a macroscopic change in the magnetic topology. It occurs in plasma envi-
ronments in space, such as the Sun and the magnetosphere, as well as in plasma laboratories and fusion reactors
on Earth (Yamada et al., 2010). In a plasma, the magnetic field is closely coupled to the dynamics of the plasma
particles. How the magnetic reconnection process evolves is therefore highly influenced by the constituents
of the plasma in the inflow regions. Spacecraft observations in the magnetosphere show, that in addition to
the warm plasma populations that form current sheets in magnetic field reversal regions, populations of cold
ions of ionospheric origin are commonly present, and might even constitute the dominant particle species in
the system (André & Cully, 2012; André, Li, & Eriksson, 2015; Fuselier, Burch, Mukherjee, et al., 2017; Walsh
et al., 2014). Usually, the thermal energies of the warm plasma populations are in the range of a few hundred
eV to several keV, while the cold populations typically have energies of a few eV (André, Li, Toledo-Redondo,
et al., 2016), although cold ions of larger energy ranges as well as of different densities and origins have been
observed in various regions of the magnetosphere (Fuselier, Burch, Cassak, et al., 2016; Fuselier, Burch, Muk-
herjee, et al., 2017). Multiple previous studies and observations have shown that the presence of additional
plasma populations has an impact on characteristic temporal and spatial scales associated with the diffusion
region (Alm et al., 2019; André, Li, Toledo-Redondo, et al., 2016; Dargent, Aunai, Lavraud, Toledo-Redondo, &
Califano, 2019; Dargent, Aunai, Lavraud, Toledo-Redondo, Shay, et al., 2017; Divin et al., 2016; Toledo-Redondo,

André, et al., 2016; Toledo-Redondo, Vaivads, et al., 2015). These scales include the Larmor radius, Tpe= M,
)
where vy is the perpendicular velocity of the particle. As a gyrating particle with smaller Larmor radius will re-
main frozen in for a longer time when approaching the X-point, multiple diffusion regions exist for the different
particle populations. Such multiscale diffusion regions (more than two layers) have become a common feature
in both Particle-In-Cell (PIC) simulations and observations (e.g., Alm et al. 2019; André, Li, Toledo-Redondo,
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etal., 2016; Dargent, Aunai, Lavraud, Toledo-Redondo, & Califano, 2020; Divin et al. 2016; Toledo-Redondo, An-
dré, et al., 2016; Toledo-Redondo, Vaivads, et al., 2015). One of the questions that remain unresolved regarding
magnetic reconnection is how it stops. Since multiple plasma species have been shown to influence important
features of the reconnection process, such as the reconnection rate and the Hall physics (Alm et al., 2019; André,
Li, Toledo-Redondo, et al., 2016; Tenfjord, Hesse, & Norgren, 2018), understanding how reconnection responds
to different inflow conditions will aid in answering this question. In this study we investigate how mass-loading
the inflow regions with a large cold ion population modifies the evolution of the magnetic reconnection process.
On macro-scales we expect to see a reduction in the reconnection rate, which will slow the reconnection process
down. However, how this couples to the micro-scale dynamics in the diffusion region is not understood. We
show that the inertia of the newly arriving cold ions play a vital role in mediating the changes on different scales.
Signatures of this interaction that can be observable with spacecraft observatories such as the Magnetospheric
Multiscale Mission (MMS) are briefly discussed.

We describe the simulations used for this study in Section 2. In Section 3, we describe the macro-scale effects
of cold ion mass-loading on the reconnection rate. In Sections 4 and 5, we take a closer look at how this is
related to the micro-scale dynamics of the ion diffusion region, and in Section 6 we summarize and discuss
implications of our results.

2. Simulation Setup

In this study we compare two 2.5D PIC simulations, both corresponding to a symmetric tail reconnection
event with no guide field. Our code is a parallelized evolution of the one described in (Hesse, Schindler,
et al., 1999). The first simulation contains only warm plasma, which we call the baseline run. Similar set-
ups have previously been used to model a variety of different reconnection problems (e.g., Hesse, Birn, &
Kuznetsova, 2001; Tenfjord, Hesse, & Norgren, 2018; Tenfjord, Hesse, Norgren, Spinnangr, & Kolste, 2019).
In another simulation we call the cold run, we add a population of cold ions to the baseline setup, 4.5d; out-
47m0¢e2

c
side of the current sheet. Lengths are normalized to the ion inertial length, d; = o where @y | = J—

pi m;

m; = ion mass, e = elementary charge) is the ion plasma frequency and c is the speed of light. Densities are
normalized to the Harris current sheet density, n,, and velocities are normalized to the ion Alfvén velocity.
Our initial magnetic field and current sheet configurations are 2-D Harris type configurations, with magnet-

icfield B, = B, tanh[% , where A = 2d; is the halfwidth of the current layer, and with an additional localized
perturbation creating an X-point. Additionally, a uniform density distribution of 0.2 of warm ions is added

to the whole simulation domain. Time is normalized to the inverse ion cyclotron frequency, Q; - Bl ,and
eb

e

we employ a time step of 6t = 0.5 [a)pe = W, ﬁ] A total of 9.6 X 10° macroparticles are used, with

mass ratio m_' = 25, For the upper and lower boundary conditions we employ specular reflection, while the
e

left and right boundary conditions are periodic at x = X, and x = x;.x. The out-of-plane electric field is set
to zero in order to ensure flux conservation in the simulation domain. The size of the simulation domain is
410 X 50 d;, divided into a grid of 6,400 x 1,600 cells. In the cold run, a uniform density distribution of 0.4
of cold ions is added to the inflow at |z|>4.5. The initial temperature of the cold populations is set to zero.
In Figure 1 we show an overview of the evolution of the two runs. The cold ions arrive at the reconnection
site at time = 98, which corresponds to the time of peak reconnection rate in the cold run.

3. The Reconnection Rate

The reconnection rate is a measure of the speed at which the magnetic flux changes on large-scale, defined as

i<1>m. - LiB.iiaA = L[B.ax 1)
dt dt dt °
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Figure 1. Time evolution of the ion density and the in-plane magnetic field contours in the two runs. (Left) Cold and (middle) warm ion density in the cold
run. (Right) Total ion density in the baseline run. By comparing the x-position of the dipolarization front in the middle and right columns we see that the cold
run is reconnecting slightly slower than the baseline run.

where @, is the reconnected flux, B is the magnetic field, and 7 is the normal vector of the reference
surface.

Figure 2 shows the reconnection rate of both the cold and baseline run, plotted as a function of time and the
fractional reduction of magnetic energy density in the system. As expected, since the cold run is mass-load-
ed, it shows a significantly reduced rate compared to the baseline when the cold ions become involved at
time = 98. The presence of cold ions in the inflow region makes the flux tubes more inert and slows down
the reconnection process. When comparing the two runs it is therefore more appropriate to compare them
when they are at the same stage of the evolution, meaning when they have converted the same amount of
magnetic energy, rather than at the same point in time. This is plotted Figure 2b. Figure 2c shows the re-
connection rates rescaled for the effect of mass-loading. The reconnection electric field is expected to scale
with the factor B,V, (Cassak et al., 2017; Comisso & Bhattacharjee, 2016; Liu et al., 2017), with both B, and
V4 measured in the inflow region in close vicinity to the diffusion region. When we mass-load the inflow
region we effectively reduce the Alfvén velocity. By dividing the reconnection rate by this scaling factor, we
should therefore remove the effect of mass-loading on the rate. The values for the magnetic field and density
needed to calculate this scaling factor are averaged over Izl = 4 d; + 1 d; above and below the X-point. We find
the average again of the two values calculated above and below the current sheet. These double-averaged
values become the final values used in the scaling factor. Averaging in this way reduces the effect of grid size
fluctuations in the ion density. Both the baseline and the cold run have been rescaled in the same way to
account for the changes in magnetic flux and density inflow as the reconnection process evolves. Figure 2c
shows that the reconnection rates of the two runs are comparable after rescaling. The cold run ends up with
a slightly higher rate than the baseline run because the mass-loading scaling assumes the cold ions are dis-
tributed homogeneously in the system. Since we only insert them outside 1z/>4.5 d,, the initial current sheet
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Figure 2. (a) Original reconnection rate of both runs as a function of time and (b) the fractional change in magnetic energy density. (c) Both reconnection rates
after they have been rescaled to account for mass-loading.

is less inert than the scaling assumes, which results in a slightly higher rate. Nevertheless, we can conclude
that the decrease in the reconnection rate in the cold run is dominated by the mass-loading effect. This is
consistent with similar studies, such as (Dargent, Aunai, Lavraud, Toledo-Redondo, & Califano, 2020; Divin
et al., 2016; Tenfjord, Hesse, Norgren, Spinnangr, Kolste, & Kwagala, 2020). Based on a Sweet-Parker analy-
sis of magnetic reconnection, we can set the outflow velocity of the plasma particles to the Alfvén velocity,

B2
Hop

2 2
Vour = Va = (2)

where p is the incoming mass density on both sides of the diffusion region, and B is the magnetic field
at the same location (Vasyliunas, 1975). From mass conservation it follows that the mass flow into the
diffusion region must equal the outflow. Defining the height and width of the diffusion region as § and
L respectively, and assuming incompressible flow (V-v = 0), steady-state mass conservation reveals the
following well established relation between the aspect ratio of the diffusion region and the flow velocities

oo Jin_ _ in (3)

L Vout VA

The velocity ratio in this equation is another common expression for the reconnection rate (Vasyli-
unas, 1975). Hence, when the reconnection rate is reduced by mass-loading, the aspect ratio of the diffu-
sion region must experience a similar reduction if the mass flow is incompressible. The reconnection rate
is often referred to as a macro-scale feature of the reconnection process, since it is a large-scale effect. The
aspect ratio of the diffusion region is on kinetic scales, and its reduction is therefore a micro-scale effect.
How these micro- and macro-scale effects are coupled is a long-standing question in magnetic reconnec-
tion which we will try to shed some light on in the following sections where we take a closer look at the
ion diffusion region.

4. Scale Change of the Ion Diffusion Region

When the reconnection process evolves, the cold ion population will be energized and both the cold and
the warm ions will participate. Earlier studies have shown that multiple plasma species partition the dif-
fusion region, where the cold ion diffusion region lies between that of the warm ions and the electrons
(Alm et al., 2019; André, Li, Toledo-Redondo, et al., 2016; Dargent, Aunai, Lavraud, Toledo-Redondo, &
Califano, 2019; Divin et al., 2016; Toledo-Redondo, André, et al., 2016). However, researching the scaling
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Figure 3. The height, width and aspect ratio of the total ion diffusion region for both runs. The baseline run continues expanding in both the inflow and
outflow direction through the full time interval. In the cold run, the expansion in the width is reduced, along with a clear reduction in the height as the cold
ions reach the reconnection site.

of the reconnection rate with the effect of mass-loading should involve the total ion population. Like in
fluid models, the aspect ratio of the ion diffusion region is expected to scale with the reconnection rate also
in kinetic plasmas. In this analysis, we therefore choose to treat the combination of the two ion species to
find effective ion diffusion region dimensions as that region transitions from being fully dominated by the
warm ion species to being influenced by the cold species. We only care about the dynamics of this com-
bined ion aspect ratio, not its actual size, and we therefore use simple methods that give an estimate of the
dimensions. In the inflow direction, we have defined the limit where the non-ideal terms in Ohm’s law for
the reconnection electric (Equation 6) field become dominant as a proxy for the diffusion region height. We
identify the point above and below the X-point where v.B, = 0.5E,, which defines the limit where E, goes
from being dominated by the frozen in v X B drift to being mostly diffusive. In the outflow direction the
dynamics are more complicated, and we therefore employ a different method. There we have defined the
limit where the local thermal ion Larmor radius becomes equal to the distance from the X-point as a proxy
for the diffusion region width (Divin et al., 2016). This is similar to comparing the bounce width of the ions
with the distance from the X-point.

Figure 3 shows the diffusion region width (L), height (5), and aspect ratio (§/L), all plotted around the time
interval where the cold ions arrive at the reconnection site. There is some noise in the estimation of the dif-
fusion region width in the cold run, caused by a high rate of island production, which can affect the calcula-
tion of the local Larmor radius. In order to avoid as much interference from islands as possible, the locations
in this figure are therefore selected manually. In this way, we have made sure that the chosen locations are
as close to the real boundary of the diffusion region width as possible, and not just an artificial boundary
caused by an island moving through the diffusion region. However, the noise is still significant enough that
we only look at the overall behavior through the full time interval. The baseline behaves as expected, with
gradually increasing width of the diffusion region as reconnection proceeds. In Figure 3 we see that when
the cold ions start to get involved around time = 96, the diffusion region height experiences a reduction
of about 50%. We also see a reduction in the expansion rate of the width at a later time. The net effect of
the cold ions on the diffusion region can be seen in the aspect ratio. Figure 3 shows that the aspect ratio is
significantly reduced during the time interval when the cold ions arrive before it stabilizes slightly below
d/L = 0.1. A similar reduction and stabilization is also present in the baseline run due to the expansion in
the outflow direction. However, since the baseline does not experience any reduction in the diffusion region
height, the drop is slower and less dramatic. In both runs, the stabilization around /L = 0.1 coincides with
the stabilization of the rescaled reconnection rate around the same value (not shown). This value for the re-
connection rate has been shown to be common between a variety of different reconnecting systems (Cassak
et al., 2017; Comisso & Bhattacharjee, 2016; Liu et al., 2017).
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To investigate the changes on micro-scales further, we take a closer look at the reconnection electric field, Ey,
which at the X-line is directly proportional to the reconnection rate. If we assume that the ions are frozen in
at the edges of the diffusion region, and that E, is the same at both the inflow and outflow edge, we obtain the
following relation:

vian = VourBz (4)

We use V-B = 0 and Equation 3 to rewrite this in an explicit form for the electric field:

o
E, ~v,B, ~ VABXZ 5)

This directly relates the reconnection electric field, that is, the reconnection rate, to the the Alfvén veloc-
ity and the aspect ratio of the diffusion region, which are both affected by mass-loading. In the following
section, we will investigate how micro-scale processes in the ion diffusion region caused by the inflow of
dense, cold plasma leads to a reduction in E,, and thereby a macro-scale reduction in the reconnection rate.

5. Role of Cold Ion Inertia

In order to investigate how E, is being reduced as the cold ions arrive, we take a closer look at all the con-
tributing terms as a function of z through the X-point. We express E, through the generalized Ohm’s law

E, —[—ﬁxlhiv-fwﬂ[v.vma—vn

Y qn q ot ©)

y

The first term on the right hand side of this equation describes the frozen in motion, the second term de-
scribes the contribution from the divergence of the pressure, and the third and fourth term describe the
contribution from the convective and temporal inertia respectively. In Figure 4, this is plotted for both the
cold and baseline run for different points in time. For time = 90, the cold ions have not yet arrived at the re-
connection site. At time = 98, the incoming cold fronts are just meeting at the X-point, while at time = 104
the cold population contributes about one third of the total density at the X-point. By comparing the cold
run and the baseline run, we see a significant contribution from the temporal inertia when the cold ions
are involved, which is not present in the baseline run. We also see that this contribution disappears at
time = 104, and the two runs become more similar. The reconnection electric field is reduced by this inertia
contribution during the transition when the cold ions go from not being involved to being fully involved
in the reconnection process. During this transition period the reconnection process reorganizes itself on
a kinetic level to incorporate the effects of the incoming additional mass density. In order to investigate
how this happens, we take a closer look at the dynamics of the cold ions as they enter the diffusion region.

In Figure 5, we have plotted the density and the y-component of the velocity in the cold run for the total,
warm and cold ion population as a function of z through the X-point. We show this for the same, and two
additional intermediate, points in time as we investigated in Figure 4. During the same time interval where
the negative inertia contribution to the reconnection electric field is significant, Figure 5 shows that the cold
ions have a negative v,, while the warm ions have a positive v,. Comparing the changes in these velocities
we see that the reduction of the total ion velocity causing the negative inertia contribution to E, is due to
the cold ions. When the cold ions approach the X-point, the system has already been reconnecting with the
warm plasma for some time, and the Hall electric field has been established. The cold ions move toward the
X-point like two density fronts and they are accelerated by the Hall-field. They are then turned by B, and
gain a negative v, which has a significant effect on the total ion v, in the diffusion region.

Later, when a large enough fraction of the cold population has had the time to demagnetize and participate in the
bouncing motion between the opposite B, regions, they have established a large enough pressure gradient in the z-di-
rection to exhibit diamagnetic drift. This drift is in the positive v, direction, and does eventually become dominant. In
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Figure 4. The contributing terms to the reconnection electric field as described in Equation 6 (@ = m = 1), as a function of z through the X-point before, during
and after the cold ions arrive at the reconnection site. The temporal inertia (red) has a significant contribution in the cold run, but a negligible contribution in

the baseline run.

sum, the interaction of these oppositely directed process causes a negative y-directed inertia only in the transition before
alarge enough density of the cold ions have had enough time to exhibit diamagnetic drift.

6. Discussion and Summary

In this work we have investigated the effect of mass-loading by a cold ion population on the evolution of
magnetic reconnection. We have looked at both macro- and micro-scale processes, and tried to establish how
these are coupled to each other. On macro-scales we have found that mass-loading reduces the reconnection
rate significantly, and that this is the dominating contribution to slowing down the reconnection process in
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Figure 5. Density and y-directed velocity of the ion populations in the cold run as a function of z through the X-point at different times. The top row shows the
total ion population, the middle row shows the warm ions and the bottom row shows the cold ions. The narrow peaks of positive velocity in the cold population
results from the turning at the outer edge of their bounce motion.

this setup. We then found this reduction in the reconnection rate to be consistent with a reduction in the
aspect ratio of the ion diffusion region, which is a micro-scale effect of mass-loading. Since the reconnection
rate can be given as the reconnection electric field we investigated how these processes are coupled by decom-
posing this field to its contributing terms. We found that the cold ions carry a significant negative temporal
inertia during the transition when they go from not being involved to being fully involved in the reconnection
process. This transition phenomenon is only significant until the cold ions have established a sufficiently
large positive diamagnetic drift to overpower the negative contribution. Through the full transition period,
some cold ions will travel in the negative y-direction, opposite to both the warm ions and the cold ions that
have established a diamagnetic drift. The negative temporal inertia evolves over several ion gyroperiods. This
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is within the resolution of MMS (Burch et al., 2016), and both the temporary negative inertia and the counter
streaming ions in the y-direction could therefore be observable as possible signatures of cold ion mass-loading
in observations.
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