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Abstract Wwe investigate the role of a background oxygen population in magnetic reconnection, using
particle-in-cell simulations. We run several simulations, with different initial oxygen temperatures and
densities, to understand how the reconnection rate is influenced, as oxygen is captured by the reconnection
process. The oxygen remains approximately demagnetized on the relevant time and spatial scales and
therefore has little direct (i.e., immediate mass loading) effect on the reconnection process itself. The
reconnection rate is independent of the initial oxygen temperature but clearly dependent on the density.
The reduced reconnection rate is twice as fast as predicted by mass loading. We describe a mechanism
where the oxygen population (and the associated electrons) acts as an energy sink on the system, altering
the energy partitioning. Based on a scaling analysis, we derive an estimate of the reconnection electric field
that scales as (1 + n,/ np)*l, where n, and n, is the oxygen and proton densities, respectively.

1. Introduction

Magnetic reconnection is the physical mechanism that facilitates the release of stored magnetic energy into
kinetic energy of charged particles. This process occurs on very small spatial scales and involves intricate
interactions between charged particles and fields in a region termed the diffusion region. In addition to
protons (H") and electrons, many plasma systems include heavier species such as oxygen (O"). In the mag-
netotail, the source of heavy ions is usually attributed to ionospheric outflow, which fills the magnetotail
lobes with cold heavy ions (Haaland et al., 2012). Varying conditions in the inflow regions, such as different
plasma populations or plasma properties, can impact the reconnection process. On both the dayside and
nightside, observations show the involvement of additional cold, dense plasma or plasma beams (André
et al., 2016; Borovsky & Denton, 2006; Fuselier et al., 2016; Kistler & Mouikis, 2016; Toledo-Redondo et al.,
2017) can alter the reconnection process and eventually slow down the reconnection rate. Heavy ions like
O* have larger Larmor radii than H* ions at the same velocities. This leads to a different kinetic behavior
and additional scale lengths in the system (Divin et al., 2016; Shay & Swisdak, 2004; Toledo-Redondo et al.,
2015). The presence of heavy ions can, if magnetized, mass load the system, and the resulting reduction of
the Alfven velocity is believed to be a mechanism which can slow down reconnection (Hesse & Birn, 2004;
Shay & Swisdak, 2004). In addition to the mass-loading effect, other mechanisms such as the effect of heavy
ions of the tearing growth rate (Karimabadi et al., 2011) and induced ambipolar (charge-separation) electric
fields (Liang et al., 2016, 2017) have been suggested. In addition to the new spatial scale, a new temporal
scale exists as a result of the mass dependency on the cyclotron frequency. O" has a 16 times lower cyclotron
frequency, which strongly influences the coupling to the magnetic field. Both the spatial and temporal scales
must be considered to determine whether O* is magnetized. If the evolutionary time scale of the recon-
nection process is small compared to the oxygen cyclotron frequency, then the O* remains are effectively
demagnetized and are therefore unable to mass load the system since it does not provide inertia to the inflow
or outflow flux tubes. For a very large system, where the evolution can last longer, O* will likely become
magnetized, and we expect the reconnection rate to scale as the inflow Alfven velocity (Shay & Swisdak,
2004). For shorter times scales, the kevolution is not clear.

In this manuscript we use 2.5-D particle-in-cell simulations to study the effect on the reconnection rate
when a separate oxygen population is included in the inflow region. We ran a series of simulations designed
to mimic an active magnetotail where ionospheric outflow has filled the lobes with O*. Using different tem-
peratures and number densities, we show how the reconnection rate is influenced. We show that the oxygen
density has a significant effect on the reconnection rate, but it does not scale as expected from mass loading.
Instead, the demagnetized Ot behaves as an energy sink on the system, extracting energy that otherwise
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would have been converted into mechanical energy of the protons. As a result, the reconnection rate is
reduced, and the reduction depends on the oxygen density. Based on a scaling analysis of how the different
species are energized, we arrive at a simple scaling that is in excellent agreement with the simulation results.
Our results and predictions can prove valuable for understanding the dynamics of multispecies plasma near
reconnection and for analyzing observations from, for example, NASA's Magnetospheric Multiscale Mission
mission.

2. Simulation Setup

Our simulations are designed to mimic the magnetotail conditions during enhanced geomagnetic activity.
During such conditions, ionospheric outflow from high latitudes enriches the magnetospheric lobes with
cold oxygen. Spacecraft observation shows that the density of oxygen in the plasma sheet can be the dom-
inating ion species during storm-time conditions (André & Cully, 2012; Kistler & Mouikis, 2016; Kistler
et al., 2005, 2006; Mouikis et al., 2010). Ions originating from the ionosphere are expected to be cold, where
observed temperatures range from 100 eV (Wygant et al., 2005) up to 260 eV (Seki et al., 1998). In comparison,
plasma sheet protons typically have temperatures of several kiloelectron volts.

We employ a 2.5-D (two spatial components and three fields and velocity coordinates) particle-in-cell sim-
ulation, which has previously been applied to a variety of reconnection problems (e.g., Hesse et al., 2001;
Tenfjord et al., 2018). The initial magnetic field configuration is a two-dimensional generalized Harris-type
equilibrium (see Hesse & Birn, 2004, for details) with zero guide field. The initial magnetic field, defined
as B, = B, tanh(z/4), where 4 = 2d,, is the half-width of the layer. All calculations use a proton/electron
mass ratio of m,/m, = 25 and oxygen/ion mass ratio of m,/m, = 16. A total of ~ 5 - 10° macroparticles is
employed, divided equally between the species. Boundary conditions are periodic at x = 0 and x = x,;,,.. At
the upper and lower boundaries, we employ specular reflection for particles, and the out-of-plane electric
field is set to zero, implying flux conservation in the simulation domain.

Mp

Lengths are normalized to the proton inertial length: d, = ¢/Q,; (=¢ ). Time is normalized to

4anpe?
the inverse of the proton cyclotron frequency: le (= T—Bp). Our simulation domain size is 200 x 50d,,,
divided into a grid of 3,200 X 1,600 cells. A time step of Q,6¢ = 1 is employed. The density is normalized
to the foreground current sheet density n,. The velocity is normalized to the proton Alfven speed, based on
n,. The foreground temperatures fulfill T, + T, = 0.5 and proton/electron temperature T, /T, = 5. The ratio
between the electron plasma frequency and gyro frequency is Q. /Q. = 2.

A uniformly distributed proton (H*) background with n, = 0.2 is added to the Harris-sheet density distribu-
tion, which leads to a peak density of n = 1.2. In addition to the uniform H* population, oxygen populations
with number densities ranging from n, = 0 to 0.4 are added to the inflow regions (“lobes”). The oxygen is
inserted outside the current sheet at |z| > 2.5d,,, henceforth referred to as the initial oxygen boundary.

We use a total of six simulations, three of which have already been used to describe acceleration of oxygen
and the formation of density striations (Tenfjord et al., 2018). These runs all had oxygen density n, = 0.1
and background proton density n, = 0.2, referred to as “n, = 0.1 run” with different temperatures. When
a oxygen population with a finite temperature is added to the simulation, this additional pressure must be
balanced by a reduction of the foreground temperature. For the “n, = 0.1 run (T, = 200 eV),” the foreground
proton temperature has been reduced from T, ~ 042 [m - Vj] (T, = 0.08) to T, ~ 041 (T, = 0.05) in
simulation normalized units and the difference added to the oxygen (and associated electron) temperature.
For the “n, = 0.1 run (T, = 1keV),” the new foreground temperatures are T, ~0.375 [m- Vj] (T, =0.05).
The three additional runs also have a uniform background proton population with density n, = 0.2 but
with different oxygen densities. The “n, = 0.2” and “n, = 0.4” runs have oxygen densities of n, = 0.2
and n, = 0.4, respectively, and zero oxygen temperature. The “H* run” has no oxygen population but is
otherwise equal to the runs that include oxygen. A detailed description of the simulation setup is found in
Tenfjord et al. (2018).

3. Reconnection Rate

Based on a Sweet-Parker analysis, the reconnection rate scales with the Alfven velocity based on the total
mass density in the system. From V;, ~ (6§/L)V,, where V;, represents the inflow velocity, 6 and L is the
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Figure 1. (a) Reconnection rate for the six simulations. (b) Overall magnetic energy in simulation domain as function of time. Magnetic energy defined as

[ B*/2

dxdz. The initial magnetic energy is subtracted so that it represents the change in magnetic energy from the initial stage.

height and the width of the diffusion region, and the Alfven velocity (Vj = B?/pu,) represents the outflow
velocity. It follows that the reconnection rate is reduced as the mass increases (Alfven velocity decreases).
This process is analogous to considering the flux tubes as more inert, so that more energy is spent on
increasing the flux velocity when carried by a heavier mass. This requires that the plasma is magnetized.

Figure 1a shows the reconnection rate for our six simulations. Rate of reconnected flux is defined as
% e = % / B -iida (= [ E,dy). The Alfven velocity used for normalization is based on the foreground
proton number density in the current sheet at t = 0 and is thus equal for all runs. The run without oxygen
(H* run) reaches a peak reconnection rate of nearly 0.15, while the runs including O* have a significantly
lower rate, which is clearly dependent on the O* number density. Since the oxygen is inserted 2.5d,, above
and below the current sheet at the start of the simulations, a transition period exists where reconnection
proceeds with only H*, before eventually the O* population is captured. The O* gets involved approxi-
mately at ¢ = 80. This is particularly evident for the n, = 0.4 run which has a peak rate of about 0.07 at
t = 70, before reducing to ~0.055 at t = 80. The dashed lines show two simulations with the same num-
ber density n, = 0.1 and temperatures of T, = 200eV and T, = 1keV. The reconnection rate for these
two runs that include temperature and the n, = 0.1 run is close to identical, showing that the tempera-
ture does not have a significant effect on the reconnection rate. The values for the reconnection rates are
summarized in Table 1 . Figure 1b shows time as a function of the decrease in integrated magnetic energy
AUz =0.5 / (B(t = 0)— B%(1)) dxdz. The remaining figures are presented as a function of the total mag-
netic energy in the simulation domain. This allows us to compare the different runs at similar evolutionary
stages, meaning each run has approximately reconnected the same amount of magnetic flux.

Based on the mass-loading effect, the reconnection rate should scale as the Alfven velocity of the total mass.

Therefore, we expect the difference in the reconnection to scale like
0.1 run, which has a total mass density of 0.2m, +0.1m, = 1.8m,, the expected reconnection rate would be
~0.05, while Figure 1a shows that it reconnects twice as fast (~0.1). The same is true for the other runs.

(myn, + m,n,)/(m,n,). For the n, =

Table 1
For Each Simulation: Expected Reduction of Reconnection Based on Mass Loading, the Actual Reduction
From Model, and E,, Scaling From Equation (14)

Runs Expected reduction (rate) Actual reduction (rate) E), scaling (equation (14))

Ht

n, =0.1
n,=0.2
n, =04

1(0.15)
0.33 (0.05)
0.25 (0.037)
0.18 (0.026)

1(0.15)
0.65(0.10)
0.50 (0.078)
0.35(0.055)

1
0.66
0.5
0.33
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Figure 2. Energy distribution between the different populations. (a) Integrated mechanical (thermal and kinetic) energy of H+, (b) total electron energy, and

(c) Ot energy.

The inclusion of heavy ions introduce an additional time scale to the system due to the cyclotron frequency's
mass dependence. Whether the oxygen is magnetized or not therefore depends on its temperature and the
systems evolutionary time scale compared to the oxygen cyclotron frequency.

In our simulations, we find that the O" is dominated by electric forces and remains approximately demagne-
tized for all relevant timescales. Hence, if the evolutionary time scale of the reconnection process occurs on
time scales much shorter than the O* cyclotron period, the reduction of the reconnection rate scales not as
simple mass loading but through some different mechanism. Tenfjord et al. (2018) found that O* was ballis-
tically accelerated, primarily by the Hall electric field (E,). The authors also found that the O* did not play a
direct role in the reconnection process; instead, the O behaved approximately like “test-particles”—affected
mainly by the present electric fields. Even though the O* population and associated electrons do not directly
influence the reconnection process, they do extract energy from the fields that would otherwise be available
for accelerating protons and electrons. In order to understand how the presence of the unmagnetized O*
alters the energy partitioning, we proceed with an energy analysis in the simulation domain.

In Figure 2, we show the mechanical energy distribution between the different species as a function of
-A [ B? dxdz. The mechanical energy represents the integrated kinetic and thermal energy over the
entire domain, plotted as a function of magnetic energy. In Figure 2a, the blue line shows the amount of
kinetic energy converted from magnetic energy for the run without O*. Without any additional species, the
acceleration and heating of the H™ is the primary energy sink of the system. The sum of the H* and electron
energy adds up to the magnetic energy spent. In Figure 2c, we see the energization of the O" population.
The O*, which is initially at rest, is captured by the reconnection process after about —A [ B2/2 dxdz =
250(t ~ 80) and starts to significantly alter the energy partitioning. Since n, = n,+n,, the additional electron
concentration also becomes a significant energy sink (Figure 2b).

This demonstrates that even though the oxygen remains approximately demagnetized, both O* and the
associated electron density still get energized and alter the energy partitioning of the system. This means that
the O*, along with the additional electron density, acts as an energy sink on the system. Since the electric
fields must be self-consistently supported by any of the particle species, a reduction of the mechanical energy
of the protons should be associated with a smaller reconnection electric field. In the next section, we test
this hypothesis and investigate how the energization of the O* alters the reconnection rate.

4. How the Reconnection Rate Scales With Oxygen Density

In this section we present a physical scaling analysis, where the role of the energization of the different
species are related to each other. Our analysis is based on the momentum equation of each species, and the
final expressions are evaluated within the proton diffusion region, as a simple pressure balance argument.
Since the electric fields need to be self-consistently supported by any of the particle species, the scaling

TENFJORD ET AL.

6198



~u
AGU

100 Geophysical Research Letters 10.1029/2019GL082175

ADVANCING EARTH
AND SPACE SCIENCE

0.18 - H+ run a)
0.15 - n=0.1 run
n=0.2 run
L 012 n=0.4 run
w

0.09 - —
0.06 |-
0.03 -

0 I I I I ! |
0 100 200 300 400 500 600

A [B22

Figure 3. (a) Reconnection rate as shown in Figure 1 as a function of the change in magnetic energy. (b) Ratio between
the four E,. and E‘;”r“n (reconnection rate for the H* run). (c) Reconnection rate estimated from the gradient of
nongyrotropic pressure components in the proton diffusion region. (d) Reconnection rate estimated from equation (14)
in (Hesse et al., 1999). (e) Reconnection rate estimated by P,,.
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analysis describes the effect on the reconnection electric field as an unmagnetized species extracts energy
from the system. As expected, the scaling depends on the O* density, signifying that a higher concentration
acts as a larger energy sink on the system, which results in a smaller reconnection electric field. Figure 3
shows several estimates for the reconnection rate E, based on the proton species, all as a function of magnetic
energy. Figure 3a is the reconnection rate as shown in Figure 1, while Figure 3b shows the ratio between
each run and the baseline run. Figures 3c-Figure 3e (which will be discussed in the proceeding discussion)
are calculated using the maximum value from a cut in the z direction through the reconnection site.

In order to develop a scaling relation for the reconnection rate, we begin by analyzing the proton momen-
tum equation. In the proton diffusion region, the z component of the proton momentum equation is
approximately:

E, ~ L 9, ®

qn, 0z %
where the terms have their usual meaning and the superscript specifies the species. The change in pressure
from approximately zero to P, occurs over the scale of the Hall region, Lyy,;;, and is thus proportional to E:

PP~ qny Ly Ey. 2

The primary mechanism controlling the dissipation in the vicinity of the reconnection site is associated
with nongyrotropic pressure effects with spatial scales comparable to the species Larmor radius (Hesse et
al., 1999). While usually written for the electron species, the same must apply for the protons Kuznetsova
et al. (2007). Thus, we express the reconnection electric field as a function of the nongyrotropic pressure
component of the protons. In Figure 3c, the reconnection rate is estimated as the spatial derivatives of the
nongyrotropic proton pressure (Hesse et al., 1999).

B o~ L (iPP+iPP>. 3)

Yogn, \ox oz ¥

Itisreasonable to assume that the nongyrotropic pressure tensor components depend linearly on the average
kinetic energy, that is, on the trace of the tensor. If we further assume that the derivatives in equation (3)
are of approximately the same magnitude and neglect the difference between P, and P,,, we can write the

reconnection electric field as
1 P
E,~— | p— @
qnp LHall

where f is a proportionality constant relating the off-diagonal to the diagonal pressure term and Ly, rep-
resents the scale length. Figure 3d shows the reconnection rate estimated from Hesse et al. (1998) and
Kuznetsova et al. (1998), where the authors assumed a linear relationship between the nongyrotropic pres-
sure tensor components and the trace of the tensor. Figure 3e shows the diagonal proton pressure divided
by the proton density, and although the scales are different, the correlation to the actual rate is in good
agreement.

We now arrive at an expression relating Pk, to the reconnection electric field:

E,
sz ~ qhp Ly 7 5)

By the same arguments as above, we can relate P;, of the electrons to Ey:

P ognl 2 6
qneEDRa' (6)

z

The proportionality constant « relates the nongyrotropic and gyrotropic electron pressure, and the spatial
derivative is estimated as the electron diffusion region (EDR) scale length, L,z . The kinetic energy gained by
the oxygen particles is proportional to E,. We make the simplifying assumption that, in the proton diffusion
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region, this energization expresses itself primarily as thermal energy. We can then relate the energization of
the oxygen to the Hall electric field, such that

Pz(; ~ qnoLHallEZ’ @)

where we have assumed that the associated length scale is equal to Hall Ly, since OF primarily gets
energized by Hall E, (proton diffusion region scale). Using equations (2) and (5), we can relate E,, to E,;:

E, ~ PE,. ®)
This allows us to express Pg as a function of E:

E
ch; ~ qnoLHallfy' ©)

Equations (5), (6), and (9) represent the gyrotropic pressure of the protons, electrons, and O* as a function
of the reconnection electric field E,,.

The magnetic field represents a finite energy source, and we now quantify how much energy is converted
into the different species within the proton diffusion region. In the proton diffusion region, proton bulk
flows are small; hence, the combined pressures of the protons, oxygen, and electrons balances the external
magnetic pressure:

B o p P +P° t (10)
20 + P + P, + P  ~ const.

Substitute equations (5), (6), and (9) into equation (10),

BZ Ey Ey Ey
2_/40 + qanHau? + qneLEDR; + qnoLHaH? ~ const. €8y

Define A, = qLppg and A, = gLy, substitute n, = n, + n,, and simplify

B2 _ _
o +E, (A7 (ny + ny) + Aca™ (n, + 1)) ~ const. (12)

If we define A = A " + A,a™" or A" = gLy f " + qLgpra™, this becomes

B? '
const — o ~AE, (n,+n,). (13)

Note that the left-hand side and the constant A" do not depend on the oxygen concentration. Hence, we
conclude that the reconnection electric field should scale like
1

1+
np

E, ~

(14)

In the first column of Table 1, we list the expected reduction of the reconnection rate (mass-loading effect:
Alfven velocity of total mass) relative to the H run and the expected reconnection rate in parentheses. The
second column lists the actual reconnection rate reduction and rates, while the third column uses equation
(14) to scale the rate. The actual and estimated reconnection rates are in excellent agreement.

In the above derivation, we assume that the O* population remains unmagnetized throughout the recon-
nection event. While this condition prevails throughout our entire simulation run, it seems clear that a
longer-lasting reconnection process will eventually magnetize oxygen as well. In such a situation, the reduc-
tion should scale as the Alfven velocity of the total mass as the flux tubes becomes more inert. Therefore,
the present energetically coupled situation constitutes a, perhaps, surprisingly long transitional phase.
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5. Discussion and Summary

As we noted above, our scaling only applies for an unmagnetized species. In Earth's geospace, O* is the
most likely candidate. In other planetary systems, the scaling should apply for other heavy unmagnetized
species, such as SO, (Bodisch et al., 2017). Another interesting property of the scaling is its lack of mass
dependency. This is a result of the lack of magnetization and simply means that a species with higher mass
will be accelerated to a lower velocity—maintaining the same kinetic energy.

We have shown that when the plasma includes a heavy unmagnetized species, such as O, the reconnec-
tion rate is significantly reduced. If the heavier species are unmagnetized, the decrease in reconnection rate
does not scale in the same way as simple mass loading. Specifically, the O* population remains demagne-
tized on time and spatial scales much larger then the evolutionary time scale of the reconnection process.
Instead, the dynamics of O* is dominated by electric forces and acts as an energy sink on the total energy
reservoir. Since the O* does not directly participate in the reconnection process, its role (along with the
additional electrons) instead becomes to extract energy that would otherwise be available for the protons.
If the reconnection process continues for an extended period of time, it is likely that the oxygen popula-
tion will eventually become magnetized and mass load the system. Figure 1 shows the reconnection rate
of the baseline run temporarily decreases between t = 60 and 75 (energy level 450-700), one may specu-
late whether the actual reconnection rate stays at 0.15, and in that case, the scaling at this time moves into
direction of mass-loading scaling. An alternative interpretation could be that the second peak t = 70-90 rep-
resents the destruction of one or multiple islands which leads to a temporary increase in the reconnection
rate. From this perspective, the reconnection rate scales more like our E,-scaling (equation (14)), signifying
that the oxygen is still demagnetized. The mechanism described in this manuscript differs from the mech-
anism proposed by Liang et al. (2016). The authors ran two simulations, one with equal number density of
O" and H* and one simulation with H only. The authors found that the reconnection rate is more than
doubled for the simulation with H* only, compared to the simulation that included O*. They propose that
the reduced reconnection is a result of the oxygen inertia which encumbers the outflow and that ambipolar
electric fields are set up to accelerate the O*. Based on equation (14), our scaling predicts that the recon-
nection should reduce by 50%, which is close to their ~43% reduction—a result indicating that the oxygen
energy sink may play a role in their model as well. Other studies investigating the role of O" on the recon-
nection rate commonly employ equal mass density setups such that the Alfven velocity is unchanged, and
other effects of O™ may be studied (e.g., Hesse et al., 2001; Markidis et al., 2011). For equal mass density
on our scaling, equation (14) predicts that the reconnection rate is reduced by only 5%, meaning that the
O* did not become a significant energy sink in the system and is thereby unable to significantly affect the
reconnection rate. Whether O* is magnetized should be determined by standard criteria, for example, ratio
gradient scale length compared to larmor radius, or in our case, an additional criterion is related to a com-
parison of the evolution time scale to the larmor cyclotron time for the oxygen, whenever feasible. In light of
these results, it may be necessary to consider the oxygen population as demagnetized and not being able to
mass load the reconnection process. This depends on the evolutionary stage the reconnection process cur-
rently is at; if early in the evolution or if the reconnection event is bursty, it is reasonable to believe that the
reconnection will scale as dictated by equation (14).

Our findings are summarized as follows.

1. The presence of O" (or other heavy ions) significantly decreases the reconnection rate.

2. The O* temperature has no significant effect.

3. Additional plasma species (and the associated electrons) alters the energy deposition between the species
and depending on the concentration becomes a major energy sink.

4.Based on a scaling analysis we found, in agreement with the simulations, that the reduction of the

. . 1
reconnection rate scales like ———.
(14n,/ np)

Our results predict the impact of a cold oxygen population of reconnection in the magnetotail and other
environments. We hope that they will stimulate research based on space mission data, in particular the
Magnetospheric Multiscale mission.
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