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Key Points: 

 Model results show that the Martian magnetotail is highly dynamic due to magnetic 

reconnection.  

 The numerical simulations predict that the Mars-ward plasma flow, due to magnetic 

reconnection, is faster for lighter ions, consistent with MAVEN observations.  

 The HMHD-EPIC model simulations predict that the ion loss rates are more variable, 

but with similar mean values as compared with HMHD model.  
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Abstract 

Mars Atmosphere and Volatile EvolutioN (MAVEN) Mission observations show clear 

evidence of the occurrence of the magnetic reconnection process in the Martian plasma tail. 

In this study, we use sophisticated numerical models to help us understand the effects of 

magnetic reconnection in the plasma tail. The numerical models used in this study are 1) a 

multi-species global Hall-MHD model, and 2) a global Hall-MHD model two-way coupled to 

an embedded fully kinetic Particle-in-Cell (PIC) code. Comparison with MAVEN 

observations clearly shows that the general interaction pattern is well reproduced by the 

global Hall-MHD model. The coupled model takes advantage of both the efficiency of the 

MHD model and the ability to incorporate kinetic processes of the PIC model, making it 

feasible to conduct kinetic simulations for Mars under realistic solar wind conditions for the 

first time. Results from the coupled model show that the Martian magnetotail is highly 

dynamic due to magnetic reconnection, and the resulting Mars-ward plasma flow velocities 

are significantly higher for the lighter ion fluid, which are quantitatively consistent with 

MAVEN observations. The HMHD-EPIC model predicts that the ion loss rates are more 

variable, but with similar mean values as compared with Hall-MHD model results.  

 

1. Introduction 

Magnetic reconnection is a fundamental physical process in space plasmas in which the 

magnetic topology changes rapidly and magnetic energy is converted to kinetic energy 

through acceleration or heating of charged particles [Sonnerup, 1979; Paschmann et al., 2013; 

Burch et al., 2016]. The magnetic reconnection process plays important roles in many space 

plasma environments, producing various phenomena such as solar flares, coronal mass 

ejections, geomagnetic storms and cometary tail disconnection [Russell et al., 1986; Masuda 

et al., 1994; Lin and Forbes, 2000; Yokoyama et al., 2001; Angelopoulos et al., 2008].  

Magnetic reconnection is a cross-scale phenomenon [Paschmann et al., 2013]. The magnetic 

reconnection region contains three distinct layers: the large-scale outer layer, where the fluid 

approximation and frozen-in conditions are appropriate; a small-scale ion diffusion region; 

and a micro-scale electron diffusion region in the close vicinity of the reconnection X line. 

The thickness of the ion diffusion region is a few ion inertial lengths (c/pi, where c is the 

speed of light and pi is the ion plasma frequency). In this region, ions are demagnetized and 

decoupled from the electrons; thus non-MHD effects are important. Kinetic simulations 

[Hesse et al., 2001] and observations [Oieroset et al., 2001] showed that Hall currents are 

generated inside the region associated with the formation of the out-of-plane quadrupolar 

magnetic fields. The electron diffusion region is about 43 times (the square root of the 

proton-electron mass ratio) smaller than the ion diffusion region. Magnetic reconnection is 

initiated inside the electron diffusion region, where electrons are demagnetized. In this region, 

electron inertial and non-isotropic pressure gradient effects become important to produce a 

parallel electric field and current, which together cause the dissipation of magnetic energy 

[Yamada et al. 2010, Paschmann et al., 2013].  

At magnetized planets with global dynamo fields, such as Earth, magnetic reconnection 

between solar and planetary magnetic fields plays a central role in the dynamics of the 

intrinsic magnetospheres [e.g., Dungey, 1961; Russell, 2001; Southwood and Chane, 2016]. 

When the direction of the interplanetary magnetic field is opposite to the planetary magnetic 

field, magnetic reconnection has been observed both on the dayside magnetopause 

https://en.wikipedia.org/wiki/Magnetopause
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[Paschmann et al., 1979, Phan et al., 2000] and in the magnetotail [Oieroset et al., 2001]. 

This process allows mass and momentum transfer from the solar wind into the 

magnetosphere [Mozer et al., 2002].  

Magnetic reconnection was also observed at unmagnetized planets such as Venus and Mars 

[Zhang et al.,2012; Eastwood et al., 2008; Halekas et al., 2009], but the role of magnetic 

reconnection is still poorly understood because of the scarcity of relevant in-situ observations. 

Plasma environments around Venus and Mars are drastically different compared with that of 

the Earth, due to the lack of substantial planetary magnetic fields [Russell et al., 2006, 2007; 

Nagy et al., 2004]. As there are no strong internal magnetic fields to stand off the fast-

flowing solar wind, unmagnetized planets interact with the solar wind in a much more direct 

way, with the highly conducting planetary ionosphere as the primary obstacle to the flow. 

The solar wind is heated and slowed across the shock and diverted around in the 

magnetosheath region. Inside the sheath is a well-defined thin plasma boundary named the 

magnetic pile-up boundary (MPB), which separates the magnetic pile-up region (MPR) 

region from the shocked solar wind.  The magnetic field piles up and drapes around the 

highly conducting dayside ionosphere. The draping fields form a magnetotail on the nightside 

with anti-parallel magnetic fields in the two lobes, with the polarity of the field controlled by 

the orientation of the transverse (relative to the flow) component of the interplanetary 

magnetic field [Yeroshenko et al., 1990; Schwingenschuh et al., 1992]. 

The first direct evidence of collisionless magnetic reconnection at Mars was reported by 

Eastwood et al. [2008], using data from Mars Global Surveyor (MGS), in combination with 

Particle-in-Cell (PIC) simulations of reconnection. The evidence (including the Hall magnetic 

field structure, bifurcated current sheets, wave activity, and secondary islands) indicated that 

the spacecraft passed through the diffusion region where reconnection was initiated. Halekas 

et al. [2009] surveyed all the MGS mapping data and found 26 reconnection events, mostly in 

the tail region or terminator/polar regions, with magnetic fields consistent with the expected 

polarities of Hall fields near the diffusion regions. However, MGS did not carry any ion 

instruments onboard, thus no simultaneous ion measurements were available associated with 

those magnetic reconnection events precluding the evaluation of the reconnection effect on 

ions. 

A magnetic reconnection event was recently reported based on plasma observations from the 

ongoing Mars Atmosphere and Volatile EvolutioN (MAVEN) mission [Jakosky et al., 2015]. 

The MAVEN payload conducts simultaneous measurements of ions, electrons, and magnetic 

fields with the state-of-the-art instruments with sufficient time, energy, angle, and mass 

resolution, thus for the first time providing comprehensive demonstration of magnetic 

reconnection signatures in the Martian magnetotail [Harada et al., 2015]. The first MAVEN 

reconnection event was observed on 4 December 2014, a month after the spacecraft began 

science operations. The observed reconnection signatures include the closed magnetic field 

topology in the central tail current sheet, Hall magnetic fields, Mars-ward ion bulk flows with 

counterstreaming beams in the closed field region, the coexistence of cold ion inflow and 

Mars-ward O2
+
 ion beams with energy dispersion in the separatrix region [Harada et al., 

2015]. Given the ever-changing magnetic topology and the complex interplay between solar 

wind, crustal, and draped magnetospheric field lines at Mars, it was suspected that 

reconnection should be relatively common in the Martian magnetosphere [Halekas et al., 

2009]. Recently, Harada et al. [2017] conducted an extended survey of reconnection 

signatures observed in the Martian magnetotail by the MAVEN mission, and estimated that 

the occurrence rate of tail reconnection is ∼1–10% or even higher. Some studies suggested 

https://en.wikipedia.org/wiki/Magnetotail
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that reconnection may play a crucial role in controlling the dynamics of the Martian 

magnetotail [Krymskii et al., 2002; Brain, 2006; Brain et al., 2010; Halekas et al., 2011].  

 

As the magnetotail provides one of the major channels through which planetary ions escape 

from unmagnetized planets [Barabash et al. 2007a, 2007b; Brain et al., 2010; Dubinin et al., 

2011], understanding the magnetic reconnection process and associated particle acceleration 

mechanism in the magnetotail is a critical step toward determining the atmospheric loss of 

unmagnetized planets. In this paper, we focus on the 4 December 2014 magnetic 

reconnection event observed by MAVEN, studying numerically the magnetic reconnection 

process and its global consequences in the plasma tails of Mars.  The description of the 

numerical models and detailed coupling algorithm are provided in section 2. The simulation 

setup and model results are presented for the Hall MHD (HMHD) model in section 3, 

together with the comparison of model results with relevant MAVEN plasma observations 

along the spacecraft orbit for the magnetic reconnection event. Results from the HMHD-

EPIC model are presented in section 4. The paper is concluded with a brief summary in 

section 5. 

2. METHODOLOGY:  

We use both a global HMHD model and an innovative two-way coupled fluid-kinetic 

approach to study the effect of the magnetic reconnection process at Mars. The HMHD 

model has been applied to Titan [Ma et al., 2007]. The two-way coupled model links the 

global HMHD model with an embedded Particle-in-Cell (PIC) code. Such modeling 

capability has been developed recently [Daldorff et al., 2014] in the SWMF (Space Weather 

Modeling Framework) at the University of Michigan to couple the MHD model with a 3D 

semi-implicit particle-in-cell (iPIC3D) model [Markidis et al., 2010]. It has been successfully 

applied to Ganymede [Toth et al., 2016] and Earth [Chen et al., 2017] and this approach is 

adapted to Mars in this study. The MHD-EPIC algorithm takes advantage of the efficiency of 

the global MHD model and the ability of the PIC model to include kinetic effects. This makes 

it feasible to perform kinetic simulations of reconnection under realistic solar wind condition.  

2.1 Multi-species HMHD Model of Mars 

The global MHD model for Mars uses the state-of-the-art BATS-R-US (Block Adaptive-Tree 

Solar-wind Roe-type Upwind Scheme) platform [Powell et al., 1999; Toth et al., 2012]. The 

BATSRUS code uses a block-based grid structure, which allows refining the grid in the 

selected regions of interest to achieve high resolution and coarsen the grid in less interesting 

regions to lower resolution.  

The multi-species MHD model of Mars has been described in detail by Ma et al. [2004, 

2014a]. The model self-consistently calculates the magnetic field, plasma velocity and mass 

densities of protons and three major ionospheric ion species (O
+
, O2

+
 and CO2

+
). A 3-D 

realistic ionosphere is generated self-consistently in the model by considering major 

ionization sources, including photo-ionization and electron impact ionization together with 

density changes caused by charge exchange and dissociative recombination reactions.  

The multi-species MHD model of Mars has been recently upgraded to include the rotation of 

the crustal field [Ma et al., 2014b] in a time-dependent mode and to calculate photoionization 

rates using an improved method of the Chapman function [Ma et al., 2015] instead of a 

simple cosine approximation of the solar zenith angle.  
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In the present study, the Hall term is included in the magnetic induction equation: 

  

  
        

 

  
    

 

  
       (1) 

where n is the total ion number density, u is the velocity of ions, e is the unit charge and Pe is 

the electron pressure, assumed to be half of the plasma pressure. All the other variables have 

their conventional meanings. The three terms on the right-hand side of the equation are the 

convection term, the Hall term and electron pressure gradient term, respectively. The 

inclusion of the Hall term allows the ions and electrons to decouple below the ion inertial 

scale length. The magnetic field lines are still frozen to the electrons, but the “frozen-in” 

condition between ions and magnetic field lines is broken.  The HMHD model has been used 

in Titan [Ma et al., 2007] and Ganymede [Toth et al., 2016] simulations. As discussed before, 

the Hall effect becomes important in the ion diffusion region, so even though the HMHD 

model is still limited by its fluid assumption, it is more appropriate for the magnetic 

reconnection study than the MHD model that neglects such an effect. In addition, the 

coupling of HMHD with PIC model works better than with ideal MHD, because whistler 

waves can propagate across the interface. 

Grid system:  

Similar to previous Mars model runs [Ma et al., 2014], the calculations are performed in the 

Mars-centered Solar Orbital (MSO) coordinate system, with the X-axis pointing from Mars to 

the Sun, the Y-axis approximately anti-parallel to Mars' orbital velocity, and the Z-axis 

completing the right-handed coordinate system. The computational domain is set to be -

24RM<X<8RM, -16RM<Y, Z<16RM, where RM is the radius of Mars (RM=3396 km). This 

computational domain is large enough to minimize numerical artifacts from the outer 

boundary.  

 

Figure 1 shows the 2D meridian plane cut of the grid used in the global model. We use a non-

uniform spherical grid to provide high radial resolution in the ionosphere (~10km). The 

angular resolution is three degrees uniformly in both azimuthal and longitudinal direction.  The 

grid is similar to previous Mars runs [Ma et al., 2014], except an additional refinement is 

performed in the tail region to provide better resolution near the reconnection site. The grid 

resolution in radial direction varies from 30 km in radial direction at -1.3 RM to 270 km at -4.5 

RM. The total number of cells used in the simulation is roughly 1.3 million.  

Boundary conditions: 

The inner boundary conditions are the same as used in Ma et al. [2004, 2014b, 2015]. The 

inner boundary is set at 100 km altitude, which is a collision-dominated region. Since the ion 

transport is negligibly small in such regions, it is safe to assume that all the ion densities are 

in photochemical equilibrium at the inner boundary. Plasma temperature (TP) is assumed to 

be twice the neutral temperature, and the pressure is set accordingly at the inner boundary. 

The magnetic field is set to be the same as the crustal magnetic field. Note that the crustal 

field model is updated with a degree and order 110 spherical harmonic model [Morschhauser 

et al., 2014]. Comparison of this model and the Arkani-Hamed [2001, 2002] order 60 model 

shows a small difference in the strong crustal field region, but a relatively large difference in 

the weak crustal field regions. The new crustal field model has lower noise, especially in the 

weak crustal field regions. The crustal field configuration is updated every 10 seconds using 

the actual rotation axis and rotation period.  
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2.2 Implicit Particle-in-Cell Model: iPIC3D 

As non-MHD effects play important roles in the magnetic reconnection process, a kinetic 

model is needed to numerically study the reconnection process. The most frequently used 

kinetic approach is the particle-in-cell (PIC) model, which solves for the motion of electron 

and ion macro-particles (computational particles that represent many real particles), together 

with the full set of Maxwell’s equations for the electric and magnetic fields. In this study, the 

implicit PIC code iPIC3D [Markidis et al., 2010] is applied to the plasma tail region to 

understand the magnetic reconnection process.  This model solves the electromagnetic fields 

on a uniform 3D Cartesian grid with an implicit scheme, which can eliminate the severe 

numerical stability constraints of the explicit PIC algorithm. It allows a large simulation time 

step (hundreds of times the electron plasma frequency), reaching MHD time scales but still 

retaining plasma kinetic effects.  

In the iPIC3D model, particles are initialized with a specific number of ion and electron 

macro-particles per grid cell. The particles can freely move between the cells based on the 

Lorentz force. A coupled boundary is used for the PIC model to mimic the inflow and 

outflow of the plasma into/out from the simulation domain [Peng et al., 2015; Chen et al., 

2017]. A particle is simply lost if it exits the boundary of the PIC domain. Particles can also 

move into the PIC region from the surrounding ghost cells, which are filled in with Ni ion 

macro-particles for each ion species and Ne electron macro-particles for every time step based 

on boundary conditions provided by the HMHD model. The total number of particles in each 

cell can change in the simulation, but normally does not differ significantly from the original 

number. The mass ratio of proton to electron is set to Mp/Me = 100, which is smaller than the 

real ratio. Studies have shown that the time scale of magnetic reconnection onset is nearly 

independent of the electron mass. The implicit PIC algorithm has been validated for both the 

anti-parallel and the guide field reconnection cases, and demonstrated both the effectiveness 

of algorithm and the ability of the code to solve multi-scale problems [Markidis et al., 2011; 

Markidis et al., 2013].  

2.3 MHD-EPIC Coupling within the Space Weather Modeling Framework 

The BATS-R-US and iPIC3D models have been integrated into and coupled through the 

Space Weather Modeling Framework (SWMF). Details of the coupling approach between the 

BATS-R-US and iPIC3D models have been provided in Daldorff et al. [2014]. The coupled 

model has been successfully applied to Ganymede [Toth et al., 2016] and Earth [Chen et al., 

2017] 

To study the reconnection event at Mars, we first obtain an approximate steady-state solution 

by running the multi-species global HMHD model of Mars in time-dependent mode for 

sufficient long time (one hour physical time in this case) in the full computational domain. 

Based on the global HMHD model results, the potential reconnection regions can be 

identified based on magnetic field geometry. Then we restart the SWMF in the coupling 

mode with the PIC domain specified around the reconnection sites. At the beginning of the 

first time step of the coupling, the MHD solution (density of each ion species, velocity and 

temperature and magnetic field) inside and around the PIC regions is sent to iPIC3D, which 

initializes the ion and electron macro-particles assuming Maxwellian distributions with the 

same mass, momentum, and energy densities as the MHD solution, with the algorithm 

detailed by Daldorff et al. [2014]. Different ion macro-particles have different weights based 

on their mass densities, but are initialized with the same bulk velocity and temperature. MHD 
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model passes the magnetic field B to PIC, and the electric field is calculated as E = − ue   B, 

with the Hall effect included. Here ue is electron velocity, which is defined as ue = ui − J/ne. 

In subsequent time steps, the iPIC3D is advanced with boundary conditions provided by 

BATS-R-US, which is used to generate particles and to set the magnetic and electric fields in 

the ghost cells of the PIC grid. The iPIC3D solution is then sent back to BATSRUS to 

overwrite the MHD results inside the PIC domain. Note that the electron pressure gradient 

term is currently neglected when the electric field is initialized for the PIC code from the 

MHD solution, and similarly, it is neglected when the electric field is calculated from the 

MHD quantities at the boundaries of the PIC domain. This term is typically quite small away 

from the reconnection site, so its effect on the plasma dynamics should be negligible. Once 

the PIC model has run for a while, the effects of the initial conditions are erased, while the 

boundaries of the PIC domain are typically placed far from the reconnection sites. In fact, we 

checked and found that at the boundaries of the PIC region, 

 In the near future, we do plan to implement the gradient Pe term in the coupling for 

sake of completeness, but we do not expect that this would have a significant effect on the 

solution. 

To make the MHD-EPIC applications more productive, a new general coupler has been 

developed to efficiently transfer data between the BATS-R-US and iPIC3D processes [Toth 

et al., 2016]. The new coupler can be applied to arbitrary grids, and it allows the BATS-R-US 

and iPIC3D to use different grid structure, grid resolution and time step. This is particularly 

important for the application to Mars, as the global MHD model of Mars is using an adaptive 

spherical grid structure. This is also the first time that the PIC model is coupled with a multi-

species global MHD model. As there are multiple ions co-existing in the Martian tail, this 

feature is essential in order to properly simulate the reconnection process at Mars. Multi-ion 

reconnection has been investigated using two and half dimensional PIC simulations with two 

ion species included [Markidis et al., 2011; Liu et al., 2015]. Both found that presence of the 

heavy ions could slow down the magnetic reconnection rate.  

3 Results from the HMHD model of Mars 

3.1. MAVEN orbit and model setup 

MAVEN’s trajectory during the 4 December 2014 magnetic reconnection event is shown by 

the black curve in Figure 2. It is plotted in the context of the global MHD model results to 

give a rough idea about the different plasma regions that MAVEN was passing through. The 

spacecraft was moving from the southern hemisphere to the northern hemisphere.  It was 

passing through the central plasma sheet when several reconnection signatures were observed 

around 1:30 UT.  

Table 1 lists solar wind conditions right before inbound Bow Shock (BS) crossings (00:04 

UT) and shortly after the outbound crossings (02:37 UT). There are some variations in the 

solar wind density, velocity and magnetic field strength from inbound to outbound. The 

magnetic field direction altered significantly, from positive Z to a positive Y dominant field, 

rotated ~136 degrees. MAVEN passed periapsis (~164 km altitude) around 1:50 UT, which 

was on the nightside and close to the terminator.  

The photoionization rates are based on EUV observations from the Extreme Ultraviolet (EUV) 

monitor [Eparvier et al., 2015], and the ionization rates were 8.02 10
-7

 for CO2 and 

2.54 10
-7

 for O, respectively for the day. These ionization rates are slightly higher than the 
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values used for typical solar maximum conditions [Schunk and Nagy, 2009]. To be consistent, 

the neutral profiles used here are also for solar maximum conditions. Also note that at 1:30 

UT, the subsolar point is at 73.1  east longitude and -22.8  latitude, so the strong crustal field 

region was located in the dusk-midnight sector. The rotational axis was (-0.388, -0.175, 0.905) 

in the MSO coordinate. The rotation period was set to 24.67 hours according to the SPICE 

kernel. During this orbit, the Sun-Mars distance was around 1.38 AU and the Mars season 

was near Southern summer (Ls = 246). 

We ran the multi-species HMHD model for 3 hours in a time-dependent mode starting from 

2014/12/04-00:00 UT. The inbound solar wind conditions observed by MAVEN as listed in 

Table 1 are used in the calculation to match with the magnetic field orientation in the current 

sheet. The model results are discussed in the following section. 

 

3.2 Comparison of HMHD results with MAVEN observations 

The time-dependent HMHD simulation enables a direct comparison of the model prediction 

with MAVEN observations along the spacecraft orbit as shown in Figure 3. Model results of 

the plasma properties (density and velocity vector) and magnetic field and the comparison 

with relevant plasma observations are all presented in the figure. The top panel shows the 

satellite latitude, solar zenith angle, and altitude along the trajectory. Comparison of plasma 

density is shown in the second panel. HMHD model predicts that the plasma is dominated by 

H
+
 in the solar wind and sheath region consistent with SWIA (Solar Wind Ion Analyzer) 

[Halekas et al., 2015] observations. In the ionosphere, the dominant ion is O2
+
 as shown by 

the SupraThermal And Thermal Ion Composition (STATIC) [McFadden et al., 2015] 

observations. Note that NGIMS, which alternates between measuring neutrals and ions every 

other orbit, was in the neutral mode during this orbit. Overall, both the plasma density and 

composition are well reproduced by the model along most of the orbit, except in the tail 

region. The density from the model is rather smooth, while the observations suggest the 

existence of small structures in the tail region, which are not reproduced by the fluid model.  

Comparison of plasma velocity is shown in the third panel. Outside of the inbound BS 

crossing, plasma was mainly moving anti-sunward with a small positive UY component as 

shown by SWIA observations, consistent with the expected aberration due to the orbital 

velocity of Mars around the Sun. Inside the sheath region, the plasma flow was gradually 

slowed down and diverted, with a significant negative UZ component, as the S/C was passing 

the sheath region in the southern hemisphere. The plasma flow velocity as predicted by the 

model matches well with SWIA observations.   

Comparison with field strength and components measured by the magnetometer (MAG) 

[Connerney et al., 2015] are shown in the rest of the panels, together with crustal magnetic 

field calculated from the Morschhauser [2014] model. The crustal magnetic field is rather 

weak during the orbit, with a peak field strength of 12 nT near periapsis. The magnetic field 

was nearly 3 nT in the solar wind, and was enhanced to 10 nT across the shock. The magnetic 

field strength reached a local minimum around 1:30 UT, in the current sheet (CS), as the BX 

component changing from positive to negative values across the CS. The CS corresponds to 

low magnetic field, but high-density plasma. The model predicts that the time of the current 

sheet crossing is 1.5 minutes later than the observation. This may be due to uncertainty in the 

solar wind condition. Both magnetic field strength and direction during the outbound part of 
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the orbit shortly after the crossing of the current sheet were not very well reproduced by the 

model due to the IMF direction change as listed in Table 1.  

We also conducted a similar calculation using outbound solar wind conditions, and found a 

better match for the outbound part of the trajectory, as expected. The field orientation around 

the CS suggests that the solar wind conditions had changed most likely after the CS crossing, 

so we use the inbound solar wind condition as input to drive the coupled HMHD-EPIC model, 

as will be discussed in more detail in the next section. 

 

Figure 4 shows data-model comparison along the MAVEN orbit zoomed in the Martian 

magnetotail. As can be seen from the second panel, the plasma is composed mainly by two 

planetary ions (O
+
 and O2

+
) as observed by STATIC. The densities of O

+
 and O2

+
 from the 

HMHD model are about the same level as the observations but lacking the small structures. 

Model predicts a somewhat lower proton density compared with STATIC, indicating that the 

concentration of proton in the tail region is underestimated by the model. This could be due 

to the reduced ion-chemistry used in the model, which works well for dayside ionosphere, but 

may be over-simplified for the nightside ionosphere. The third panel shows velocity 

comparison along the MAVEN orbit. The single fluid assumption of the HMHD model could 

not reproduce the velocity difference observed for different ion species. The bottom panel of 

Figure 4 shows a comparison of the modeled and observed magnetic field strengths together 

with crustal magnetic field (B0). The crustal field is negligibly small when the magnetic 

reconnection was observed. The magnetic field strength from the model follows roughly the 

same trend as the observation, but the strength from the model is significantly smaller than 

the value observed by the S/C. 

 

Figure 5 shows two snapshots of the magnetic field and density contour of O
+
, from the time-

dependent HMHD model corresponding to 01:00 UT and 01:20 UT. For each time, the panel 

on the left shows magnetic field strength (in color) with magnetic field lines (white lines); 

and the panel on the right is the density contour of O
+
 ions. Similar to the previous numerical 

and observational studies, we found enhancement of the draping of the magnetic field lines in 

the magnetic pile-up region. As the main component of the upstream magnetic field was in 

the Z direction, the tail current sheet is located near the equatorial plane. The shock locations 

and MPB locations from the model results are similar to the mean value derived from past 

observations [Vignes et al., 2000]. O
+ 

density in the current sheet is significantly higher than 

the ambient lobe region. The density distribution in the tail region close to Mars is highly 

asymmetric in the north-south direction. This is caused by the non-uniform distribution of the 

crustal field as illustrated in Figure 2.  In the southern hemisphere, the strong crustal field 

prohibits the transport of the plasma, resulting in a relative weak plasma density. Comparison 

of results at the two different times clearly show that according to HMHD model the tail 

configuration is fairly steady and only slowly varying. 

4. Results from the coupled HMHD-EPIC model   

4.1 PIC region 

Based on the HMHD model results, we select the PIC region as -4.3 RM <X< -1.3 RM, -0.75 

RM <Y, Z< +0.75 RM, which covers the tail reconnection region of Mars, as shown by the 

purple box in Figure 1a. Figure 1b and 1c show the grids used in the tail region for the global 

MHD simulations and the EPIC simulations, respectively.  

In the Martian plasma tail, the local current sheet width is around 520 km, estimated based 
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on the distance along the current sheet normal traveled by the MAVEN spacecraft [Harada et 

al., 2015]. The ion inertial lengths are ∼174 km for H
+
, ∼363 km for O

+
, and ∼314 km for O2

+
, 

respectively based on the average measured ion densities in the closed field region. To 

resolve the ion diffusion region, the grid resolution in the PIC domain is taken as ∆x = 1/64 

RM (~50 km), as shown in Figure 1c. Note that the grid resolution in the EPIC simulations is 

significantly high as compared with the grids used in the global MHD simulations in the 

same region (see Figure 1b). The PIC domain consists of approximately 1.77 million cells, 

which are initially filled with 125 ion macro-particles for each of the four ion species and 500 

electron macro-particles per cell, resulting in about 1.8 billion particles in total. The relative 

mass ratios of different ions are set based on the physical mass ratios (16 for O
+
, 32 for O2

+
 

and 44 for CO2
+
). The HMHD-PIC model starts from 01:00 UT, 30 min earlier than the time 

when the magnetic reconnection was detected. We run the simulation on 1024 processors for 

240 hours on NASA pleaides supercomputer to model 20 min in real time. In terms of 

computational cost, compared with the time-dependent ideal MHD model, a typical run using 

the HMHD model requires 3 times more CPU hours, and HMHD-EPIC requires 120 times 

more. 

4.2 HMHD-EPIC model Results  

Kuznetsova et al. [2004, 2009],

However, even if 

we increase the grid resolution in the global HMHD model to a similar level as that used in 

the PIC model, many key features, such as different responses of different ion species, 

electron and ion phase space distributions, as will be discussed later, cannot be reproduced in 

the HMHD model. This is because the magnetic reconnection process in the HMHD model 
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relies on numerical resistivity or artificial resistivity, which is not physical. In contrast, the 

reconnection and flux rope generation mechanism in HMHD-EPIC is better represented with 

proper physics included. 

 

Figure 7 shows the magnetic field (top panels) and the X component of the flow velocities for 

different ion species as calculated by the PIC model at two different times. The left panels 

corresponding to simulation time = 16 min and right panels are 2 min later, which are at the 

same time as the last two of Figure 6. The top panels show the out-of-plane magnetic field 

component BY with the in-plane magnetic field lines. The reconnection X point is roughly 

located at -1.55 RM at 01:16 UT and moved to -1.85 RM at 01:18 UT.  The quadruple 

signature of the out-of-plane Hall magnetic component BY is clearly shown along the 

separatrix of the reconnection site. The panels below are UX of H
+
, O

+
 and O2

+
 with positive 

values indicating Mars-ward flow, and negative values for tail-ward flow. The plasma flow 

patterns are similar for different ions with the plasma outside(inside) of the magnetic 

reconnection site being accelerated tail-ward (Mars-ward). However, the flow velocities are 

clearly different for different ion species. The light ions (H
+
) were accelerated to high 

velocity, while the heavier ions are slower. The peak value of UX is about 50 km/s for H
+
, and 

6 km/s for O
+
 and 4 km/s for O2

+
. In addition, the PIC model also predicts that the light ions 

(H
+
) have a larger tail-ward plasma flow. Comparison of the left and right panels show that 

even though the detailed structures are somewhat different at different simulation times, the 

general flow patterns remain similar.   

 

Figures 8a and 8b show the extracted PIC model results along the MAVEN orbit at the same 

two times as in Figure 7. As can be seen from the second panel of Figure 8a, PIC model can 

reproduce the perturbations of plasma density to some extent, but not as large as observed. 

Also PIC model results show lower ion densities compared with STATIC and HMHD (see 

Figure 4). This is likely due to the fact that ion source and loss terms are 

The third panel of 

Figure 8a shows velocity comparison along the MAVEN orbit. The model results follow the 

same trend as the observation for protons and two heavier planetary ions. The observed peak 

values of the three species are 26, 9 and 5.6 km/s, respectively according to the STATIC 

measurements. The peak values from the model are consistent with observations. Model 

results at a later time as shown in Figure 8b are very similar to Figure 8a. The only notable 

difference is proton velocity, reaching more than 30 km/s. This clearly indicates the dynamic 

feature of the reconnection that was captured by the PIC model. 

 

Figure 9 shows the magnetic field configuration in the tail region based on PIC simulation at 

01:18 UT. The top panel shows a contour plot of the magnetic field strength in the XZ plane, 

with magnetic field lines in black. The central current sheet does not exactly lie in the 

equatorial plane, but is shifted slightly northward, as indicated by the white horizontal line 

(Z=0.06 RM). The bottom panel shows 3D magnetic field lines and contour plots of magnetic 

field strength at four different YZ plane cuts to illustrate the 3D structure of the current sheet. 

This clearly shows that the tail current sheet is not a straight plane, but is curved, especially 

away from the planet.  

 

Figure 10 shows phase space velocity distributions at four selected locations based on PIC 

simulations at 01:18 UT. The four locations A-D are marked in Figure 9a by the purple boxes. 

The size of the boxes are 4∆x 16∆y4∆z, where ∆x,y,z are the grid resolution in the three 

orthogonal directions and equal to 1/64 RM (~ 50 km).  Of the four locations, B is at the 
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center of the reconnection site, while A and C are Mars-ward and tail-ward of the 

reconnection site, respectively. D is located inside the magnetic island tail-ward of the 

reconnection site. The distributions in both Vx-Vy (Figure 10a) and Vy-Vz(Figure 10b) space 

are shown for electrons, H
+
 and O2

+
. The distributions of the three species at location B are 

most concentrated, indicating that plasma is relatively cold. All particles are thermalized 

away from the reconnection site, as the magnetic energy being partly converted to thermal 

energy. The gyrophase-bunched distributions are most notable for H
+
 and O2

+
 at location D in 

the perpendicular (YZ) velocity planes. Location D is inside the magnetic island, where the 

magnetic field is mainly in X direction (~15 nT). Such a phase space distribution is also 

present for O2
+
 ion in VX-VY space at location C, where the magnetic field is mainly in Z 

direction. Gyrophase-bunched distributions was also detected in the immediate downstream 

of low Mach number shocks for heavy ions and can excite EMIC waves (Lee and Wu, 2000; 

Lee and Lee, 2016). 

 

Figure 11 shows plasma thermal pressure, magnetic pressure and plasma beta in the XZ plane 

from PIC simulation at time = 01:18 UT. Plasma thermal pressure is relatively high in the 

current sheet where the magnetic pressure is weak. The plasma changes from low beta in the 

tail lobe to high beta plasma in the plasma sheet region. In the lobe region, the magnetic 

pressure is somewhat higher in the right lower corner due to relative strong crustal field in the 

region. The asymmetry in the crustal field distribution also causes asymmetric pressure 

(density) distribution in the two tail lobes near Mars.   

 

Figure 12 shows various plasma parameters across the current sheet at X= -1.85 RM, as 

shown by the grey vertical line marked by X2 in Figure 9a. The top panel shows that the tail 

plasma is dominated by O
+
 and O2

+
. There is a clear enhancement of the ion densities inside 

the current sheet as compared with the lobe region. The plasma density near the right edge is 

high mainly due to transport from the dayside ionosphere. The asymmetric ion density 

distribution in the south-north (Z) direction is due to non-uniform distribution of the crustal 

magnetic field. The electron velocity is oscillating, mostly due to the fact that the electron 

scale is not very well resolved in the PIC simulation. Proton velocity reaches about 35 km/s 

in Y direction, while the velocities of heavy ions (O
+
 and O2

+
) are less than 10km/s. Even 

through the H
+
 velocity is much higher than the heavy ions (O

+
 and O2

+
), as shown by the 

second panel, the current is mainly carried by O
+
 (as shown in the third panel), due to much 

larger densities of O
+
. The fourth panel shows thermal pressure profiles of various 

components with the dominant one being the O
+
 pressure. The last panel shows total plasma 

thermal pressure (sum of thermal pressure for all the components), magnetic pressure and the 

ratio of the two (plasma beta). The plasma beta is about 0.02 in the southern lobe, 0.7 in the 

northern lobe and reaches 60 in the center of the current sheet.  

 

Figure 13 is a similar plot as Figure 12, but along the center of the current sheet at z=-0.06 

RM (as shown by the white horizontal line in Figure 9a). As shown in the top panel, the 

density peaks at around 1.8 RM near the reconnection site, gradually drops away from the site. 

Velocities of different components in the X direction are plotted in the second panel.  As 

discussed before, the light ion (H
+
) is accelerated to a much higher velocity than O

+
 and O2

+
. 
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the motions of ion particles depend on their 

charge over mass ratio (qi/mi), or simply mass since all the particles are single-charged.
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4.3 Escape rates  
The integrated ion escape rates are plotted in Figure 14a for both the time-dependent HMHD 

and HMHD-EPIC model for a 20-minute time period. Both models predict that O
+
 is the 

dominant ion being lost to space, and the escape rates are fairly constant for the time period. 

The ratio of O
+
 vs O2

+
 is about 1.35. The total escape rate increases from 8.8  10 

24
 s

-1
 to 

9.4 10 
24

 s
-1

 for HMHD while it varies between 8.6 10 
24

 s
-1

 to 9.2 10 
24

 s
-1

 for HMHD-

EPIC model. Overall, the escape rates from the HMHD are similar to that of HMHD-EPIC, 

except that the HMHD-EPIC model predicts that the ion loss rates are more variable, and 

appear to be quasi-periodic, likely due to the magnetic reconnection process and the 

associated tail-ward moving plasmoids. Such results are consistent with GEM challenge 

results [Birn et al., 2001], which concluded that all models that include the Hall effect in the 

generalized Ohm's law produce similar rates of reconnection, corresponding to nearly 

Alfvénic inflow velocities.  

 

Also note that the ion loss rates are calculated based on output from the global HMHD model 

in both cases by integrating the fluxes passing through a spherical shell with a radius of 3 RM. 

Even though the PIC simulation suggests that different ions have different velocities due to 

magnetic reconnection, these effects were smeared out in the single-fluid HMHD model. As a 

result, the calculated escape rates of light (heavy) ions are somewhat underestimated 

(overestimated), as illustrated in Figure 14b. This figure shows how many ions are lost 

through different X cuts of the PIC domain based on both PIC and HMHD results at 01:18 

UT. The ion loss rate through the tail region (inside |Y|<0.75RM and |Z| < 0.75RM) is around 

2.0 10 
24 

s
-1

, accounting for roughly 25% of the total ion loss rate. The tail loss rates vary 

significantly as a function of the distance to the planet. From 1.3 RM to 3 RM, the escape rates 

increase by a factor of three. Between 3 RM and 4 RM, the escape rates first decrease and then 

increase due to the propagation of the plasmoids associated with magnetic islands. Figure 14b 

also shows the ratio of ion escape rates between the HMHD and PIC models to provide a 

quantitative view of the errors introduced in the escape rates calculation based on single fluid 

assumption. Depending on location, O
+
 escape rate can be underestimated by as much as 12%, 

while O2
+
 escape rate is overestimated up to 9 % due to single-fluid assumption of the 

HMHD model. Considering the fact that the tail loss rate is about ¼ of the total ion loss rate, 

the error due to single-fluid assumption is negligible. The effects of the single fluid 

assumption can also be seen at the boundary of PIC region (at X=1.3 RM and 4.3 RM), where 

the ratio was forced to be 1.0 by the boundary condition.  
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5. Summary  

Both the HMHD model and the HMHD-EPIC model are used to study the magnetic 

reconnection event observed by MAVEN on 4 December 2014, reported by Harada et al. 

[2015]. The general interaction pattern is well reproduced by the HMHD model, consistent 

with MAVEN observations. But the HMHD model could not reproduce the small structures 

observed in the Martian plasma tail. To overcome the limitation of the fluid model, the 

magnetic reconnection event is also simulated with a two-way coupled HMHD-EPIC model. 

This is the first time that we were able to conduct a kinetic simulation of the reconnection 

process in a global simulation using realistic solar wind conditions.  While the boundary 

conditions at each step are provided by the HMHD model, the solution inside the PIC domain 

is fully determined by the PIC calculation. Thus the PIC simulation reproduces a tail 

magnetic reconnection scenario with close to realistic plasma conditions (density, velocity 

and composition) and magnetic configurations.  

The HMHD-EPIC model clearly shows that the Martian magnetotail is highly dynamic with 

magnetic islands forming in the tail region and propagating away from the planet with 

plasmoid containing planetary ions. Such a feature is missing in the global MHD model, 

which is likely due to the fact that the grid resolution used in the global MHD simulations is 

much coarser than the grids in the EPIC simulations in the tail region. The HMHD-EPIC 

model predicts that the Mars-ward plasma flow velocities due to magnetic reconnection are 

higher for the lighter ions, quantitatively consistent with MAVEN observations. The 

averaged ion loss rates from the HMHD model are similar to the coupled model, except that 

the HMHD-EPIC model predicts that the ion loss rates are more variable in time. Even 

though the PIC simulation suggests that different ions have different velocities due to 

magnetic reconnection, the error due to single fluid assumption is negligible when evaluating 

the total ion loss rate. 

It is important to note that the electron-scale physics is not fully captured in the HMHD-EPIC 

model due to limitations of the grid resolution. However, this should not impact the main 

conclusions of the paper, because we mainly focused on processes at MHD scales, and the 

detailed structures at electron spatial/time scales should have minimal influence. It is also 

worth noting that there are some unavoidable inconsistencies at the interface of the MHD and 

PIC domains due to the different underlying treatments of the system (fluid vs kinetic). Some 

of the kinetic information is lost when information is transferred from the PIC model to the 

global HMHD model. While these are valid concerns, our extensive experience with the 

MHD-EPIC model [Daldorff et al., 2014; Toth et al., 2016, 2017; Chen et al., 2017] shows 

that the two models can properly work together and there are no significant numerical 

artefacts at the interface. 

 

Even though the rotation of the crustal field is included in the simulation, it is hard to 

quantify the effect of magnetic reconnection based on model results. This is because 1) the 

crustal field in the tail region near the reconnection site is rather weak, and 2) the simulation 

time is about 20 minutes, with a corresponding rotation angle of only 5 degrees. In the future, 

we will examine whether or not magnetic reconnection is continuously occurring in the 

Martian plasma tail by conducting a longer simulation. We also found that the H
+
 density was 

too small in the tail compared to observed values. This is likely due to the fact that 

We also plan in the future to couple the multi-fluid MHD 

model with PIC to improve the global model and make the coupling process more consistent. 
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Table 1. Solar wind conditions observed by MAVEN during the 4 December 2014 

reconnection event.  

 Time NSW (cm
-3

) USW (km/s) BIMF (nT) Ti (K) Te (K) 

Inbound 00:04 UT 3.9 558 (0.7, -0.4, 2.8) 

|B|=2.9 

2.2 10
5
 
*
 1.1 10

5
 

Outbound 02:37 UT 4.3 577 (0.6, 2.0, -1.6) 

|B|=2.6 

2.5 10
5 *

 1.1  10
5
 

*The temperatures used here are from MAVEN insitu Key Parameter (KP) dataset. The 

actual ion temperature using a detailed analysis when removing the effect from alpha 

particles is ~30% lower than listed.  
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Figure 1: (a) 2D meridian plane cut of the spherical grid used in the global HMHD model. 

The purple box shows the region solved by the EPIC code. (b) Zoom in view of the grid 

inside the purple box for the global MHD model. (c) Grid used in the EPIC model inside the 

EPIC domain. 
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Figure 2: 3D view of MAVEN Trajectory (black curve) from 0 UT to 4 UT on 4 December 

2014, from two different viewing angles. Left (right) panel corresponds to downward view of 

the northern (southern) hemisphere. The color on the sphere corresponds to the crustal field 

magnitude at 1:30 UT on 4 December. The color in the ecliptic plane shows the flow speed 

from the HMHD model. The observed BS and MPB boundaries from Vignes et al. [2000] are 

plotted in solid and dashed purple lines as references.  
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Figure 3: Comparison of HMHD Model results and MAVEN observations along the orbit. 

Top panel shows the satellite latitude, solar zenith angle, and altitude along the trajectory. 2
nd

 

-7
th

 panels show comparison of the plasma density, velocity and magnetic field with relevant 

plasma observations along the MAVEN orbit. The vertical lines mark the locations of 

different plasma boundaries that MAVEN passed: bow shock (BS, dashed lines) and current 

sheet (CS, dotted line).  
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Figure 4: Comparison of HMHD model results and MAVEN observations in the Martian 

magnetotail. The top panel shows the satellite position. 2
nd

 to 4
th

 Panels show comparison of 

the plasma density, velocity and magnetic field strength with relevant plasma observations 

along the MAVEN orbit.  
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Figure 5: Two snapshots of the contour plots of magnetic field and O
+
 density in the XZ 

plane from the time-dependent HMHD simulation. The left panels show contour plots of 

magnetic strength together with magnetic field lines (white lines), and the right panels show 

contours of O
+
 density. The purple rectangle shows the embedded PIC region as references. 

The observed BS and MPB boundaries from Vignes et al. [2000] are plotted in solid and 

dashed lines.  
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Figure 6. Snapshots of the magnetic field and O
+
 density for the HMHD-EPIC run. Figure 

format is the same as Figure 5.   
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Figure 7: The out-of-plane magnetic field BY component with the in-plane magnetic field 

lines (top panels) and the X components of the flow velocities for three different ion species 

as calculated by the PIC model at time = 01:16 UT (left panels) and 01:18 UT (right panels).  
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Figure 8(a): Comparison of PIC model results and plasma observations along MAVEN orbit 

at time=01:16 UT. Same format as Figure 4. 
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Figure 8(b): Same as Figure 8(a) at simulation time = 01:18 UT. 
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Figure 9: Tail magnetic field configuration based on PIC model results at 01:18UT. Top 

panel: Contour plot of the magnetic field strength in the XZ plane with magnetic field lines in 

black. The four vertical lines corresponding to X1=-1.3 RM, X2=-1.85 RM, X3=-3.1RM, and 

X4=-4.3 RM. Bottom: 3D view of the magnetic field lines and contour plots of magnetic field 

strength at corresponding X plane cuts.  
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Figure 10a: Normalized phase space velocity distribution in VX-VY space at four tail 

locations for three species (electron, H
+
 and O2

+
) based on PIC results at 01:18 UT. The four 

locations are marked by the purple boxes in Figure 9a. The centers of these locations are A (-

1.4, 0.06), B (-1.85, 0.0, 0.06), C (-2.5, 0.0, 0.06) and D (-3.1,0.0, 0.14). The size of the boxes 

are 4∆x 16∆y4∆z, where ∆x,y,z are the grid resolution in the three orthogonal directions 

and equal to 1/64 RM (~ 50 km).  Note different velocity scales are used for different species.   
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Figure 10b: Normalized phase space velocity distribution in VY-VZ space at the same four tail 

locations for three species (electron, H
+
 and O2

+
) at time=01:18 UT.  
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Figure 11: Contour plot of plasma thermal pressure, magnetic pressure and plasma beta in the 

XZ plane from PIC at time = 01:18 UT. The black lines are magnetic field lines. Red lines in 

the bottom panel are contour line of plasma beta = 1.0.  
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Figure 12: Plasma properties along a line cut in Z direction at X= -1.85 RM in the XZ plane 

from the PIC simulation at time = 01:18 UT.  
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Figure 13: Plasma properties along a line cut at Z=-0.06 RM in the XZ plane from the PIC 

simulation at time = 01:18 UT.  
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Figure 14: Top: Comparison of ion loss rates of the HMHD model (dashed lines) and 

HMHD-EPIC (solid lines). Bottom: Comparison of tail ion loss rates of the HMHD (Dashed 

lines) model and PIC (solid lines). The ratio of HMHD/PIC for O
+
 and O2

+
 are plotted in red 

and purple dotted lines, respectively. 

 


