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A bstractIn this paper we introduce a novel approach for modeling planetary magnetospheres that

involves a co mbination of the hybrid model and the paraboloid magnetosphere model (P M M); we further

refer to it as the co mbined hybrid model. While both of these individual models have been successfully

applied in the past, their co mbination enables us both to overco me the traditional di fficulties of hybrid

models to develop a self-consistent magnetic field and to co mpensate the lack of plas ma si mulation in

the P M M. We then use this co mbined model to si mulate Mercury’s magnetosphere and investigate the

geo metry and configuration of Mercury’s magnetosheath controlled by various conditions in the

interplanetary mediu m. The developed approach provides a unique co mprehensive vie w of Mercury’s

magnetospheric environ ment for the first ti me. Using this setup, we co mpare the locations of the bo w

shock and the magnetopause as deter mined by si mulations with the locations predicted by stand-alone

P M M runs and also verify the magnetic and dyna mic pressure balance at the magnetopause. We also

co mpare the results produced by these si mulations with observational data obtained by the

magneto meter on board the MErcury Surface, Space E Nviron ment, GEoche mistry, and Ranging

( MESSE N GER) spacecraft along a dusk-da wn orbit and discuss the signatures of the magnetospheric features

that appear in these si mulations. Overall, our analysis suggests that co mbining the se mie mpirical P M M with

a self-consistent global kinetic model creates ne w modeling possibilities which individual models cannot

provide on their o wn.

1. Introduction

Generally, se mie mpirical magnetosphere models represent the total magnetospheric field as a su m of current

syste m field contributions. Input para meters for this class of models are usually esti mated by executing least

squares mini mization to fit the model field along a spacecraft trajectory to experi mental data. This approach

was pioneered byMead and Fairfield[1975], who used over 12,000 vector field averages based on 451 orbits

of four I MP satellites. An i mportant feature of many se mie mpirical models is modularity, i.e., the possibility

to fine tune para meters for any chosen current syste m independently. So me of the early models have had a

modular structure fro m the outset [Alekseev and Shabansky, 1972], while others [Tsyganenko, 2002] developed

this capability as they matured.

Tsyganenko and Us manov[1982] proposed an analytical model that incorporated a mathe matical descrip-

tion of contributions by magnetopause currents, ring current, and magnetotail current sheet. This model

required 21 linear coe fficients and seven nonlinear para meters for operation. It was later i mproved by dou-

bling the nu mber of vector averages used for the initial fitting and extending the modeling region far into

the magnetotail [Tsyganenko, 1987]. The full version of this model required 26 para meters and was valid tail-

ward to distances of−70RE, while a si mplified version only required 20 para meters but was valid to−30RE.

Further enhance ments of this model include better description of magnetotail current sheet geo metry and

thickness [Tsyganenko, 1989], fully controlled shielding of magnetospheric current syste m contributions, an

i mproved shape of the magnetopause [Tsyganenko, 1995], heavily revised representations for major field

sources [Tsyganenko, 2002], and adoption of the approxi mation of the magnetopause surface introduced

inShue et al.[1997].
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The present work is based on the dyna mical paraboloid model first introduced inAlexeev et al.[1996]. In this

case the magnetospheric field is represented as a linear su m of the contributions of distinct magnetic field

sources. An i mprove ment to this model introduced byAlexeev et al.[1998] describes locations of merging

on the magnetopause as a function of interplanetary magnetic field (I MF) orientation. The extended version

of the model can be applied to space both inside and outside the magnetopause. The magnetic field in the

region bet ween the magnetopause and the bo w shock, each approxi mated by a paraboloid of revolution, is

represented as a su m of t wo co mponents — na mely, the unifor m field penetrating the magnetopause which

is independent of both ti me and spatial coordinates and the residual field whose nor mal co mponent is equal

to zero at any point of the magnetopause. Although the paraboloid model offers an unrealistic divergent

magnetopause shape to ward the nightside, it should be noted that in the nightside region magnetopause

currents are weak, and the errors introduced are not substantial.

This model is si milar to the model introduced byKobel and Flückiger[1994], who also represent the shape

of the magnetopause and the bo w shock by a rotational paraboloid with a sun ward axis. It uses the scalar

potential approach to derive an analytical representation of a stationary magnetic field in the magnetosheath

that depends on I MF co mponents and the stand-off distances of the magnetopause and the bo w shock.

Mercury’s magnetopause was first described by the paraboloid model inAlexeev et al.[2008]. In this work

measure ments during t wo Mariner 10 spacecraft flybys were used to fit the magnetospheric para meters. The

magnetic dipole mo ment was deter mined to be equal toB0=192nT×R
3
M
, and the dipole center was found

to be offset by 0.18RMalong theZaxis to ward the north pole. These results were slightly revised inAlexeev

et al.[2010], which used magnetic field measure ments taken during t wo MErcury Surface, Space E Nviron ment,

GEoche mistry, and Ranging ( MESSE N GER) flybys. Various erosion mechanis ms partially responsible for reduc-

tion of the magnetopause stand-off distance and the changes in the external field were later investigated in

more detail byHeyner et al.[2016]. InJohnson et al.[2012], the paraboloid model was used to fit MESSE N GER

magneto meter data fro m March to Dece mber 2011 and made it possible to realize an R MS misfit of less than

20 nT. InKorth et al.[2015] the modular model of Mercury’s magnetospheric field KT14 is proposed, based

on ideas presented inTsyganenko[2013] and confined by the magnetopause shape described inShue et al.

[1997] for the terrestrial magnetopause.

Plas ma and magnetic field in Mercury’s magnetosphere have been investigated by several different nu merical

si mulation methods. Test particle si mulations have provided insight into the acceleration of charged particles

in given electric and magnetic fields [e.g.,Ip, 1987;Delcourt et al., 2002]. Magnetohydrodyna mic ( M H D) mod-

els treat plas ma as a charged fluid and have enabled studying the self-consistent properties of plas ma and

fields [e.g.,Kabin et al., 2000;Jia et al., 2015]. Hybrid models treat ions as particles and electrons as a mass-

less neutralizing fluid and provide a self-consistent approach which includes ion kinetic effects. Such models

can have a non- Max wellian velocity distribution function [e.g.,Kallio and Janhunen, 2003a, 2003b;Trávníček

et al., 2007;Müller et al., 2012]. Full kinetic particle-in-cell (PIC) models contain electron kinetics and charge

separation effects [e.g.,Naka mura et al., 2010].

All of these nu merical si mulation approaches have their advantages and weaknesses. The change of the

model approach fro m test particle si mulations to M H D, to a hybrid, and to a PIC model increases the

self-consistency of the approach and reduces the nu mber of necessary assu mptions at the expense of perfor-

mance. Co mputational costs must then be co mpensated, for exa mple, by making a local si mulation, using a

coarse spatial resolution, or by using different modeling approaches in different space regions, such as using

a local PIC si mulation within a global M H D si mulation [e.g.,Töth et al., 2016]. Therefore, the choice of the most

useful modeling approach or a co mbination of different modeling approaches depends on the purpose of

the si mulation run and the specific application.

The goal of this paper is to co mbine a nu merical model and a se mie mpirical model in order (1) to decrease

co mputational costs of nu merical kinetic si mulations for a relatively large grid size and (2) to introduce the

bo w shock the and magnetopause current sheets into the initial magnetic field condition; i mproving the

accuracy of deter mining positions of the bo w shock and the magnetopause ( which are by definition mag-

netosheath boundaries) allo ws us to better understand the dependence of magnetosheath geo metry on

external para meters. This methodology enables us to deter mine the region in the magnetosheath where non-

linear I MF effects are realized and to study the magnetosheath velocity and density distributions as well as the

effects of the magnetic field draping and of I MF and planetary magnetic field reconnection. Also, this co mbi-

nation results in a model which includes both kinetic effects and an e mpirical high-resolution magnetospheric
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magnetic field. Moreover, in the model the electric field is connected self-consistently to the properties of

plas ma and the magnetic field. This results in a ne w 3- D modeling approach which provides ne w possibilities

to study not only Mercury’s magnetosphere but also other planetary and exoplanetary magnetospheres.

In section 2, we describe the mathe matical foundations of both the se mie mpirical model and the hybrid

model applied in this work and define used para meters and grid structure. We describe the results produced

by the modeling efforts in section 3 and discuss the m in detail in section 4.

2. Model Infor mation
2.1. Overvie w

Traditionally, a planetary dipole field is used as the initial magnetic field condition for hybrid si mulations.

While this approach has proved fruitful, evidently, it leaves much roo m for i mprove ment [see, e.g.,Kallio and

Janhunen, 2003a]. By adding all the paraboloid magnetosphere model (P M M) current syste ms to the initial

conditions we start the model fro m a state closer to the final solution. The magnetopause currents and mag-

netotail current syste m are most certainly present in a stationary solution despite being generated by the

plas ma flo w. Additionally, there is a per manent influence exerted by a portion of the interplanetary magnetic

field penetrating the magnetosphere.

We first note that since− ∇ ×E(r,t) =�B(r,t)
�t
, we can safely add to the P M M an arbitrary constant unifor m

externally induced magnetic field while maintaining the integrity of the M H D solution. We can take advantage

of this by utilizing the property of the paraboloid magnetosphere model [Alexeev, 1986] that the magnetic

field ter ms are linearly independent in parabolic coordinates. We also note that modeling a very thin current

sheet would require a higher grid resolution; this can make the si mulation co mputationally expensive and

may cause nu merical instabilities that can destroy the solution. On the other hand, inclusion of nu merical

diffusion for stability reasons would s mooth out sharp electric current sheets.

2.2. Hybrid Model

While the hybrid si mulation [Kallio and Janhunen, 2003a] used enables modeling of multiple ion species, in

this work we have li mited its scope to only include solar wind protons; studying the influence of addition of

planetary ions such as Na+and K+ions on the co mbined model is one of the planned future studies.

In this model, batches of protons are represented as cubic clouds of unifor m charge density and of the sa me

di mensions as M H D grid cells. Such clouds are referred to as macroparticles. A macroparticle contributes to

all grid cells it overlaps with, weighted proportionally to the volu me overlapping with each cell:

dwj(rk) =w(dVj(rk)∕dV)

Here dVis the volu me of grid cells where the center of macroparticle is, dVj(rk)is the volu me of the intersection

of a given macroparticlejwith the grid cell atrk,wjis the resulting weighting para meter deter mining the

contribution of the macroparticlejto the grid cell, andwis the total nu mber of real particles in a macroparticle.

Multiple macroparticles can overlap with any one cell; the resulting particle densitynand the proton bulk

velocityUare therefore calculated as

n(rk) =

∑
jwj(rk)

V

U(rk) =

∑
jwj(rk)vj
∑
jwj(rk)

wherevjis the velocity of macroparticlej.

2.3. Paraboloid Magnetosphere Model

As follo ws fro m its na me, the key concept of the P M M is the assu mption that the magnetopause can be

represented by a paraboloid of revolution around the sun ward axis in the solar- magnetospheric coordinate

syste m centered on the planetary dipole position. The P M M represents the total magnetospheric field as a

linear superposition of magnetic fields fro m various sources, including fields created by magnetopause cur-

rents and the tail current syste m. We propose to represent the total I MF vector as a su m of t wo magnetic field

co mponents, based on the assu mptions made inAlexeev and Kalegaev[1995]:

BI MF=BI MF1+b0 (1)
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Figure 1.Co mparison of MESSE N GER data (black line) and paraboloid model forecast (red line) ( Orbit 418). (top left)|B|

and (top right)BX. (botto m left)BYand (botto m right)BZfield co mponents. P M M para meters used:BD= −196nT,
BT=61nT,R1=1.45RM,R2=1.70RM, andBI MF= [4.0,−10.0, 10.0] nT.

HereBI MF1is the I MF co mponent fully shielded by the magnetopause currents. This magnetic field is mostly

undisturbed upstrea m of the bo w shock aside fro m the contribution of reflected ions. The influence ofBI MF1

defor ms the draping around the magnetopause and creates a magnetic barrier. TheBI MF1co mponent is

strongly controlled by plas ma currents in the si mulation box [Heyner et al., 2016]. Theb0co mponent is the

residual unifor m field penetrating the magnetosphere; it is deter mined by the reconnection e fficiency. If the

reconnection e fficiency gro ws to 1,b0gro ws to the total I MF value (20 nT in our case); if the reconnection

e fficiency falls to 0,b0also falls to 0. The unifor mity ofb0is a consequence of the fact that both the magnetic

diffusion velocity and the radius of the paraboloid are proportional to
√
X[Alexeev, 1986] in the Mercury

Solar Orbital ( MS O) coordinate syste m; in this syste m, theXaxis points fro m Mercury’s center to ward the

Sun,Zpoints north ward nor mally to the orbit plane, andYco mpletes the right-hand syste m no minally

directed opposite Mercury’s orbital velocity around the Sun. Thus, we observe the sa me penetrating field
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independent of the tail ward distanceX. The unifor m fieldb0cannot be created by currents inside the si mu-

lation box; rather, it is generated by currents or constant magnets located at infiniteZoutside the si mulation

box. Thus, this field must be defined as so meb0, which is not included in the induction equation, whileBI MF1

deter mines boundary conditions on the left side of the box and induction equations.

The general solution for the I MF-induced perturbation fieldb0is a unifor m field collinear to the undisturbed

I MF field,b0=�BI MF, where�denotes the factor of reconnection e fficiency. For instance, a value of magnetic

Reynolds nu mberRm =10
4[Alexeev, 1986] corresponds to�=0.07. Generally, we can verify this value by

running the si mulated flo w past so me nonconductive paraboloid-shaped body while maintaining the condi-

tion ofVn=0at the paraboloid surface (the magnetopause). We can then use the strength of the magnetic

field inside the paraboloid to co mpute the reconnection e fficiency. An independent way to esti mate the

reconnection e fficiency ( which is used in this work) would rely on using the Mach nu mber�=M−1
A
=
VA
Vs w

[Heyner et al., 2016]; e.g., in case ofVA=40k m/s andVs w=400k m/s, only�=0.1of the totalBpenetrates

into magnetosphere.

The precise value of magnetic field to be added can be deter mined by fitting the P M M magnetic field along

the MESSE N GER orbit to magneto meter data by running the Levenberg- Marquardt algorith m [Marquardt,

1963] to solve the least squares curve fitting proble m of opti mizing the P M M para meters to match magnetic

field measure ments along individual MESSE N GER orbits for follo w-up research.

We find that the paraboloid magnetosphere model is in good agree ment with Mercury’s magnetospheric

field per MESSE N GER magneto meter observations, with a global R MS misfit of less than 20 nT [Alexeev et al.,

2010] (Figure 1). The P M M has also been validated by exa mining the accuracy of its description of individual

contributions of the magnetopause, magnetotail, and internal magnetic fields [Johnson et al., 2012].

We then proceed to calculate the magnetic field produced by the P M M seeded with para meter values found

during the fitting process for an individual orbit in the nodes of a parallelepipedal grid and assi milate these

values into the hybrid model.

2.4. Co mbined Hybrid Model
2.4.1. Magnetic and Electric Fields

The magnetic field in the ne w co mbined hybrid model (C H M),B(r,t), is a co mbination of three magnetic field

ter ms:

B(r,t) =BH M(r,t) +b0+BP M M(r) (2)

The ter ms in this equation are the follo wing:

1.b0is constant penetrating interplanetary magnetic field (I MF).

2.BP M M(r) =BP M M(r)|r<rMP,BP M M(r) =0|r>rMPis a ti me-independent paraboloid magnetospheric model

(P M M) magnetic field.

3.BH M(r,t)is hybrid model ( H M) magnetic field associated with the electric current of ions and electrons.

The P M M magnetic fieldBP M M(r)is zero outside the magnetopause ( MP), i.e., atr>rMP. It can be defined inside

the si mulation box as a su m of three ter ms:

BP M M(r) =BDIP(r) +BCF(r) +BTC(r), (3)

whereBDIP(r)is the field of the planetary dipole,BTC(r)is the field of the tail current, andBCF(r)is the

Chap man-Ferraro current magnetic field, which confines the dipole field inside the magnetopause. Therefore,

the magnetopause divides the magnetic field into t wo regions (Figure 2):

B(r,t) =BH M(r,t) +b0∣r>rMP (4a)

B(r,t) =BP M M(r) +b0∣r<rMP (4b)

At the beginning of si mulation att=0s the magnetic field within the whole si mulation box is initialized with

a constant I MF field and the P M M magnetic field:

B(r,0) =BP M M(r) +b0 (5)
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Figure 2.Magnetic field regions in the co mbined hybrid model (C H M). Cells marked by blue color for m a region above
the magnetopause of the P M M where the ti me-dependent magnetic field is a superposition of the magnetic field of the
hybrid model (BH M) and a constant I MF (b0). Cells marked by red color for m a ti me-independent magnetic field region
where the magnetic field is a co mbination of the P M M magnetic field of (BP M M) and a constant I MF. Cell size is0.33RM
(805 k m), and the sphere sho ws the size of Mercury.

Technically, the I MF and the P M M magnetic fields are included in the si mulation by deriving their values in

the centers of si mulation cells. In the hybrid model the magnetic field is propagated by Faraday’s la w fro m

the electric fieldE[Kallio and Janhunen, 2003a]:

�B(r,t)

�t
= − ∇ ×E(r,t) (6)

The electric field is derived fro m the electron mo mentu m equation fro m proton bulk velocityUH+, densityn,

and the associated magnetic field [Kallio and Janhunen, 2003a]:

E= −UH+×B+
j×B

en
= −UH+×B+

( ∇ ×B) ×B

en�0
(7)

whereeis the positive unit charge and�0is the vacuu m magnetic per meability.

Here we assu me that plas ma is quasi-neutral, i.e., that the density of protons is equal to the density of

electrons. The magnetic field is therefore propagated as

�B(r,t)

�t
= − ∇ ×

(

UH+×B−
( ∇ ×B) ×B

en�0

)

(8)

It is infor mative to observe ho w this equation looks outside and inside of the magnetopause, i.e., atr>rMP
andr<rMP, respectively:

�B(r,t)

�t
= ∇ ×

[ (

−UH++
∇ ×BH M

en�0

)

×
[
BH M+b0

]
]

∣r>rMP (9a)

�B(r,t)

�t
=0 ∣r<rMP (9b)
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Equation (9a) i mplies that outside of the P M M magnetopause the magnetic field is propagated as typically

done in the hybrid model and that the resulting magnetic field is propagated in ti me self-consistently by

using plas ma properties. Equation (9b) sho ws that the magnetic field is assu med to be unchanged within

the magnetosphere. Our approach is valid as long as the I MF in Mercury’s environ ment does not change

during the orbit duration. Conditions such that the I MF vector is the sa me during the inbound and outbound

sections of a MESSE N GER orbit are actually a co m mon occurrence. It would be also natural to constrain

the selection of orbits to those that display identical solar wind plas ma para meters; ho wever, since the

MESSE N GER mission lacked a suitable instru ment for lo w-energy plas ma measure ments, creating such a filter

appears to be infeasible at this ti me.

2.4.2. Particles

The t wo macroscopic plas ma para meters needed in the magnetic field propagation,nandUH+, are derived

by accu mulating the mass and mo mentu m of protons within cells (seeKallio and Janhunen[2003b] for details

of the used particle accu mulation sche ma). Protons are accelerated by the Lorentz force

m
�v

�t
=e(E+v×B) (10)

wherevandmare the velocity and the mass of a proton, respectively. The magnetic and electric fields in

equation (10) are given by equations (2) and (7), respectively.

2.4.3. Si mulation

The coordinate syste m we use is as follo ws. TheXaxis points fro m the origin (dipole position) to ward the Sun.

The dipole magnetic mo ment is oriented along theZaxis, which is perpendicular to theXaxis, and theYaxis

co mpletes the right-hand coordinate syste m. Mercury is represented as a sphere of anRM=2440k m radius.

The planet’s center is shifted south ward by 0.2RMalong theZaxis. The di mensions of the si mulation box span

[−4RM, 4RM] along theXaxis and [−5RM, 5RM] in all other directions, cell size is dx=dy=dz=0.33RM=

488k m, the average nu mber of macroparticles per cell is 30, and the si mulation ti me step is dt=0.00125s.

Bulk velocityUs w, particle densityns w, and te mperatureTs wof the solar wind protons are 430 k m/s, 76 c m−3,

and2.24×105K, respectively. The I MFXandYco mponents are equal to 0, but the value of theZco mponent

varies in order to study ho w the solution differs in the “closed” and “open” magnetosphere cases, i.e., when

the I MFZco mponent is positive and negative, respectively.

2.5. Model Restrictions and Si mplifications

To i mprove the accuracy of the seed field, we need to take into account the aberration of magnetosphere

by Mercury’s relative motion. Since the orbit of the planet is highly eccentric (�∼0.66), Mercury’s orbital

velocity varies fro m 40 k m/s to 50 k m/s. As this value is in the range of 5 % to 10 % of solar wind flo w veloc-

ity, it is to be expected that Mercury’s magnetosphere will not be exactly sun ward oriented but will rather

experience aberration reflecting the actual direction of solar wind arrival. While we have successfully applied

this correction in other work [Parunakian et al., 2016], we are yet to introduce it to our co mbined hybrid

modeling efforts.

We also assu me that the magnetic dipole axis and the planet’s rotation axis coincide and are aligned nor mally

to the orbital plane. This is not strictly true but is acceptable as a first approxi mation.

3. Results
3.1. Model Run Para meters and Variables

For the purpose of sanity check the model was initially run in a synthetic environ ment. We used the fol-

lo wing para meter values to co mpute the P M M seed field: (1) Mercury radiusRM =2440k m; (2) magnetic

dipole field at the magnetic equator on Mercury’s surfaceBD= −196nT and the magnetic field at the inner

edge of the tail currentBt=131nT ( which corresponds to open field line magnetic flux ofΦ =4M Wb) as

found by fitting the P M M to MESSE N GER flyby data [Alexeev et al., 2010]; the dipole is assu med to be oriented

along theZaxis; (3) subsolar distance to the magnetopauseR1=1.4RM; (4) distance to the inner edge of

the tail current syste mR2=1.25RM; and (5) north ward dipole displace ment in the MS O coordinate syste m

dz=0.2RM.

In the Mercury Solar Orbital coordinates theXaxis is directed fro m Mercury center to the Sun, theYaxis

is directed parallel to Mercury’s orbital velocity and is located in Mercury’s orbital plane, and theZaxis is

perpendicular to theXYplane and parallel to Mercury’s axis. Since the MESSE N GER mission was not equipped
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to measure solar wind para meters, they must be deter mined based on our kno wledge of the magnetopause

location, as it is deter mined by the balance of magnetospheric magnetic pressure and solar wind pressure:

Ps w=k�s wV
2
s w
=k mpns wV

2
s w
=
B2
ss

2�0
(11)

Heremp=1.6726219×10−27kg is the mass of the proton,�0=4�10
−7T⋅m∕Ais the vacuu m per me-

ability constant,k≈0.88is a constant for the high Mach nu mber flo w of monato mic gas, andBssis the

magnetospheric magnetic field in the subsolar point at the surface of magnetopause.

For instance, if we assu me mean solar wind dyna mic pressure at 1 A U to be equal toP1Au=2.15nPa [Vulpetti,

2012], andVs w=390k m/s [King and Papitashvili, 2005], thenPM=10.62nPa andnM=
PM

k mpV
2
s w
=47.5c m−3,

asPM=
P1A U
A2
M

, whereAMis the distance fro m Mercury to the Sun expressed in A U for Mercury located closely

in aphelion (0.45 A U). Subsequently, the magnetospheric magnetic field at the magnetopause subsolar point

equals to

Bss=Cmp
B0

R3
1

=152nT (12)

Here theCmp=2.44coe fficient is required to take into account that the magnetic field of dipole and mag-

netopause currents is 2.44 ti mes the dipole field at the subsolar point [Mead and Beard, 1964] to achieve a

self-consistent solution of the Chap man-Ferraro proble m. Fro m equation (12) we findRss=1.46RM.

Our esti mates of the tail current syste m para meters closely match those made byPohet al.[2017]. In that work,

the magnetic field at the inner edge of the tail currentBt=�0dj=110nT, whered=0.39RM,j=92n A/ m2,

and the distance to the inner edge of the tail current syste m is 1.22RM. In that work, these para meters were

co mputed taking into account the contribution of planetary ions to the stress balance in the central plas ma

sheet. This i mportant factor lies outside of the i m mediate scope of the present work; ho wever, we believe

that the si milarity of the para meters we use to those co mputed byPoh et al.[2017] is a reasonably good

sanity check.

The actual solar wind para meters used are so me what different:ns w=23.26c m−3andVs w=400k m/s in order

to achieveR1=1.4RM(value co mputed by fitting the P M M to magnetic field measure ments during the first

magnetospheric transit in orbit #418 on 12 October 2011). We then proceed with executing the modeling

runs, setting I MFBX=BY=0nT and initializingBZwith either of t wo configurations:

1.BZ= −4nT as the constant penetrating field andBZ= −16nT as the left boundary condition.

2.BZ=4nT as the constant penetrating field andBZ=16nT as the left boundary condition.

Theseb0configurations correspond to I MFBZwith 20 nT magnitude and a strictly south ward or a strictly

north ward orientation and a�coe fficient of 0.2.

3.2. Di fference in the I MF Flo w Past Magnetosphere in Cases of Open and Closed Magnetosphere

We no w turn to the results of hybrid si mulation initialized with magnetic field conditions. Figure 3 presents

plas ma density in logarith mic scale indicated by false color. Figure 3 (left) displays results for a positiveBZ, and

Figure 3 (right) displays results for a negativeBZ. The average lobe density is lo wer in case of north ward I MF. Tail

lobe dia meter, judging by the plas ma population, is s maller in case of north ward I MF, which is in agree ment

with other plots. Both I MF orientations lead to gro wth of plas ma density in magnetopause flanks, tail current

sheet, and the nose cone of the magnetopause relative to I MFBZ=0, but the effect is more pronounced in

case of south ward I MF. While with north ward I MF the density regi me changes match the boundaries of the

magnetosheath well, with south ward I MF we observe that plas ma density in the subsolar region of the mag-

netosheath is depleted by a factor of 5. This can probably be attributed to the pileup of magnetic flux in the

equatorial region.

A si milar plot of particle velocity distribution cannot be easily built at this ti me. In so me areas of the plot the

nu mber of si multaneously present macroparticles is lo w, so the contribution weight of each one is very high.

Despite utilization of techniques like particle splitting inside the P M M region, the resulting nu mber of particles

is still insu fficient to allo w for a realistic picture of velocity distribution.

Let us no w exa mine the superpositions of the magnetic fieldZco mponents in north ward (BZN) and south-

ward I MF (BZS) cases, i.e.,
BZS−BZ N
2
(Figure 4) and

BZS+BZ N
2
(Figure 5) fields. These figures sho w t wo cross sections:

equatorial (left) and noon- midnight (right).

PAR U N AKI A N ET AL.SI M UL ATI O N OF MERC URY’S M A G NET OS HE AT H8317



Journal of Geophysical Research: Space Physics10.1002/2017J A024105

Figure 3.TheXZcross section of plas ma density logarith m (log10n[m
−3], false color) for (left) north ward and (right)

south ward I MF in the C H M. The black lines denote magnetopause and bo w shock surfaces.

The first case (Figure 4) allo ws us to discard the P M M contribution, as its sign is identical for both runs (in the

red area of Figure 2), while retaining the I MF contribution, asBI MF,Zhas opposite signs during the t wo runs

(in the blue area of Figure 2). This allo ws us to observe the effect of north ward I MF draping generated as

the solar wind plas ma flo ws past the planet’s magnetosphere. The contributions of the dipole field and the

infinitely thin magnetopause current which confines the dipole field inside the magnetopause are canceled

out in this case, and inside the magnetosphere we only have the penetratingb0field. Upstrea m of the bo w

shock the drapedBI MFis unifor m and equal to−20nT. Do wnstrea m of the bo w shock we see that electric

currents connected with ions reflected by the magnetopause for m a magnetic barrier. It appears as a ju mp in

I MF after bo w shock crossing.

Si milarly, the second case (Figure 5) allo ws us to discard the I MF contribution while retaining the P M M

contribution. Here the external boundary of the disturbed region corresponds to the bo w shock position.

To further i mprove our understanding of reconnection properties for north ward and south ward I MF, we run

the co mbined hybrid model in double-resolution mode and with∇ ×B=0condition i mposed. On the

Figure 4.The magnitude of
BZS−BZ N
2

in the C H M in Teslas: (left) theXYplane and (right) theXZplane. The P M M
contributions,BP M M, have the sa me sign for closed and open magnetosphere inside the magnetopause and cancel each

other in
BZS−BZ N
2
. HereBZSandBZ Nare theZco mponents of the total magnetic field in cases of north ward and

south ward I MF.
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Figure 5.The magnitude of
BZS+BZ N
2

in the C H M in Teslas: (left) theXYplane and (right) theXZplane. The I MF
contributions,BH M, have opposite signs for closed and open magnetosphere outside the magnetopause and cancel

each other in
BZS+BZ N
2
. HereBZSandBZ Nare theZco mponents of the total magnetic field in cases of north ward and

south ward I MF.

resulting Figure 6 red denotes the negativeXco mponent field up toBX= −10nT, and blue denotes the pos-

itiveXco mponent field up toBX=10nT.B0zat the left boundary of the si mulation box is set to+16nT or

−16nT accordingly to maintain the totalBZin the undisturbed flo w equal to 20 nT. The magnetic field recon-

nection e fficiency factor is chosen equal to�=0.2[Alexeev, 1986]; we will address this issue later in more

detail. Our results de monstrate that� <1.0, but for a more precise calculation of�we need a detailed esti-

mation of the nu merical conductivity and to take into account the modeling ti me scaling ratio to real plas ma

instability incre ments. These points lie beyond the scope of the present paper.

We have used the follo wing method to deter mine magnetopause and bo w shock positions in Figures 6

and 3, which describe magnetic field and plas ma density for the t wo modeling runs under discussion.

Figure 6.High-resolution plot of magnetosphere-solar wind interaction for reconnection e fficiency value of�=0.2in
case of (left) north ward and (right) south ward I MF in the C H M. Color denotes theXco mponent of the magnetic field
in Teslas, and yello w arro ws indicate the direction of magnetic field lines. The position of the bo w shock and the
magnetopause are sho wn with black lines. The para meters for north ward I MF used in the P M M areR1=1.7RMand
Rbs=2.4RM. Para meters for south ward I MF areR1=1.42RMandRbs=2.4RM.
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The magnetopause position has been chosen for north ward I MF so that it lies on the surface dividing the

modeled space into t wo regions, one occupied by I MF field lines and the other one occupied by magnetic

field lines connected to Mercury’s surface. This boundary surface can be easily deter mined at the dayside

magnetopause. For south ward I MF the magnetopause has been chosen so that it passes through the day-

side equatorialXpoint separating the area where the magnetic field is do minated by the planetary dipole

fro m the area where the magnetic field is do minated by the I MF. The bo w shock position was chosen

e mpirically (si milarly toKallio and Janhunen[2003a]) to fit the observed density ju mp with a paraboloid sur-

face for both I MF directions. It shall be noted that although the subsolar area of the bo w shock is poorly

described by a paraboloid for south ward I MF (likely due to erosion), it describes the flanks of the bo w shock

well enough.

For south ward I MF dayside reconnection occurs in the magnetic field’s 2- D neutral point located at the

noon magnetopause and coincides with the plas ma velocity stagnation point [Sonnerup, 1970]. For north-

ward I MF there are t wo 3- D magnetic field neutral points in the cusp regions, located approxi mately at the

planet’s ter minator. Generally, the 3- D neutral points of magnetic field’s do not necessarily coincide with

velocity stagnation points [Hesse et al., 2014]; ho wever,Nickeler and Karlický[2008] investigated both 2- D

and 3- D reconnection sites and found that in the paradig m of ideal M H D, magnetic neutral points indeed

should coincide with plas ma flo w null points. Also, according toBulanov et al.[2000], the identity of plas ma

velocity and magnetic field neutral points inevitably follo ws fro m the self-consistent dyna mics of highly

electroconductive plas ma.

Enhance ment of theBZco mponent upstrea m of the magnetopause may be connected to a plas ma depletion

layer (P DL) if the relationB2

2�0
+p=const holds. While Figure 6 does not sho w clearly whether a plas ma

depletion layer is created at the magnetopause, it allo ws us to observe clear differences bet ween closed (left)

and open (right) magnetosphere states.

In the case of a closed magnetosphere, closed field lines intersecting the planet’s surface can be seen span-

ning to higher latitudes in case of a closed magnetosphere; we also observe t wo additional current surfaces

withBX=0bet ween layers with strongBXco mponents of opposing signs. This suggests that in the case of

north ward I MF, the magnetopause shall be defined as the section aty=0of a paraboloid surface focused

on the planet’s center such that it passes over the last sun ward closed field line in the polar region, and in the

case of south ward I MF, the magnetopause shall be defined as a si milar section that passes through the sub-

solar neutralXpoint. The expression for the magnetopause is given by equation (13), where all distances are

expressed in planetary radii:

X(�) =R1−
�2

2R1
(13)

In equation (13) we have used parabolic coordinates, where�2=Y2+Z2and�is the distance fro m theXaxis

andR1is the subsolar distance fro m the dipole to the magnetopause. The more generic for m of this equation

that can be used to describe other surfaces is given by equation (14):

X(�) =
R1
2

(

1+�2−
�2

R2
1
�2

)

(14)

Here�2= x

R1
−1
2
+

√(
x

R1
−1
2

)2
+�

2

R2
1

, equation (14) is reduced to equation (13) by assu ming�=1, and the

surface�=1approaches the magnetopause. To find the correct�value corresponding to the bo w shock,

we set�=0and express�fro m�2
bs
=
2Rbs
R1
−1. The subsolar distance to the bo w shockRbsis deter mined by

si mulation results.

We dra w the follo wing conclusions fro m the resulting Figure 6:

1. The magnetopause is located closer to the planet in case of south ward I MF. This may be considered as

evidence of magnetopause erosion.

2. Tail lobe dia meter is reduced in case of north ward I MF; ho wever, a wide layer of reversed magnetic field

polarity arises at the magnetopause flanks.

3. Bo w shock position relative to the dipole is identical in both cases (open and closed magnetosphere) and

does not depend on the I MF orientation or direction and is equal toRbs=2.4RM. This is in agree ment with

ideas discussed earlier byWinslo w et al.[2013] that bo w shock subsolar distance only depends on the Mach

nu mber. Thus, magnetosheath thickness varies noticeably bet ween these cases.
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Figure 7.Co mparison of magnetic field co mponents along MESSE N GER orbit no. 418 trajectory as co mputed by the pure hybrid model (black line), the co mbined
hybrid model (blue line), and experi mental observations (red line). The C H M predicts most of the experi mentally observed features well; the discrepancy
in magnetopause position is explained by the subopti mal manually selected para meters of the P M M.

4. For south ward I MF there are t wo equatorial neutral points: one on the dayside magnetopause and the other

one in the magnetotail at approxi matelyX= −3.7RM.

5. For north ward I MF there are t wo neutral points located tail ward of the cusps inside the magnetosphere.

There are no neutral points at the equatorial plane, and no reconnection is occurring in the subsolar point

at the magnetopause.

6. Magnetosphere flaring is indeed lo wer for north ward I MF than for south ward I MF.

7. Neutral lines are located at equatorial latitudesin an open magnetosphere, and cusps (neutral points) are

placed at high latitudes in a closed magnetosphere.

8. In the ter minator plane we observe three areas of decreased velocity for north ward I MF: one in the subsolar

point and t wo in the cusp regions where the flo w is separated into strea ms that i mpact Mercury and pass it.

3.3. MESSE N GER Orbit 418 Si mulation Run

While the presented hybrid model plots allo w us to dra w a nu mber of interesting conclusions, their reso-

lution is insu fficient to clearly establish the possibility of magnetic barrier for mation or absence thereof. To

investigate this matter further, we used another si mulation run with a different set of para meters. We no w set

n=5.87c m−3andV=400k m/s. I MF co mponents areBX=4.0nT in the whole si mulation box;BY= −2.31nT

inside the magnetopause, andBY= −7.69nT in the solar wind;BZ=2.31nT inside the magnetopause, and

BZ=7.69nT in the solar wind. We use 30 macroparticles per cell; total si mulation ti met=320s unless noted

other wise, and si mulation ti me stept=0.00125s. The para meters of the interplanetary mediu m were chosen

based on the position of the planet and the general kno wledge of solar wind properties at that distance fro m

the Sun; P M M para meters were chosen by running a fitting procedure against magneto meter data collected

in process of transit of MESSE N GER through Mercury’s magnetosphere during that orbit.
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In other words, the magnetic field vector is directed to the top left in theYZplane and to the top right in

theXZplane. With such an I MF vector orientation we observe a shell of higher plas ma density around the

magnetosphere with a notable hollo w region dia metrically opposed to the region where the I MF i mpacts

the magnetospheric obstacle nor mally. This result is only obtained when using the C H M; the original hybrid

model does not produce a si milar effect.

We use these values to build profiles of magnetic field co mponents co mputed by the co mbined hybrid model

along MESSE N GER’s orbit (Figure 7). On this series of plots, the C H M resulting field is denoted by a blue line;

original MESSE N GER data ( wherever available) are denoted by a red line, and pure hybrid si mulation results

are denoted by a black line. We can see that in this scenario it is possible to clearly observe s mall regions of

enhanced magnetic field at the magnetopause on the 4 h mark and the 5.7 h mark. The exact size of these

regions is hard to deter mine as the resolution of the si mulation run was li mited to 0.1RM. Ho wever, we observe

signs of a reduced plas ma density region positioned in the i m mediate vicinity of the inbound magnetopause

crossing, where the nu mber density is decreased by over 25 %. We believe that the signature of this region

matches the one of a magnetic barrier and an associated plas ma depletion layer. We observe no si milar P DL

signature corresponding to the outbound magnetic barrier; this fact may or may not be explained by the

insu fficient resolution of our si mulation.

We shall also note that in the region with extraordinarily high velocity values inside the magnetosphere the

nu mber density is very lo w; i.e., only a s mall nu mber of particles actually participated in the si mulation. Due

to this fact, we cannot consider our si mulation results of flux kinetic properties in this region reliable.

Finally, let us co mpare si milar profile plots of magnetic field produced by the original hybrid model, the

C H M, and MESSE N GER measure ments (Figure 7). We observe that the ne w C H M de monstrates a marked

i mprove ment in accuracy when describing magnetic field behavior in the magnetosheath and inside the

magnetosphere. There are certain discrepancies in the position of the outbound magnetopause crossing

which are most likely connected to the fact that these particular si mulation runs were executed with solar

wind density of about a quarter of the theoretically esti mated value. It is worth noting that MESSE N GER

observations do not confir m the existence of a magnetic barrier and a plas ma depletion layer in the pre-

dicted locations. Thus, the question of their existence in Mercury’s magnetosphere and the reason for such

a substantial difference bet ween a nu mber of analytical predictions and nu meric si mulation is, for no w, left

unans wered.

4. Discussion

Let us discuss our choice of the I MF penetration coe fficient�. According toAlexeev et al.[1993] andHeyner

et al.[2016], the penetration coe fficient depends on the magnetic Reynolds nu mberRm=�0�Vs wR1, where

�0is vacuu m per meability,�is electric conductivity, andR1is the subsolar distance to the magnetopause.

For Mercury’s environ ment,Rm=574. We are only interested in the I MF co mponent nor mal to the solar wind

flo w velocity,�=1.8R
−1
4
m =0.26, as the parallel co mponent is not used in the induction equation. To further

investigate this issue, we offer Figure 8, where we present results of si mulation with�assu ming values of 1.0,

0.5, 0.1, and 0.0 (left to right). In Figure 8 (first ro w) we can observe for north ward I MF that the I MF disturbance

outside the bo w shock is virtually nonexistent and that the magnetotail appears to be quite short, with no

neutral point in the si mulation box. For south ward I MFwe observe that the nightside neutral point is located

very close to the surface of Mercury and that dayside closed field lines exist although they are li mited al most

exclusively to subequatorial latitudes. Figure 8 (botto m ro w) presents the opposite extre me case, where the

I MF does not penetrate the magnetosheath at all. Here the subsolar foreshock bulge is more pronounced for

north ward I MF, while being less pronounced for south ward I MF. Field lines originating at the nightside of the

ter minator behave nearly identically in both cases.

We dra w the follo wing conclusions fro m Figure 8:

1. We observe magnetopause erosion for south ward I MF. Higher I MF penetration coe fficients result into

so me what stronger erosion, but this effect is not as pronounced as for other planets.

2. The layer of reversed polarity is much more extensive for north ward I MF for all�values.

3. We observe a magnetic barrier upstrea m of the magnetopause; its magnetic field pileup appears to be more

intensive for north ward I MF.
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Figure 8.High-resolution plot of magnetosphere-solar wind interaction for different reconnection e fficiency values (�=1.0, 0.5, 0.1, and 0.0 fro m left to right)
and different magnetospheric states: (top ro w) closed and (botto m ro w) open. Color denotes theXco mponent of the magnetic field in teslas, and vectors
indicate the direction of magnetic field lines.

4. For south ward I MF magnetopause flaring is higher. Magnetopause is located closer to the planet in the

subsolar point, but in the ter minator plane its size is larger.

5. Both I MF orientations lead to creation of a plas ma sheet; ho wever, withBZ<0its density appears to be

higher.

We must also pay special attention to the inevitable discrepancies introduced by the approach used by both

the original and co mbined hybrid models. As we use massive macroparticles instead of protons to reduce

co mputation ti me necessary while preserving pressure balance, our kinetic solutions beco me unreliable in

cells visited only by a fe w macroparticles. We provide relevant notices whenever necessary and discard plots

that we consider affected too significantly to discuss the m.

4.1. Co mparison With Earlier Research

Gersh man et al.[2013] state that their observations sho w reconnection in cusps and resulting flux transfer

event sho wers [Slavin et al., 2012] transporting more flux at Mercury than at the Earth. This might be connected

with the do mination of theBXco mponent in the I MF at Mercury’s orbit, which leads to intensification of the

cusp reconnection [e.g.,Belenkaya et al., 2013].

Su m marizing previous findings supporting our si mulation results, we can conclude that as a consequence of

magnetic tension during plas ma flo w past the magnetosphere, t wo layers are for med: a depletion layer close

to the magnetopause and an accelerated plas ma flo w at the flanks of the magnetosphere.

So me of the most widely accepted models byErkaev et al.[2011] ignore plas ma conductivity and use

frozen-in magnetic field conditions; as a consequence, they ignore magnetic reconnection effects. In our cal-

culation the magnetic field co mponent nor mal to magnetopause does exist, and we take violations of the

frozen-in condition and magnetic reconnection into account. We can also detect plas ma acceleration along

magnetospheric flanks.

According toErkaev et al.[2011], the physical mechanis m behind P DL for mation under north ward I MF

conditions relies on magnetic tension and total pressure gradient forces acting on the flo w associated

with magnetic field lines draping around the magnetosphere. For lo werMAplas ma depletion is stronger,
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and thus, the acceleration produced by the pressure gradient is higher. An additional acceleration is produced

by magnetic tension; this acceleration is stronger for lo werMAvalues.

At the dayside the pressure gradient and magnetic tension forces act in the sa me direction but tail ward of

the ter minator magnetic tension starts to act in the direction opposite to that of the pressure gradient. The

highest plas ma speeds are attained whenever the total acting force turns to zero. Ho wever, a plas ma deple-

tion layer for ms at Mercury as a result of magnetic flux pileup draped around the magnetosphere. The lo w

average upstrea m Alfvénic Mach nu mber (MA∼3−5) in the solar wind at Mercury often results in large-scale

plas ma depletion in the magnetosheath bet ween the subsolar magnetopause and the bo w shock. Flux pileup

is observed to occur do wnstrea m under both quasi-perpendicular and quasi-parallel shock geo metries for all

orientations of the interplanetary magnetic field. Further more, little to no plas ma depletion is seen during

so me periods with stable north ward I MF. The consistently lo w ratio of plas ma pressure to magnetic pres-

sure at the magnetopause associated with lo w average upstrea mMAis believed to be the cause for a high

average reconnection rate at Mercury, reported to be nearly triple of that observed at the Earth. Finally,

the characteristic depletion length,D, out ward fro m the subsolar magnetopause is found to beD∼300k m

at Mercury.

Co mpared to the depletion layer, plas ma in the accelerated flo w layer at the magnetosheath side of the mag-

netopause is characterized by an increased flux of energetic electrons and involve ment of magnetosheath

ions reflected off the magnetopause. Density, te mperature, and magnetic field changes, as well as the pres-

ence of leaked magnetospheric protons in the plas ma depletion layer, are consistent with draping and pileup

of the magnetic field in the sun ward vicinity of the dayside magnetopause. Changes in ion distributions in

the accelerated flo w layer are consistent with dayside magnetic reconnection. There are also other i mportant

effects that require consideration, such as Kelvin- Hel mholtz instability at Mercury’s magnetopause discussed,

for exa mple, inLiljeblad et al.[2016]. Ho wever, they are out of scope of the present paper because such a study

would require us to model fine structure of the magnetosheath flo w, and the nu merical step of our grid is too

coarse for that purpose.

5. Su m mary and Conclusions

The analysis sho wn in this paper i mplies that a ne w co mbined hybrid si mulation allo ws us to study magne-

tosheath structure, in particular, to identify the location and shape of both the magnetopause and the bo w

shock. As follo ws fro m our results, Mercury’s magnetosheath geo metry has the follo wing properties:

1. The magnetopause is located closer to the planet in case of south ward I MF. This may be considered as

evidence of magnetopause erosion.

2. Bo w shock offset is identical in both cases and does not depend on magnetic field orientation and is equal

toRbs=2.4RM.

3. Magnetosphere flaring is lo wer for south ward I MF than for north ward I MF.

4. In the ter minator plane we observe three areas of decreased velocity for north ward I MF: one in the subsolar

point and t wo in the cusp regions where the flo w is separated into strea ms that i mpact Mercury and pass

it. For south ward I MF these cusp areas are less pronounced, plas ma flo w is so me what closer to a unifor m

one, and there is no significant velocity decrease in cusp regions.

We also have co me to the follo wing conclusions regarding general magnetospheric features:

1. Cusps are located at lo wer latitudes in an open magnetosphere than in a closed magnetosphere.

2. For south ward I MF there are t wo equatorial neutral points: one on the dayside magnetopause and the other

one in the magnetotail at approxi matelyX= −3.7RM.

3. For north ward I MF there are t wo neutral points located in cusps inside the magnetopause, i.e., inside the

magnetosphere. There are no neutral points in the dayside or the nightside.

We observe that although nu merical si mulations successfully confir m the theoretically predicted existence

of a thin magnetic barrier with an associated plas ma depletion layer, in situ measure ments by MESSE N GER

do not confir m this prediction, sho wing a strong change in magnetic field near the magnetopause to val-

ues that fluctuate only slightly for most of the trajectory through the magnetosheath. The cause behind this

discrepancy calls for further modeling and data analysis.
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