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3D Hybrid Model
and

Mercury Simulations

PART I



3D Hybrid Model (1)

Full Particle Hybrid MHD

Hybrid Model:
System dimension > rg,e

  in the order of ~ rg,i

4

Full Particle:
System ~ rg,e

MHD:
System >> rg,i

ion

e-
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Gather moments 

“Particle-in-Cell” (PIC) method

eq. (A)(B) eq. (C)(D)

Solve field eqs.     

Interpolate forces 

Move particles     
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Basic eqs. in Hybrid Model

3D Hybrid Model (2)
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MESSENGER flybys
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Case (1): !B = 53˚

   !B = 27˚

!B

Input parameters
BIMF = 21 nT a

nsw0 = nsw[H+]0 = 32 cm-3 a

Vsw0 = ( +430, 0, 0 ) km/s a

     = ( 0, 0, -300 ) nT RM
3 a

RM = 2440 km a

"surface = 10-4 S/m b

Normalized parameters
t0 = #i0

-1 $ 0.5 s
x0 = c/%p,i0 $ 40 km 
v0 = VA0 $ 81 km/s

a Milillo et al., 2005
b Glassmeier, 2000

IMF direction: !B & !B

Case (2): !B = 118˚

   !B = 37˚
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Normalized parameters
E0 = VA0 BIMF $ 1.7 mV/m
P0 = BIMF

2/(2µ0) $ 0.18 nPa
T0 = P0/nsw0k $ 397,347 K
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IOn Flow & Density (1)

No exospheric ions 
are injected in the 
simulation.

Bow shock shape is 
controlled by IMF 
direction.

Wang et al., 2010

Polar Plane
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IOn Flow & Density (2)

No stable drift belt. 

Protons would tend 
to flow sunward 
toward the 
magnetosphere.

Wang et al., 2010

Equatorial Plane
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Bow Shock Structure

Proton temperature shows foreshock ions along the open 
field lines (Trávníček et al., 2007)

Wang et al., 2010
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• ~ 1,000 km
•  May be caused by

- Hot Na+ picked up and  
accelerated by the fast solar 
wind flow in magnetosheath 
(Slavin et al., 2008)
- Ion drift belt (Benna et al., 
2010)

Nov. 4, 2010 MESSENGER-BepiColombo Workshop, Boulder
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Adaptive Hybrid
A new adaptive hybrid code A.I.K.E.F. (Adaptive Ion 
Kinetic Electron Fluid). (Müller et al., 2010)
The code could adapt to the physical structures in 
both space and time.
Refinement/removement criterions

(a) (b)

Figure 1: Fig. 1(a) shows a mesh topology of the hybrid-AMR approach

with its corresponding refinement tree in fig. 1(b). The tree of this two-

dimensional example is a quad tree, i.e. each block can be assigned four

potential children blocks. In three dimensions an oct tree is required. Root-

blocks are colored in green, L1-blocks in blue and L2-blocks in red. The

shaded squares represent blocks that are effectively refined, while the non-

shaded squares indicate blocks that could be refined if required. The abaility

to refine individual quads (octs) rather than entire blocks significantly in-

creases the mesh flexibility (see van der Holst and Keppens (2007)). In root

block 2 the level one quad number 4 is refinent to guarantee that the refine-

ment level of neighboring blocks must not differ by more than one.

65

L0

L1

L2

Müller et al., 2010
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MESSENGER flybys
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Figure 12: Figs. (a) to (d) show the magnetic field and its components for the

MESSENGER I flyby. Fig (e) and (f) show the magnetic field and adaptive mesh of

the equatorial cross-section. The three marks on MESSENGER’s trajectory indi-

cate bow-shock, magnetopause and C/A, respectively. See text for details. Anima-

tions are available online at www.tu-braunschweig.de/theophys/people/jmueller.
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Figure 13: Figs. (a) to (d) show the magnetic field and its components for the

MESSENGER II flyby. Fig (e) and (f) show the magnetic field and adaptive mesh

of the equatorial cross-section. The three marks on MESSENGER’s trajectory

indicate bow-shock, magnetopause and C/A, respectively. See text for details.
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Magnetic Strength
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Müller et al., 2010
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Figure 12: Figs. (a) to (d) show the magnetic field and its components for the

MESSENGER I flyby. Fig (e) and (f) show the magnetic field and adaptive mesh of

the equatorial cross-section. The three marks on MESSENGER’s trajectory indi-

cate bow-shock, magnetopause and C/A, respectively. See text for details. Anima-

tions are available online at www.tu-braunschweig.de/theophys/people/jmueller.
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Figure 13: Figs. (a) to (d) show the magnetic field and its components for the

MESSENGER II flyby. Fig (e) and (f) show the magnetic field and adaptive mesh

of the equatorial cross-section. The three marks on MESSENGER’s trajectory

indicate bow-shock, magnetopause and C/A, respectively. See text for details.

77

flyby 2



14Nov. 4, 2010 MESSENGER-BepiColombo Workshop, Boulder

Magnetopause

The MP double structure observed could be 
reproduced by adaptive hybrid (A.I.K.E.F.) 
simulations without injecting any exospheric 
ions.

Details of the plasma flow around Mercury could 
by studied by the adaptive hybrid (A.I.K.E.F.) 
model.
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Recent Work on
Low Mach Number

Solar Wind Interactions

PART II
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Low Mach Solar Wind
Lower Alfvén Mach number solar wind near Mercury’s orbit.
(Russell et al., 1988)

Na exosphere reactions through larger ion sputtering rate. 
(Killen et al., 2001)

ICME events (Liu et al., 2005) → Helios ~ 4 months near Mercury’s orbit

To initialize the calculation, we filled up the simulation box with 20 superparticles
in each cell. All the particles are randomly generated according to the Maxwellien ve-
locity distribution with the ion plasma-beta βi0 = 0.5, which is assumed to be equal to
the electron plasma-beta. For each time step, all the particles inside the boundaries’
cell except for the +x boundary are replaced with undisturbed solar wind ions, and the
magnetic fields are fixed as the IMF for −x boundary. For the other boundaries, The
magnetic fields are extrapolated from the inner grid nodes with zeroth order approxi-
mation. Fortunately, the simulation box is large enough that the boundary conditions
would not affect the wake structure. Hence, the influence from the moon itself to the
electromagnetic fields inside the wake could be examined.

Year 0.3-0.98 AU 0.3-0.5 AU
1975 1 0
1976 0 0
1977 9 2
1978 21 5
1979 22 0
1980 10 0
1981 10 2
1982 1 0
Total 74 9

aLiu et al., 2005

Table 1: ICME events observed by Helios 1/2 a

MESSENGER flyby cases ICME cases
BIMF [nT] 21 107.6
nsw0 [m−3] 32 30.24
Vsw0 [km/s] 430 698.4
t0 ( = Ω−1

i0 ) [s] 0.496 0.097
v0 ( = VA0) [km/s] 81 427
x0 ( = c/ωp,i0) [km] 40.2 41.4
Solar wind ram pressure [nPa] 9.88 24.63
Stand-off distancea [RM ] ∼ 1.6 ∼ 1.4
Solar wind flux [cm−2 s−1] 1.38 × 109 2.11 × 109

MA ( = Vsw0/VA0) 5.3 1.6
MF ( = Vsw0/VF ) 3.76 1.16

aSiscoe and Christopher, 1975

Table 2: Initialization

3

Solar Minimum

<2011>
Increasing phase

Solar Maximum
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Solar Min Solar Min

Solar Min Solar Min

<2011>

<2011>

<2011>

<2011>

Solar Max

Solar Max

Solar Max

Solar Max
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ICME on 19 June, 1981
0.34 AU

30.24 cm-3

698.4 km/s

107.6 nT

1.6



19Nov. 4, 2010 MESSENGER-BepiColombo Workshop, Boulder

Initialization

(βi0 might be much smaller in reality)

VS0 ≈
√

γ(βi0 + βe0)
2

VA0 (6)

VF0 ≈
√

V 2
S0 + V 2

A0 =
√

2VA0 , if γ = 2, βi0 = βe0 = 0.5 (7)

3 Results

MESSENGER 1 flyby ICME (northward IMF)
Total precipitation rate [× 1025 s−1] 1.58 6.91
Day-side precipitation rate [× 1025 s−1] 0.94 5.69
Day-side precipitation percentage 59.3% 82.3%

MESSENGER 2 flyby ICME (southward IMF)
Total precipitation rate [× 1025 s−1] 1.51 18.86
Day-side precipitation rate [× 1025 s−1] 1.38 16.08
Day-side precipitation percentage 91.8% 85.3%

MESSENGER flyby cases ICME cases
Fsw0 × πR2

M [× 1026 s−1] 2.57 3.95
Solar wind precipitation rate (6 ± 0.15)% (17.49 ∼ 47.75)%
Gird size near surface [c/ωp,i0] 1.5 3.89

Table 3: Surface precipitation rate

4 Summary

• Acknowledgments
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To initialize the calculation, we filled up the simulation box with 20 superparticles
in each cell. All the particles are randomly generated according to the Maxwellien ve-
locity distribution with the ion plasma-beta βi0 = 0.5, which is assumed to be equal to
the electron plasma-beta. For each time step, all the particles inside the boundaries’
cell except for the +x boundary are replaced with undisturbed solar wind ions, and the
magnetic fields are fixed as the IMF for −x boundary. For the other boundaries, The
magnetic fields are extrapolated from the inner grid nodes with zeroth order approxi-
mation. Fortunately, the simulation box is large enough that the boundary conditions
would not affect the wake structure. Hence, the influence from the moon itself to the
electromagnetic fields inside the wake could be examined.

Year 0.3-0.98 AU 0.3-0.5 AU
1975 1 0
1976 0 0
1977 9 2
1978 21 5
1979 22 0
1980 10 0
1981 10 2
1982 1 0
Total 74 9

aLiu et al., 2005

Table 1: ICME events observed by Helios 1/2 a

MESSENGER flyby cases ICME cases
BIMF [nT] 21 107.6
nsw0 [cm−3] 32 30.24
Vsw0 [km/s] 430 698.4
t0 ( = Ω−1

i0 ) [s] 0.496 0.097
v0 ( = VA0) [km/s] 81 427
x0 ( = c/ωp,i0) [km] 40.2 41.4
Solar wind ram pressure [nPa] 9.88 24.63
Stand-off distancea [RM ] ∼ 1.6 ∼ 1.4
Solar wind flux [cm−2 s−1] 1.38 × 109 2.11 × 109

MA0 ( = Vsw0/VA0) 5.3 1.6
MF0 ( = Vsw0/VF0) 3.76 1.16

aSiscoe and Christopher, 1975

Table 2: Initialization
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Adaptive Meshes

M

L0: Δx ~ 1/4 RM (r < 5 RM)
L1: Δx ~ 1/8 RM

(r < 3.5 RM)
L2: Δx ~ 1/16 RM

Magnetic Field Lines
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Northward IMF: BIMF = (0,0,+107) nT

Magnetic Field Lines

|B| nH+

Alfvén wing perturbation (Sarantos and Slavin, 2009)
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Alfvén Wing Perturbations

Lammer and Bauer [1997] proposed an ionospheric Pedersen
conductance of!5" 10#6 S. Cheng et al [1987] estimated a
height-integrated pickup ion conductance SP = 0.1–0.3 S
assuming photoionized sodium to be the dominant ion
species. The new measurements by MESSENGER indicate
that the sum of relative abundance of ions heavier than 23
atomic mass units (likelyMg+, Ca+, K+ and others) is approx-
imately equal to that of Na+ [Zurbuchen et al., 2008]. The
twofold increase of the heavy ion density implies upper limits
to the pickup conductance of $0.3–0.6 S.
[15] Although the iron-rich core should be highly conduc-

tive, estimates of the regolith and crust conductance vary
widely. Conductivities in the range of 10#8–10#4 S m#1 are
often quoted [e.g., Janhunen and Kallio, 2004]. The field
lines interact with the surface and with sub-surface layers up
to a skin depth. For changes in the solar wind occurring at the
typical ‘‘frequency’’ of 10 s (e.g., IMF discontinuities), the
corresponding e-folding depth of currents is 159 km; for a
magnetic cloud with a southward IMF rotating over 2 hrs, the
resulting current layer might be comparable to the mantle
thickness. A baseline conductivity of 10#4 S m#1, appropri-
ate for lunar crustal materials, was assumed in these calcu-
lations yielding an effective conductance of SM = 16 S for a
planar current sheet of 159 km [Janhunen and Kallio, 2004].
Lower and upper limits to the dayside surface conductance of
10#2–102 S have been estimated over Mercury’s polar caps
[Grard et al., 1999]. Surface closure of magnetospheric field-
aligned currents was demonstrated by Janhunen and Kallio
[2004] assuming SM $ 16 S.
[16] The upper limits of Hermean surface conductance

estimates can generate Alfvén wings. We may verify this by
comparing Mercury to other reconnecting magnetospheres
(Ganymede and Earth) during low Alfvén Mach number
flows. Strong evidence for the existence of Alfvén wings
at Ganymede was provided during several passes by the
Galileo probe (see review by Kivelson [2004]). The observed
bending-back of the magnetic field in the direction of the
corotating plasma flow, as well as the deceleration of the
plasma flow from !0.8 (upstream) to !0.3 (polar caps) of
the ambient plasma speed, are consistent with the Alfvén
wing model. Modeling of the Galileo measurements using a
global MHD simulation shows the development of Alfvén
wings assuming the effective ionosphere conductance of
SG ! 2 S [Jia et al., 2008]. The formation of Alfvén
wings was also demonstrated in MHD simulations of the
Earth’s magnetosphere under strong interplanetary magnetic
fields [Ridley, 2007]. In this case the conducting obstacle is
the terrestrial ionosphere, whose typical Pedersen conduc-
tance is 10 S.
[17] Reconnected field lines of the Earth and Mercury are

attached to the solar wind and to the terrestrial ionosphere or
the Hermean surface, respectively. Over the polar caps the
lower foot of each line is retarded by the conductive medium
while the other foot moves at the reconnection velocity.
Waves are launched as a result of magnetic tension. Because
the upper end of the Hermean field line moves faster than
the corresponding end of the terrestrial line as a result of the
higher reconnection efficiency at Mercury [e.g., Slavin, 2004],
its deformation will be greater assuming the near-surface
Hermean conductance to be comparable to the terrestrial
Pedersen conductance of 10 S. At Ganymede comparable
field line distortions can result from a lesser line-tying con-

ductance since at the ‘‘open’’ end the line is immersed in the
sub-Alfvénic Jovian plasma with MA ! 0.5, moving faster
than the Hermean line due to even more efficient reconnec-
tion. Evidently, Mercury is an intermediate case between
Ganymede and the Earth. Therefore, the minimum Mercury
conductance required to sustain Alfvén wings can be con-
strained as 2 S < SM < 10 S, i.e. consistent with values
obtained in Section 3.
[18] Figure 4 presents a schematic of the resultingMercury-

solar wind interaction during ICMEs. When the prevailing
IMF is southward, Alfvén wings form and the interaction
looks much like Ganymede [e.g., Neubauer, 1998] and pos-
sibly the Earth under similar conditions [Ridley, 2007], where
the jxB force inside the wings decelerates the plasma, while
magnetic tension behind the wings re-accelerates it. For
northward IMF the currents are excluded from entering the
magnetosphere, which is presented as a ‘‘bubble’’, and they
close instead through the magnetopause. The effective con-
ductance which is necessary for this type of interaction must
be comparable to the Alfvén conductance.
[19] Kivelson and Ridley [2008] suggested that as the

Earth’s ionospheric conductance surpasses the solar wind
Alfvén conductance with decreasing Mach number, the
applied potential to the magnetosphere is limited by means
of partial reflection of Alfvén waves by the ionosphere. They
estimated the ratio of cross polar cap potential to the applied
solar wind potential to be constrained as FPC/FSW $ 2SA/
(SP +SA). For Mercury their approach would indicate that if
MA < 2 and SM ! SA, the Hermean polar cap potential drop
will begin to saturate.
[20] This is different from the Hill et al. [1976] model.

They argued that when the ionospheric conductance is high,
ionospheric Region 1 currents would introduce some addi-
tional magnetic field on the dayside magnetopause which, in
turn, would reduce the reconnection efficiency. The resulting
polar cap potential drop is limited to FPC$ FSW/(1 +SP/S0)
where the relevant ‘‘line-tying’’ threshold is S0 !20 S. In
their picture rapid convection at Mercury would be limited
only if the near-surface conductance were to approach SM

!20 S. We have shown that during ICMEs Alfvén wings

Figure 4. Schematic of the proposed interaction of a CME
withMercury (upper panel) under (left) southward and (right)
northward IMF conditions.

L04107 SARANTOS AND SLAVIN: ALFVÉN WINGS AT MERCURY L04107

4 of 5

Sarantos and Slavin, 2009

ICME
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Northward IMF: BIMF = (0,0,+107) nT

Magnetic Field Lines

|B| nH+

Bow shock ? ➙Fast-mode wave
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Fast-mode Wave
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Southward IMF: BIMF = (0,0,-107) nT

Magnetic Field Lines

|B| nH+

Fast-mode wave and Alfvén wing perturbation

Reconnection sites locate near the equatorial surface of Mercury.
➡Direct impact of solar wind ions is possible



26Nov. 4, 2010 MESSENGER-BepiColombo Workshop, Boulder

Low Mach Number
Solar Wind Interactions
Exospheric Responses

PART II.2



VS0 ≈
√

γβi0VA0 (6)

VF ≈
√

V 2
S0 + V 2

A0 =
√

2VA0 , if γ = 2, βi0 = 0.5 (7)

3 Results

MESSENGER 1 flyby ICME (northward IMF)
Total precipitation rate [× 1025 s−1] 1.58 6.91
Day-side precipitation rate [× 1025 s−1] 0.94 5.69
Day-side precipitation percentage 59.3% 82.3%

MESSENGER 2 flyby ICME (southward IMF)
Total precipitation rate [× 1025 s−1] 1.51 18.86
Day-side precipitation rate [× 1025 s−1] 1.38 16.08
Day-side precipitation percentage 91.8% 85.3%

MESSENGER flyby cases ICME cases
Fsw0 × πR2

M [× 1026 s−1] 2.57 3.95
Solar wind precipitation rate (6 ± 0.15)% (17.49 ∼ 47.75)%
Gird size near surface [c/ωp,i0] 1.5 3.89

Table 3: Surface precipitation rate

4 Summary

• Acknowledgments
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Ion Precipitation Rate

➡ICME seems to induce more ion precipitation on the 
surface. 

➡However, the errors arose from the grid size differences 
should be notified.
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Ion Precipitation Map
ICME casesMESSENGER flyby cases
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Na ExospherE Model

Monte-Carlo method is used to trace 10,000 Na 
atoms with the influence of solar radiation 
pressure.

Thermal accommodation rate (β) and 
photoionization rate (Rloss ~ 1.08 × 10-4 s-1 at 
0.386 AU) are taken into consideration.

Ion precipitation distributions are treated as the 
ion sputtering source distributions.
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Ion Sputtering
Assume QIS = 3.2 × 1024 s-1

Steady-State Na exosphere
θTAA = 290 deg
β = 0.1 Q = QIS Q = QIS Q = 4.5 × QIS Q = 12.5 × QIS
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Photon Stimulated Desorption (PSD)

Mura et al., 2009

2H + Na2SiO3 →2Na + SiO2 + H2O (Potter, 1995)
H reacts with the Na bearing rock and liberate Na 
atoms from their chemical bounds in crystal.
Atomic Na can be easily released into the exosphere by 
thermal desorption or photon stimulated desorption 
(PSD).

➡ Day-side precipitation for PSD



Steady-State Na exosphere
θTAA = 290 deg
β = 0.1
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PSD From Proton Liberation

Q = 0.6 × QPSD

Assume QPSD = 3 × 1024 s-1

Q = 0.92 × QPSD Q = 4.5 × 0.82 × QPSD Q = 12.5 × 0.85 × QPSD
(a) MESSENGER 1 flyby
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Summary

In the phase of increasing solar activities, more low Mach 
solar wind interactions are expected. (MESSENGER in 
orbit)

Fast-mode wave and Alfvén wing perturbations could be 
observed with MA ~ 1.6

Direct impact of solar wind ions at subsolar region is 
possible with ICME interactions while IMF is southward.

Ion precipitation rates should be verified with finer grid 
simulations in the future.
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Future Work

Distributions of pick up Na+ and other exospheric 
ions could be studied with 3D hybrid model or 
the resultant electromagnetic fields from hybrid 
simulation.

Time-dependent model is needed to investigate 
the dynamical magnetosphere-exosphere 
coupling in the future.

Comments and suggestions are most welcome.



Thank you
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Surface conductivity

Janhunen and Kallio, 2004

Perturbation magnetic 
field B1 in the equatorial 
plane.

B1 field penetrates only 
the poorly conducting 
parts of the planet.

P. Janhunen and E. Kallio: Current closure on Mercury 1835

Fig. 5. The perturbation magnetic field B1=|B−Bdip| in the XY plane in all runs (for definitions of runs 1–6, see Table 1). The horizontal
axis is X (Sun is to the right) and vertical is Y (growing from dawnside toward duskside). The Z axis points out of the page.
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Foreshock

Trávníček et al., 2007

plasma temperature

Some suprathermal 
protons are reflected 
back upstream in the 
quasi-perpendicular 
portion of the shock 
wave and move further 
upstream forming a 
proton foreshock.

close to the planet (Figures 1a and 1c). Both northern and
southern cusp regions (Figure 1d) have enhanced density
regions close to both cusp neutral points.
[10] The plasma temperature profile is shown in Figure 2

(in the same format as Figure 1). In certain regions the
plasma inside the Hermean magnetosphere is hotter under
the higher solar wind pressure (Figures 2a and 2c), which is
a natural consequence of the higher overall energy content
carried by the faster and denser solar wind. Warmer plasma
can be seen in the magnetosheath on the dayside and in the
plasma sheet on the nightside. The plasma ring contains hot
plasma in both simulations, but is hotter in the high solar
wind pressure case. The quasi-parallel portion of the bow
shock is characterized by magnetic field lines directly
connected to the magnetosheath. Here solar wind protons
can penetrate into the magnetosheath where they are heated.
Some suprathermal protons are reflected back upstream in
the quasi-perpendicular portion of the shock wave and move
further upstream forming a proton foreshock (see Figures 2c
and 2d) [e.g., Kennel et al., 1985]. The upstream heated
portion of foreshock plasma is composed of solar wind
plasma reflected at the quasi-perpendicular portion of the
shock as well as heated plasma from within the magneto-
sphere that circles the planet and reaches the quasi-parallel
magnetopause region.

[11] Downstream of the quasi-perpendicular bow shock
we observe a well structured wave train in both cases
(Figures 1c and 1d). Moreover, for the higher solar wind
pressure the wave front of the shock is more structured
(rippled). This is in agreement with previous observations
that slower collisionless shocks (with Alfvén Mach numbers
MA < 5) are not subject to shock rippling and/or possible
reformation processes, while above MA ! 5 these processes
occur [Hellinger and Mangeney, 1997].
[12] Colored plots of the distribution of the magnetic field

amplitude in the neighborhood of Mercury are shown in
Figure 3. Arrows show the local orientation of the projec-
tion of the magnetic field onto the given plane. The length
of these arrows is proportional to the strength of the
magnetic field, however, an upper bound on this length is
set so these arrows are not too big close to the planet.
Magnetosheath plasma is constrained by a well pronounced
bow shock and the magnetopause, and we can see that the
northern and southern cusp regions are enlarged under the
lower solar wind pressure (see Figures 1b, 1d, 3b, and 3d).
[13] Colored plots of the distribution of the jpy and jpz

components of the H+ current density are shown in Figure 4.
Convection of the shocked solar wind flow around the

Figure 2. Colored plots of the distribution of the plasma
temperature in the neighborhood of Mercury for (a and c)
high and (b and d) low solar wind pressure shown in the
noon-midnight plane (x, y = 0, z) (Figures 2a and 2b) and
the equatorial plane (x, y, z = 0) (Figures 2c and 2d). The
axes are in units of planetary radii RM, and the temperature
is in units of solar wind temperature Tsw.

Figure 3. Colored plots of the distribution of the magnetic
field amplitude in the neighborhood of Mercury for (a and c)
high and (b and d) low solar wind pressure shown in the
noon-midnight plane (x, y = 0, z) (Figures 3a and 3b) and
the equatorial plane (x, y, z = 0) (Figures 3c and 3d). The
axes are in units of planetary radii RM. Arrows indicate the
orientation of the projection of the magnetic field vector in
the given plane. Upper bounded lengths of these vectors are
proportional to the projected strength of the magnetic field
(in arbitrary units).

L05104 TRÁVNÍÈEK ET AL.: STRUCTURE OF MERCURY’S MAGNETOSPHERE L05104
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BIMF = (0,0,-107) nT

Fast wave ➙identical with northward case
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