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s Abstract.

+ Results of two global three-dimensional hybrid simulations of the solar wind interac-
stion with the Hermean magnetosphere are presented for southward and northward inter-

s planetary magnetic field (IMF) orientations. Important dawn-dusk asymmetries of the Her-
rmean bow shock and magnetosheath are observed depending on the IMF orientation. For
sthe southward IMF the dawn side has a thicker magnetosheath with higher 8 values and

o slower bulk velocities compared to the dusk side whereas for the northward IMF the dusk
wside has a thicker and higher B magnetosheath with slower bulk velocities. Mirror mode

u activity consequently appear at the dawn side for the southward IMF and at the dusk side
wfor the northward IMF. A mechanism for the bow shock and magnetosheath asymmetries
1318 proposed and discussed in the context of the Hermean and terrestrial magnetosheaths.

14

1. Introduction

15 Mercury’s intrinsic magnetic field was originally observed
16by Mariner 10 [Ness et al., 1975] and recently confirmed by
17 MErcury Surface, Space ENvironment, GEochemistry, and
18 Ranging (MESSENGER) spacecraft measurements [Ander-
1 son et al., 2008]. The current estimate of the Hermean mag-
wonetic dipole moment ~ 190 nTR3; [Anderson et al., 2011]
a1 (where Ry is the Hermean radius), so that its strength is
2about 2x 10 times weaker than the Earth’s dipole moment.
23 Although the Hermean magnetic field is weak, its interaction
2« with the solar wind results in a magnetospheric structure
» qualitatively similar to the terrestrial magnetosphere [Slavin
2% et al., 2008]. Thanks to many missions aimed to investigate
o7 Earth’s magnetosphere and together with missions to study
2slarge magnetospheres of outer planets, many observations
wvand studies of the magnetosheath have been carried out.
30 The terrestrial magnetosheath is a region with enhanced
s fluctuations, instabilities, and wave activity resulting from
2 various sources. The solar wind itself is usually a source
s3of low frequency waves. Density variations, Co-rotating In-
s teraction Regions (CIRs), or other sudden discontinuities in
ssthe solar wind flow cause bow shock pulsations which are
ssthen convected with plasma into the magnetosheath [Yu-
37 moto, 1988].

s Quasi-parallel bow shock and adjacent foreshock region is
so another source of magnetosheath waves. Particles reflected
sofrom the bow shock travel backwards into the solar wind
srupstream region in the form of a beam which is the source
220f free energy, that is converted into various waves [Russell
ssand Hoppe, 1983]. These waves are then convected back
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sinto the magnetosheath [Krauss-Varban, 1995]. A quasi-
ssperpendicular bow shock is the source of waves on itself.
46 As the shocked plasma is heated preferably in the direc-
s7tion perpendicular to ambient magnetic field, temperature
ssanisotropy increases. This pressure anisotropy is a source
s of free energy for ion cyclotron and mirror waves. Another
sosource of waves is the magnetopause which could generate
sitwaves as well [McPherron, 2005]. At the magnetopause,
52 compressions also efficiently excite kinetic-scale shear Alfvén
sswaves through mode conversion in the strong Alfvén velocity
sagradient [Johnson and Cheng, 1997b]. Kinetic Alfvén waves
sslead to significant plasma transport and heating [Johnson
ss and Cheng, 2001; Chaston et al., 2008]. The magnetopause
s7region is also favourable to Kelvin-Helmholtz instability, due
ssto high velocity shear. Kelvin-Helmholtz instability then
socan generate magnetosheath waves for large Mach numbers
60 [Miura, 1992] when the compressional mode energy can leak
sraway from the shear layer [Taroyan and Erdélyi, 2002]. Fi-
e2nally, processes inside the magnetosheath itself produce con-
e3ditions favourable for generation of waves, such as plasma
esflow diversion and field line draping effects described by
&s Zwan and Wolf [1976].

66 Properties of the magnetosheath plasma and the corre-
e7sponding wave activity depend on the parameters of the
es solar wind especially on the shock Mach number as well as
soon the angle between shock normal and the interplanetary
romagnetic field (IMF) — ©p,. In particular, the temperature
nanisotropy 7' /T) (where T\ and Tj is the plasma tempera-
72ture in the perpendicular and parallel directions with respect
73to the local magnetic field B, respectively) decreases as © gy,
7becomes less oblique [Ellacott and Wilkinson, 2007]. The
7stemperature anisotropy is a source of free energy, which is
zereleased in the form of several types of waves. At the magne-
77topause, the field line draping produces perpendicular (with
srespect to the local magnetic field) compression producing
rothe temperature anisotropy 7. > Tj that is most significant
soin the plasma depletion layer.

s1  The magnetosheath waves have been investigated during
s2studies based on data from various missions. For exam-
s3sple, data from ISEE 1 and 2 has been analysed by Hu-
sabert et al. [1998], who suggests that different wave modes
ssappear in the magnetosheath depending on the position in
ss the magnetosheath. Successively from the bow shock to the
sz magnetopause following modes have been identified, com-
sspressive and Alfvén ion cyclotron (AIC) mode, pure AIC,
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somixed AIC and mirror mode, and pure mirror mode near 13 Theoretical and numerical studies indicate that different
90 the magnetopause. Pure mirror modes in isotropic plasma 14 mechanisms (quasilinear diffusion, wave-wave coupling, par-
othave zero real frequency (wg = 0), however, modes with a wsticle trapping) participate in the nonlinear saturation [Pan-
92non-zero real frequency have also been seen near the magne- s tellini et al., 1995; Kivelson and Southwood, 1996; Hellinger
sstopause where the real frequency is associated with plasma 17 et al., 2009] leading to formation (of wave-trains) of strong
s gradients [Johnson and Cheng, 1997a]. The most significant 14s pressure-balanced coherent structures in the form of mag-
osand abundant waves observed in the magnetosheath are AIC wonetic holes or humps. Fluid modelling [Passot and Sulem,
ssand mirror modes, which are generated for sufficiently large 1502006] and hybrid simulations [Trdvnicek et al., 2007b] pre-
o Ty /Ty > 1. AIC and mirror instabilities usually compete 1s1dict that magnetic humps are typically present when the
s with each other for wide range of plasma parameters. Which 1s2system is linearly unstable (with respect to the mirror in-
swone of these modes is the major contributor at particular is3stability) whereas the magnetic holes are typically present in
100 magnetosheath position depends on particular conditions, 1s4stable regions in agreement with in-situ observations [Soucek
wisuch as the value of plasma 3 (ratio between the particle s et al., 2008; Génot et al., 2009, 2011]. This indicates that the
weand magnetic pressures) or the particular composition of ss mirror instability generate magnetic humps which evolves to
wsplasma [e.g., presence of alpha particles, cf., Gary et al., 157magnetic holes which survive in the mirror-stable plasma.
1041993]. Summary of this subject can be found, for example, 155 The global terrestrial and Hermean magnetospheric
wsin Lacombe and Belmont [1995] or Schwartz et al. [1996]. 1sestructures are qualitatively similar but there are important
ws  Mirror waves and related temperature anisotropy driven o differences. First, the physical dimensions are smaller for
17 instability has been reported already in 1960’s by [Barnes, 11 Mercury’s magnetosphere than for Earth’s magnetosphere.
1081966; Hasegawa, 1969] and it has been studied increasingly 12 The smaller magnetic dipole moment at Mercury leads to a
worecently, analysing data from space missions. Mirror insta- 13smaller magnetosphere with a magnetopause stand-off dis-
110 bility and waves have been extensively studied theoretically, 16+ tance only about 1.5 Ry depending on the solar wind pres-
we.g.[Kivelson and Southwood, 1996; Kuznetsov et al., 2007], ssure whereas at Earth the stand-off distance is around 10
1z via numerical simulations [Califano et al., 2008; Hellinger s RE, Ry and Ri are the Hermean and terrestrial radius re-
uz et al., 2009] as well as using satellite observations. The mir- 167spectively. The important parameter for kinetic effects to
naror mode has been reported in the Earth’s magnetosheath s play significant role is the particle Larmor radius. Taking
ususing data from various missions [e.g. Tsurutani et al.,1e0into account some typical plasma parameters near Earth and
116 1982; Fazakerley and Southwood, 1994; Walker et al., 2002; 1o Mercury, we can calculate a typical proton Larmor radii.
w7 Tatrallyay et al., 2008]. Beside the Earth’s magnetosheath, i1 The parameters taken into account as well as the Larmor
nsmirror waves were observed and studied in magnetosheaths 2radius computed for magnetosheath and solar wind condi-
uoof outer planets [Violante et al., 1995; Bavassano-Cattaneo 13tions at the Earth as well as at Mercury are given in Ta-
wet al., 1998; Joy et al., 2006]. Mirror modes are also ob- able 1. The Larmor radius is computed for protons having a
wmserved in the heliosheath downstream of the termination 17stemperature typical for given region. The temperature for
w2shock [Tsurutani et al., 2011]. 176 the Hermean magnetosheath has been taken from estimate
123 Mirror instability is a kinetic instability at fluid spatial 177 given by Massetti et al. [2003]. The resulting Larmor radii
e scales [Hasegawa, 1969]. This instability results from the sare examples based on typical plasma parameters expected
12s Landau (transit time) resonance of particles around v = 0 e at various locations to show the different plasma scales. For
16 with a nonpropagating mirror mode [Southwood and Kivel- 1othe magnetosheath plasma conditions the Hermean radius
127 som, 1993], i.e., wave mode in a homogeneous plasma, where 1s1is on the order of ~ 75 Larmor radii. We can compare Lar-
18 the mirror wave is a standing wave in the plasma rest frame 12 mor radius to the stand-off distance, that express also the
120 (zero real part of the wave frequency). In the inhomoge- 13 magnetic dipole strength of the planet. For magnetosheath
1oneous medium, drift terms appear in the frequency and the 1es conditions at Earth,the stand-off distance (=10 Rg from the
131 mirror mode becomes propagating. Assuming cold electrons 1es planetary center) is about 1417 Larmor radii. At Mercury
wand hot protons the threshold condition for bi-Maxwellian 18 the stand-off distance (1.5 Rg from the planetary center)
13 protons is 187is only 114 Larmor radii. This means, that finite Larmor
wsradius effects will play more significant role at Mercury. Lo-
180 cal kinetic effects might be also important in global aspects,

F:[ﬂ(%fl)fl>0 (1)

) Table 1. Typical plasma parameters for the magnetosheath

(the marginal stability is at T' = 0 and plasma is stable and solar wind conditions at Earth and Mercury.
with respect to the mirror instability for I' < 0). The most
unstable mirror mode close to threshold appears for long
wavelengths and strongly oblique angles. The most unsta-
ble mode of the mirror instability can be estimated using a Earth Mercury FEarth Mercury
cold electron approximation [Hasegawa, 1969]. For instance

Parameter  Units Solar wind Magnetosheath

the 0,5 angle of the most unstable mode is given as n [em™—?] 5 40 15 120
B [nT] 5 35 20 40
OB = arctan (2 %) (2) T K] 105 2x10° 3x10° 6x10°
Vsw?® [km/s] 400 400 N/A N/A
mawhere x = 14 (8L — 8))/2 [Hellinger, 2007]. The mode is vaP [km/s] 49 120 113 80
s strongly compressional with magnetic variations parallel to - " "
16 the ambient magnetic field B much larger than the per- rL [lcmn] 10 21 45 32
137 pendicular ones 0 B . The mirror mode generate nonpropa- rLC [Rp]Y 0.016  0.009 0.007 0.013
s gating wave at the pressure equilibrium, i.e., it leads to the @ yow: solar wind velocity.
130 density variations which anticorrelate with the variations of b y4: local Alfvén velocity.
1o the magnitude of the magnetic field. ¢ rr: local Larmor radius.

w1 While thel linear properties Qf thg mirror instability are 4 R,: planetary radius for Earth or Mercury, i.e., 6378 or
w2 well known, its nonlinear behaviour is not well understood.  2439.7 km respectively.
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wosuch as observed e.g. at Mars asymmetry in the magne- 2s7along the magnetic axis and y-direction completing the
101 tosheath flow as reported by Dubinin et al. [1998]. Another 2ss right-hand coordinate system.

w2significant difference is in the time response to any sudden 0 ~ We are using a scaled down model of Mercury with a mag-
1ssolar wind input and processes in the magnetosheath. The 20 netic moment M = 100, OOOBSdeSWZLTr/ 1o, where Bgy, is the
14 dimensions, lack of ionosphere and stronger solar wind ram »: magnitude of the solar wind magnetic field, dpsw = ¢/wWppsw
s pressure lead to =~ 30 times faster processes than at the .is the proton inertial length in the solar wind, ¢ is the
106 Earth [Baumgjohann et al., 2010]. sssspeed of light, wppsw is the solar wind proton plasma fre-
w7 The IMF, which governs the magnetospheric structure 4 quency. The scaling is necessary due to a limited computa-
wsand its dynamical response to the solar wind, is in average s tion resources. Real Mercury would need larger simulation
w9 closer to radial near Mercury compared to the Earth’s orbit ,bhox to maintain current resolution, which is not possible to
20 where the Parker spiral is more tilted and has a significant ,5; achieve with available computation power we have. The so-
201 component in the East/West direction. The Parker spiral ,g]ar wind magnetic field Bey corresponds to 20 nT. The dpew

azangle peaks at —30° and 150° at the Hermeap Qrbit (be- 5e0is equivalent to Larmor radius of proton with Alfvén speed
astween 0.31 and 0.47 AU) as shown by the statistical study dpsw = Vasw/Wgpsw, wWhere vy is the Alfvén speed in the

204 from Helios and MESSENGER data whereas at the Earth’s
a0s orbit the angle is —45° and 135° [Korth et al., 2011]. How-
26 ever, the IMF depends on particular solar wind conditions
2o7and the important B, component of the IMF is varying at
208 both planets and could be either northward or southward.
200 The orientation of IMF B, also determines the magneto-
a10spheric structure, i.e., the location of the foreshock region
211 0r the reconnection sites and therefore mass loading into the
212 planetary magnetosphere. These effects seems to be present
azat Mercury as well.

214 This paper focuses on mirror modes in the Hermean mag-
asnetosheath. Mirror waves are generated by a mirror insta-
216 bility [Hasegawa, 1969] which is active for sufficiently strong
a7 temperature anisotropy 71 > Tj. Here are some processes . . . . .
2 which can generate the anisotropy (T > T)). First poten- ** The scaling factor in these simulations is 1.9, that means
aotial source is a quasi-perpendicular bow shock, where the 2 the_planet will remain an Obstacle“for the solar wind having
aodissipation leads to this temperature anisotropy [Sckopke 2 radius of several local Larmor radii. . .

2 et al., 1983; Sckopke, 1995]. Second possible source of pres- %7 For the simulations here we use a 3-D 51mula.mt1.0n box
22 sure anisotropy is related to changes of the plasma properties 2% with 940 x 400 x 400 mesh pPlHtS dlstrlb}lted equ1d1§tantly
23due to its flow around the magnetopause [e.g., the field line 2% along the three (Cartesian) dimensions with the spatial res-
»edraping effect, cf., Tsurutani et al., 1982]. Another sources 2% olution Az = 04dpsw, Ay = AZ = dpsw. The planetary
»scould also generate the temperature anisotropy, e.g., mag- 29 radius is Ry = 21.727dpsw, which gives 17.3 x 18.4 x 184
zenetic field and plasma compression. 202 Ry spatial resolution, taking into account one cell dimen-
27 In this paper we present a detailed analysis of three- 2s3sions of 0.4 x 1.0 X 1.0 dpsw. The simulated planet cen-
»sdimensional (3-D) hybrid simulations of the interaction be- 2stre is located at the distance 5.19 Rps in the solar wind
29 tween the solar wind and the Mercury focusing on the mirror 295 flow direction. Macro—particles are advanced with the time
xwave activity in the magnetosheath. First we characterize 2sstep At = 0.02wg .y, Where wgpew is the solar wind pro-
s the equatorial magnetosheath and try to explain observed 207ton gyrofrequency; whereas the electromagnetic fields are
1 dawn-dusk asymmetry. Then linked with the asymmetry, we 20sadvanced with the finer time resolution Atp = At/20.
x3investigate mirror waves in the equatorial region of the mag- 200 The magnetic field is initialized with a superposition of
xnanetosheath. The data also show other regions and sources 30 the homogeneous IMF By, and a dipolar planetary mag-
a5 0f mirror waves, that are not studied in detail. It is for ex- smnetic field By;. The IMF Bgyw = (Bs,0,B.), Bsw = 1,
assample the quasi-perpendicular bow shock, that is source of 32 makes an angle ¢ = +20° with respect to the +X axis (i.e.,
237 temperature anisotropy and exhibits favourable condition s with respect to the solar-wind flow direction) in the plane
assfor mirror wave generation. Mirror waves observed in the su (X, Z). Here we refer to the simulation with northward IMF
2 equatorial region appear to be generated by the day-side ss (p = 20°) as NIMF and to the simulation with southward
20 magnetosheath and magnetopause processes. 306 IMF (¢ = —20°) as SIMF.

21 The paper is organized as follows. In section 2 we present 35y At t+ = 0 the simulation box is loaded with 70 macro-
a2 the simulations and data that have been used for the analy- 3 particles in each cell outside the planet for both simulations
23sis. Global structure of the solar wind - Mercury interaction ;0 NIMF and SIMF, representing the solar wind Maxwellian
21415 then presented with special focus on the dawn-dusk asym- ;) isotropic protons with the density n, = npsw and the bulk
usmetry. Then mirror wave analysis follows for the two sim- ,; speed v, = (4V4asw,0,0). This plasma flow is continuously
usulation cases. Section 3 discusses some issues raised within ;;,injected from the left boundary of the simulation box at

annsolar wind and wgpsw is the proton gyro-frequency in the
ansolar wind. The downscaling preserves a stand-off magne-
arstopause distance Rmp predicted from the pressure balance
274 between the solar wind ram pressure Pram sw and the magne-
ors tospheric pressure: Rmp = [B2,/(2t0 Pram,sw)]"/* R, where
276 Beq is the magnetic field at the equator of the planet and
217 before downscaling corresponds to 195 nT. Following recent
arsobservation of MESSENGER [Anderson et al., 2011], the
a9 dipolar magnetic field is shifted towards the north pole by
2800.2 Rar. The scaled down radius Rys always remains much
2s1larger than the local proton Larmor radius. As shown in
22 Table 1, the planetary radius Ras is ~ 111 (~ 76) Larmor
assradii for solar wind (magnetosheath) plasma respectively.

27 the paper and finally section 4 concludes achieved results. ;; X = —5.19R,;. The ratio of proton to magnetic pressure in
sithe solar wind is Bpsw = 1.

2. Global hybrid simulations 35 At boundaries, we use open boundary conditions, i.e.,

sie macro-particles freely leave the simulation box on all sides.

2.1. Model parameters 317 Macro-particles hitting the planetary surface (set at Ry =

. 31821.727 dpsw ) are removed from the simulation. We keep
28 In this paper we analyse the data from the updated global 29B /0t i O)in the interior of the planet and O /dr = 0.

29 hybrid simulations based on older datasets introduced in 20 The simulation unit settings corresponds to condition of

20 Trdvniéek et al. [2007a], Trdvnicek et al. [2009], and de- : : N :
siscribed in more detail in Trdvniéek et al. [2010]. The model 321310‘1]3801% wind with speed ~ 450 km/s and density of 15

22 remains similar, however higher resolution, lower downscal- »2em
23ing, and dipolar offset is used as described below.

254 The simulation box coordinates could be denoted as Her-
255 mean centric Solar Wind with origin in the Hermean plane- 3223 The general structure of the solar wind interaction with
256 tary centre, z-direction along the solar wind flow, z-direction 324 the Hermean magnetosphere with its various features has

2.2. Global structure of the interaction
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s2sbeen described in [Trdvnicek et al., 2010]. The simulated s2the MP location. For the bow shock a similar approach is
ssdata are also in good qualitative agreement with MESSEN- 303 adopted, similar to Bale et al. [2003]. Here, we use the same
527 GER measurements. Analysis showed typical terrestrial-like s trajectory for locating the MP but truncated only to points
;s magnetosphere with bow shock ahead of the planet, magne- 305 from the MP position further from the planet. This time
sotosheath with plasma flowing around the planet along the s density data along this trajectory are used for the fit (also
s0magnetospheric boundary - the magnetopause. The inner 37 with tanh function). Again an inflection point indicates the
s magnetosphere exhibits a plasma belt around the planet, 39 boundary location. The method however does not provide

s2that is connected to the current sheet in the tail region.

333 Two cases has been studied and presented: northward
ssand southward IMF. One clear distinction for the two cases
33518 the location of the quasi-parallel and quasi-perpendicular
ass bow shock, which causes magnetosheath asymmetry (north-
ss7south in case of IMF in meridian plane). Quasi-parallel bow
sssshock is an active region, with turbulent magnetosheath
ssvand adjacent foreshock. In the foreshock region wave ac-
s tivity rises, due to backscattered ions from the bow shock
sainteracting with incoming solar wind. In contrast, the
s quasi-perpendicular bow shock is a quasi-laminar strong
sssand well defined shock boundary, that generates temper-
ssature anisotropy. The free energy in the anisotropy is then
ass converted to ion cyclotron waves travelling into the magne-
sstosheath. In particular for southward IMF, the foreshock
sarregion is located in the northern part of the bow shock,
sss where the IMF is parallel to the shock normal. Due to the
a9 low angle (20°) of the IMF to the solar wind flow, the quasi-
sso perpendicular shock is in the southern part further from the
ss1sub-solar line at the flank.

32 The B, component of IMF, and especially its direction,
ss3 affects the overall magnetospheric structure. For southward
354 IMF (SIMF), the magnetosphere is open, which means, that
sss reconnection of IMF and magnetospheric magnetic field lines
356 takes place ahead of the planet and solar wind in the recon-
ss7nection region can directly enter the magnetopause, that
sssleads into higher total pressure in the magnetosphere and
3so widened magnetospheric tail. On the northern part of the
360 day-side magnetopause the IMF fieldlines reconnect to Her-
361 mean magnetospheric fieldlines and are then convected with
362 the magnetosheath plasma flow towards the tail. The north-
s63ern magnetospheric lobe also exhibits certain plasma den-
364 Sity, as the solar wind penetrates along the fieldlines into
365 the magnetospheric region.

366 In the northward IMF (NIMF) case, the magnetosphere is
367 'closed’ and the field lines are bent along the magnetopause.
368 Reconnection could take place in the southern tail lobe re-
360 gion and in the polar cusps.

As presented, and as expected, the different IMF orien-
sritation (opposite B, component) leads to north-south asym-
snmetry in the foreshock region location. Different magnetic
srsfield topology however also leads to significant differences in
szathe magnetospheric structure as described below in respect
sisto dawn-dusk magnetosheath.

370

2.3. Magnetosheath

In the present analysis we focus on the magnetosheath
srregion. For the analysis purposes, we have prepared fit-
s ting procedure to obtain bow shock (BS) and magnetopause
379 (MP) boundary locations and magnetosheath thickness. We
ss0 have investigated different approaches, i.e. minimum vari-
ssrance analysis, pressure balance, however presented fitting
s2seems to be most robust for the simulated dataset.

333 We have fitted the dayside magnetosheath at the mag-
ssanetic equatorial plane to be able to select magnetosheath

376

39 fully automatic procedure and at some critical points (not
a0 sharp enough transition, pre and post boundary oscillations,
sretc.) need manual correction.

a2 Figure 1 shows the bow shock and magnetopause bound-
sz ary locations on the dayside magnetosheath at the magnetic
a4 equatorial plane, where the magnetic equatorial plane is de-
05 fined as the plane parallel to geographic equator shifted by
4060.2 Rps towards the north pole. This shift stems from the
o7 offset of the dipolar field of Mercury observed by MESSEN-
108 GER [Anderson et al., 2011] and implemented in our sim-
swoulations. Figure 1 presents comparison of two IMF cases
a10 (southward panel a) and northward panel b)). The main
au feature, we will focus at first, is the apparent asymmetry in
azmagnetosheath geometry, that is connected to asymmetric
azplasma flow.

2.4. Dawn-dusk asymmetry

as IMF orientation drives the structure of the magneto-
assphere, i.e. foreshock or reconnection position that presents
aecertain asymmetry. The magnetosheath exhibits asymme-
ai7try also in the equatorial plane, i.e. the plane with normal
asparallel to the IMF orientation. The differences can be seen
a9in the equatorial plane comparing dawn and dusk regions
a00f the magnetosheath. In case of SIMF the dawn magne-
a1 tosheath is thicker, with lower density and magnetic field
a2zintensity than on the dusk side. In contrast, in the NIMF
a3 case, the dawn magnetosheath exhibits higher density and
sa24magnetic field intensity, while the duskside magnetosheath
425is wider. For comparison see Figure 1 with density data in
426 color where the bow shock and magnetopause are indicated
427by red and green lines respectively. The data are plotted in
428 the magnetic equatorial plane. White lines represent plasma
429 flowlines and black dashed lines show virtual paths through
sodata across the magnetosheath at the dawn, dusk, and sub-
a1solar regions.

422 Figure 2 shows data along these three paths, that are in
s3the magnetic equator plane (panel a) for trajectory 1S, b)
anfor 2S, and c) for 3S). It shows density, magnetic field, and
astotal pressure (magnetic + plasma) profiles. Yellow fit of
a6 the density data is over-plotted. The fit has been done via
437least square fitting on the following function:

f =C, tanh(C’gz =+ Cg) + Cy tanh(—C’sa: =+ Cﬁ) + Cr (3)
433 Where z is the position along the path density and C: to
430 C7 are indexes to be found. The figures indicate the density
wofit with a yellow line, the location of the bow shock by a
s green vertical line, and the location of the magnetopause by
a2a vertical blue line. Dashed lines indicate bow shock and
azmagnetopause width estimated based on the fitted curve.
aa For the location estimate of the bow shock ratio of param-
wseters Cs/Co has been used, as it indicates the shift of the
ass tanh function in the x-axis. The inflection point of the curve
471s used as the location proxy of the bow shock. Similarly
wusmagnetopause position is estimated from indexes Cs/C'.

49 Already in the Figure 1, clear differences in the bow shock

sesdata only. The boundary detection method is based on 1D 5 position can be seen. For southward IMF (panel a)), the
sssdata processing. The proton current density is used as an 4 bow shock is shifted towards dawn and for northward (b))
se7indicator of the magnetopause. Data are acquired along s:towards dusk side. A noticeable difference is also at the
ssa virtual trajectory from the planetary surface across the s magnetopause position, where at the SIMF case the stand-
sso magnetosheath, in order to locate the MP position. Then 44 off distance is significantly shifted planet-ward, being around
sothe current density profile is fitted to a tanh function us- 450.3 Rps from the planetary surface. For northward orienta-
so1ing the least square method. The inflection point indicates ss6 tion, the stand-off distance is approximately 0.7 Ras. The
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Table 2. Comparison of dawn and dusk average values for s5dawn side the change of geometry is necessary. Via shift of

basic plasma parameters. s16 the bow shock stagnation point dawn-ward, the shock Mach
Parameter  Units SIMF NIMF siznumber increases, due to the change of the normal of the
DAWN DUSK DAWN DUSK sis bow shock. The normal vector of the bow shock at partic-

np [psw]  2.74 2.6 2.7 2.4 sioular point increases its sun-ward component, which hence

B [Bow]  2.17 2.30 2.54 2.92 soincreases shock Mach number. The normal component of

[é; [ 2.30 1.66 1.08 1.85 s21the reflected proton at this particular position is increased,

T [Tow] 1.97 1.67 1.29 1.9 s2in respect to original bow shock shape, and therefore the

v [Vsw] 1.87 2.63 2.63 2.26 s23 dissipation of the energy becomes higher. On the dusk side

Values are averages from magnetosheath region in the mag- 52¢same mechanism cause decrease in the dissipation and the
netic equator plane for y > 0 for dawn and y < 0 for dusk region 525 balance of the dissipation on both sides (dawn and dusk) is
s26 achieved. As a result, the bow shock shape changes and the
s27 stagnation point shifts towards dawn. For northward IMF
s28 the situation is vice versa because the gyration switches di-
ssorection. The situation is sketched on panel b) of Figure 3.
s30  Proposed hypothesis is one of possible explanations of the
s31 primary source of the mechanism. Most likely, the kinetic
s32 effects will play significant role in the mechanism, but addi-
s33 tionally other effects on the bow shock and behind will prob-
s34 ably contribute to the asymmetry as well as the flow within

ss7smaller stand-off distance for southward IMF results from
sss magnetopause erosion via low latitude reconnection, that
aso has higher rate than in case of northward IMF.

w60 Figure 2 displays the observables across magnetosheath
s1and provides a more detailed view on the magnetosheath
462 thickness that we define by distance from the bow shock to
s63the magnetopause crossing along path normal to the bow
sashock boundary. It shows also estimated widths of bow _ 4 magnetosheath itself.

assshock (BS) magnetopause (MP) and magnetosheath (MS). 5y The shape of the bow shock implies the magnetosheath
466 The fitting procgdures have its hmlta_utlons and in some cases o flow. In particular the angle between solar wind direc-
a7 produce non-satisfactory results, as in case of 2S trajectory. s, tion and the bow shock normal affects the velocity direc-
w8 This is caused by the shape of density profile along the tra- . tjon change behind the shock. Behind the shock, there is a
a9 jectory, with high density pile up just ahead of the magne- 5, change in tangent (to the bow shock) component of the ve-
s topause comparing the bow shock ramp. Therefore for the s, locity in order to bend the flow around the obstacle. At the
an fit it appears more as a peak near the magnetopause and the s stagnation point, precisely, the flow should be not diverted.
s2bow shock jump as a fluctuation only. Here the bow shock ssOn either sides of the stagnation point, the flow deviates
sz width value is not representative. seain opposite directions. The estimation on the tangent com-
a2« We have used the fitted bow shock and magnetopause sis ponent magnitude can be derived from Rankine-Hugoniot
ars (as indicated in Figure 1) to define the magnetosheath re- sss conditions [Zwan and Wolf, 1976, cf.].

a7e gion and compute various observables in the dawn and dusk sz The bow shock asymmetry previously discussed implies
arrregion separately. The dawn region is defined as magne- sssa shift in the stagnation point. In other words, the location
ars tosheath region for y > 0 and dusk region for y < 0. Com- s of the bow shock, where the shock normal is anti-parallel to
aoputed values for the magnetic equatorial plane are given in ssothe solar wind flow, shifEs tox;vards dawn in SIMF) case as
40 Table 2. ss1indicated by red marker (SP4) in Figure 3 panel a).

w1 For SIMF the dusk region exhibits higher average mag- 552  Hence the flow diverts asymmetrically along the planet,
ss2netic filed intensity, lower 3, lower proton temperature, and ss3but more solar wind plasma flow towards dusk side of the
ssssignificantly higher plasma flow velocity and vice versa for s+ magnetosheath (for SIMF case). Due to the bow shock shift,
sathe case of NIMF. This asymmetry is probably affected by sss magnetosheath thickness at the dusk region is lower than on
s5two main aspects - magnetosheath thickness and magne- 556%he dawn side resulting in a faster magnetosheath plasma
ass tosheath plasma flow. srllow. )

w7 The magnetosheath thickness is related to the bow shock 5  This initial flow pattern applies near the bow shock; how-
w5 (BS) shape. In the ideal symmetric case, the bow shock 59€ver, in the inner magnetosheath other eﬁec.ts couI.d play
489 i(s az(is—symmetric and the magnetosheath is therefore also °%° role in the flow asymmetry. One of the candidates is grad
wosymmetric. What properties and magnetospheric processes ** B. drlft. It switches direction based on t.he magpetlc ﬁfeld
w1 cause the bow shock to be asymmetric? First, processes at *® direction. Omne could expect the magnetic ﬁel.d increasing
sothe bow shock itself might play significant role, but also a ** towards the magnetopause by a so called draping effect re-

ssmagnetosheath flow, its direction and velocity might also ** sulting in a magnetic field gradient pointing towards mag-
wos influence the bow sh70ck ses netopause. The drift velocity would then contribute to the

ws At the bow shock. some of the ions are reflected at the *® flow in the duskward direction in case of SIMF. However,

a6 shock front and accelerated by the solar wind convective :Z;‘évsgni:tﬁlid}l;llngvgrlieaé?eag‘;gﬁteish?)?rtlh }?Oiinettaﬁé, l;l;sv ?}?fcnlfttlg
sorelectric field (E.). These particles could gain up to twice g1y going

sos their original energy [Baumgjohann and Treumann, 1996] and s the magnetopause. The resulting drift speeds does not ap-

. . : . sropear to have collective behaviour, that would contribute to
a9 due to gyro-motion hit again the bow shock. The solar wind 571 the general magnetosheath flow. In the case of SIMF, mag-
so0 dissipates the energy by these particles. When looking at ’

. . ; . . senetic merging might lessen the draping effect significantly.
s the geometry, the gyration orientation might imply some ;. fowever even in the NIMF, the magnetic field also varies

sz asymmetric aspects, in case the Larmor radius is not neg- ., sionificantly, not allowing global magnetic field gradient di-
sosligible. For illustrative purposes to understand the origin ., rection.

so40f the asymmetry, we refer to Figure 3. First consider the s Although the magnetic field gradient is not adequate to
sos SIMF case shown on panel a). The sketch shows the sit- ;; account for the asymmetry, the total pressure gradient, i.e.
sos uation with southward interplanetary magnetic field, that 3 plasma plus magnetic field pressure, seems to rise steadily
so7implies a duskward convective electric field. The purple 4 (in average) towards the magnetopause. Examples of the
sosline indicates the symmetric (ideal) bow shock with stag- s total pressure data acquired from the simulation data along
so9 nation point indicated by purple marker (SPs). When look- 55 subsolar path in the dayside magnetosheath are shown in
si0ing at the gyration motion on the dawn side, reflected pro- s Figure 2 on all panels for different magnetosheath cross-
sutons travel shorter paths and could gain less energy than sssings. This gradient would cause diamagnetic current to be
sizon the dusk side of the bow shock. Therefore, the amount sss directed duskward (dawnward) in SIMF(NIMF') case respec-
si3of energy dissipated on the dawn side is lower than on the ssstively. However, the resulting plasma behaviour is complex
siedusk side. In order to increase the dissipation energy on the sss with contributions from the various drifts.
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sz The sum of the afore mentioned aspects, that are depen- ¢sa  Based on this preliminary indicator of possible mirror
sssdent on the IMF direction, act in unison towards thinner ess waves, further analysis has been performed in order to in-
sso magnetosheath and faster plasma in dusk region for SIMF ess vestigate region of anticorrelations and possible mirror wave
sooand dawn region for NIMF. es7activity. High I' values on the dawn side indicate the possi-
501 Is there some further effect of the asymmetry of the 658 ble gI‘OWth of the mirror instability, that could lead in mir-
seemagnetosheath flow and properties further in the magne- ssoTor waves growth and appearance further downstream in the
so3 tosheath? We have investigated the wave activity in respect 660 magnetosheath.

s04t0 the mirror waves comparing the two sides (dawn/dusk) st~ We have acquired data along one selected flowline, that
s0s 0f the magnetosheath. ss2crosses the dawn side at magnetic equator plane. The path

es3is indicated by a black dashed line in Figure 4. Data along
ee4 the flowline are plotted in Figure 6. The anticorrelations
e6s could be seen comparing magnetic field (panel a)) and pro-
ss6 A good indicator of the mirror mode activity is an an- eston density field (panel b)). However further downstream
sor ticorrelation between the magnetic field B and the proton e the density variations are not large and the anticorrelation
ses density my, fluctuations. It does not however grant a unique gsis not visible clearly at first glance. Just behind the bow
ssomode identification and several other methods exist in [cf., sso shock, mirror mode is unstable I' > 0 (panel c)), oscillat-
600 Schwartz et al., 1996]. We have computed (Pearson) corre- sning around marginal stability further downstream. Proton
o1 lation coefficient between the proton density and magnetic on1 3 (8 = n, KpT/(B?/210)) on panel d) also shows high val-
so2field (np, B) from simulated data using 125 nearest space s2ues along the path, another favourable condition fore mirror
603 points. eswaves. Moreover 3 is exhibiting sharp changes: drops and
o« As the anticorrelations provide necessary but not suffi- e peaks. Such a structure is consistent with anticorrelations
eos cient indicator of the mirror wave activity we have looked 675 of density and magnetic field. High proton density and low
sosat other properties of the mirror waves. These are plasma 67 magnetic field means high 3 and on the contrary high mag-
s07beta and mirror mode instability threshold. As a final con- s7netic field and low density means low 3. Finally panel e)
08 firmation, the spatial Fourier analysis has been made. ssshows temperature anisotropy to be higher than 1 most of
02.5.1. Results for Southward IMF e the path, that is a source of energy for the mirror instability

s10 We will first focus on the simulation SIMF with south- s to grow from.

L. . For furth lysi h. h h -
suward IMF. As stated above, the first indicator for mirror o posi(t)é Slil(rlz g? ?ﬁ: %Sel:n‘:;eanal‘;lea;nZiith:Ehar%igisgiir?li)s
si2waves that we examine is the enhanced anticorrelation of :

! . . es3located on the dawn (denoted by the black rectangle in Fig-
mdensmy and magnetlc field. .The. computeql correlations for _ . .. 4) and is in the range of coordinates: z € (0.3,1.5),
614 both s1mulat10ps are showx} in Figure 4. Figure 4 left panel sssy € (2.3,3.8), and z € (—0.7,0.7). The other on the dusk
sisshows correlation (np, B) in the magnetosheath for SIMF ;; (white rectangle in Figure 4) side of the planet within coor-
s case in magnetic equator plane. For comparison, the right . dinates: z (0.3,1.5),y € (—3.8,—2.3), and z € (—0.7,0.7).
s17 panel shows the same plot for NIMF. ess Data from these regions have been used for further analysis
sie  Figure 4 left panel shows that a region of strong anti- 5in order to highlight the differences of these regions in terms
swcorrelations occurs near the inner magnetosheath, i.e. in g of mirror waves. Average values of 3 have been computed for
sothe region further from boundaries - bow shock and mag- e the selected regions. For the dawn region 3 = 3.57 whereas
sanetopause) at the dawn side of the planet. Ahead of the e for the dusk region § = 1.80, which is consistent with en-
e2planetary centre, anticorrelations start to appear near the ez hanced observations of mirror waves in the dawn region.

623 day-side magnetopause and then are advanced towards the eos As a final confirmation of the mirror waves present in
62« dawn region. 695 the magnetosheath, we have performed spatial Fourier anal-
65 Correlation (n,, B) is high at the bow shock where these s ysis of the two different regions of the magnetosheath, one
26 two quantities increase simultaneously. In the inner magne- ss7 dataset is taken from the dawn (expected mirror waves) and
o2 tosheath the correlation is mainly characterized by scattered sssthe other from the dusk side as indicated in Figure 4 with
s positive values except in the aforementioned dawn region. swblack rectangle showing selected area for dawn and white
620 Close to the magnetopause, the correlations drop to nega- 700 rec%aﬁlgle folr d.USIEl regti)on. ; 4 the dataset
e30tive values. The inner part of the dawn side of the magne- 701 € analysis has been performed on the two datasets
e31 tosheath exhibits anticorrelations all along the magnetotail 7o2selected from magnetic field simulated da.ta, subtracti.ng
s2and the area of anticorrelations broadens together with the 73the background average field and removing waves with
s33magnetosheath thickness itself. There are anticorrelations 704Wavenumbers equal to £1, that corres.pongl to the dlmep—
savisible also in the further tail (from approximately 5 Rps 7510808 of the bOX selectefl for the anglysm. Figure 7 ShOW_S mn
o behind the planet) in the whole magnetosheath. msarbitrary units normalized magnetic field energy distribu-

6 The dawn region for SIMF has been found to be thicker "’ .tion according to the wavevectors in thg ki Versus k. plane
esrwith lower plasma flow velocity, higher temperature, and "1 four regions. Results from the SIMF simulation are shown

ssshigher 3 (see Figure 2 and Table 2). High beta conditions ™ for dawn regiqn on panel a) and fO? dusk regior} on p?mel ©).
s39are favourable for mirror waves. The conditions for mirror :11 datI; arflfén?) tﬁ:esp(iz}vlvsnt?: ir(friulzieo og}éesirslag:stl: dt?)lglrgirtr}éi
040 insta](oil)ity t(})1 grolw ire givenhby lthlf lgrowtdh facto;‘ in equa- rn2waves. There is main rfaxir;la marked bypthe star marker
sa1tion (1). When looking at the global conditions for mirror : di _q9o .

to O, = 82°, b th le bet -
se2mode in case of SIMF, in terms of high I, they are favourable 718 COLIOSPORING 1O Pk CnE LIS ang ¢ HeLween mag

. . o . ’ . nanetic field B and wavevector, k. Mirror waves propagate
643 for mirror instability growth behind the quasi-perpendicular _ perpendicularly or strongly obliquely in respect to ambient

sashock, i.e. in the southern part of the magnetosheath. High _ - magnetic field direction. Gary [1992] also showed, that 65
es I values could be found also at the magnetopause behind ., 4150 depends inversely on the plasma 3, so the 05 shifts
sssthe quasi-parallel bow-shock, i.e. at the northern part of ;¢ from perpendicular direction to lower values with increas-
s+7the magnetosphere. Let us focus however, on the region of ;5ing 3. According to hybrid expanding box (HEB) simula-
sssinterest, the dayside magnetosheath at magnetic equatorial 7 tions by Trdunicek et al. [2007b], the 0xp for mirror waves
soplane, here T' shows an enhanced (> 0) growth factor near 7»is between approximately 60° and 90°. We have computed
ssothe dawn side magnetopause, while the dusk side (ahead of 7> the theoretical fx5 (in the Equation (2)) for the dawn side
es1 the planet) exhibits lower values, as shown on Figure 5 panel s at the subsolar region, where the mirror waves likely orig-
es2a). Further behind the planet in the magnetosheath, the I' zsinate. We have used data from the dawn sub-solar mag-
653 value approaches marginal stability. msnetosheath. In particular the data from magnetosheath in

2.5. Mirror mode identification
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76 the magnetic equator plane have been limited to the region 72real Hermean magnetosphere might exhibit less significant
mx € (—2,0)Rum, y € (0,4.5)Ry. Furthermore, data only 7es asymmetry.
nsfrom locations, where the mirror mode should be unstable, 70«  In order to estimate the effect in for real conditions, we
meie. T > 0 have been used. Resulting average 65 in this 795 have carried a tesC{ }{Jarticlelsi[mula]tion (ffrl thfe l}ﬂlar]gh ar}lld l\t/)ler-
moselected dataset is 64.68°, which is lower than the maxima 7escury case using Chao et al. [2002] model of the Earth’s bow
7in the Fourier analysis marked with a star. However the 77Shock and similar shape model with adapted parameters for
72 Fourier analysis result indicates waves with a broader range 7 Mercury (with stand-off bow shock distance estimated to
m30f Orp angles. And the theoretical value is an average from ™° ghcl)%v]&\fé )t b éA d?fgz rzlr?clgslaigoer;e(;fgi‘;};eogigftlzEtsg(;?gl?gnrsl?ssﬁirsl
H : s 800
z: zgirg;alg(ie;goﬁg}lator plane only, that might not involve all so1 the bow shock second time for the dawn and dusk side of the
. sz magnetosphere. Protons has been injected ahead of the bow
736 We have also computed the corresponding wavelength [us- . . .

. ; ; sosshock (in X direction -5 Ry for Mercury and -20 Rg for the
m7ing Eq. (25) of Hellinger, 2007] in order to confirm, that the Earth) at +/- 1 and +/-2 Ry (Rg) for Mercury (Earth)
73 INLITOT Waves Wo}ﬂd be able to grow within the unstable re- respectively. The simulation injects a proton ahead of the
739 glon O_f Mercury’s magnetosheath. The computed aVeraged s0s bow shock with initial bulk and thermal velocity. Then it
movalue is A = 8.7dpsw. We have used the same selected points o, hroceeds with the trajectory calculation, at the bow-shock
ras for previous Oxp computation. The magnetosheath di- 4 specular reflection takes place modifying the normal compo-
n2mensions are much larger than this value, and therefore, sonent of the particle velocity (reversing and multiplying by
n3the local theory of instability discussed above is applicable. g02). On the second encounter with bow shock final energy of
74 The corresponding k vector is 0.72, that corresponds to the g1 the incident proton is calculated. Table 3 summarizes the
nsmaxima marked in panel a). si2results of the simulation with following input parameters:
s Panel c¢) shows the results dusk side region, that show s proton bulk speed = 400 km/s, proton thermal speed = 70
nrdifferent pattern. Quasi-parallel waves could be found in siekm/s, and IMF = 35 nT for Mercury. For the Earth, t/he
nsthe spectrum, that are more likely ion cyclotron waves. The sis parameters are following: proton bulk speed = 400 km/s,
momaximum near zero k value should be accounted for arti- &6 proton thermal speed = 50 km/s, and IMF = 5 nT.
moficial contribution to the spectrum, or probably bow shock 7 For Mercury case, the geometry and conditions result in
751 Crossing’ that interferes with the selected region. 818 A Situation, where the energy of reflected and accelerated
72 It can be concluded, that the mirror instability grows in s19protons, that hit the bow shock for the second time after
zssthe day-side dawn magnetosheath region giving rise to mir- 20 reflection, is much higher in the dusk region for southward

saror waves that are then transported with the plasma flow @ IMF and in dawn region for northward IMF. In particular
75 further down-stream into the magnetosheath. g for Mercury with southward IMF at the distance of 2Ras

162.5.2. Results for Northward IMF 823 from the subsolar line the energy gain of one proton on the

. . s2adawn side is 0.7 less than on the dusk side. For the Earth
77 For comparison, we have performed the same analysis for ... ot 9 R from the subsolar the energy gain is only 0.96 times

nmsthe second simulation NIMF with the northward IMF. The 1655 on the dawn side than on the dusk side.

7 computed correlations are shown in Figure 4 panel b). Ing,;  The effect is general and should take place in all supercrit-
70 this case, the anticorrelations appear in the dusk region, i.e., ssical bow shocks, where reflected ions contribute significantly
m1at the opposite position compared with the southward IMF goto the energy dissipation. How significant is the effect, is
rzorientation. Similar asymmetry is visible in the Figure 5 s however dependent on the ratio of magnetospheric to Lar-
s panel b), that shows I'. In contrast to the SIMF simulation, ss1 mor radius scales.

e here the enhanced mirror growth regions appears on thes There is also a question of whether the presented simu-
wsdusk side. Also the Fourier analysis confirms the fact that ssslations are relevant to real Hermean conditions. The main
766 the mirror waves are generated in the magnetic equator near s+ concern in respect to the kinetic effects on the bow shock
767the dusk region (See Figure 77 panel b) for dawn and panel 8351s about the shock Mach number and the Crlthahty of the
78 d) for dusk side). The properties and behaviour on the dusk ssshock as it defines the role and amount of reflected protons
mwoside correspond to the dawn side in simulation SIMF and 8701 the bow ShOCk'_ .

movice versa. There is therefore a mirror wave source mecha- 8 At Mercury, high variability of shock numbers are to

mnism, that is asymmetric in the magnetosheath and depends ®° be expected from Ma ~ 1 to highly supercritical num-
mon the IMF orientation. a0 bers [Baumgohann et al., 2006; Clark, 2007; Fujimoto et al.,

8412007], as well as the plasma beta that can be from 0.2 to 0.9

sa2 [Fugimoto et al., 2007]. Conditions for supercritical shock

3. Discussion ssare as well likely to be observed as for sub-critical. More-

sasover, even for low Mach numbers and low beta conditions,

73 We have observed magnetosheath asymmetry in the equa- sss reflected protons still might be present and play significant

atorial plane for northward and southward IMF, that is driven sssrole. As Hellinger et al. [2002] showed the role of reflected

75 by the IMF orientation. The asymmetry appears in the bow #7particles is important for a large variety of Mach numbers

776 shock geometry as well as in the magnetosheath properties. 84 and plasma beta. In particular Figure 2 in Hellinger et al.

777 The asymmetry is most probably result of a combination 8 (2002] ShOVYS: that even for beta 0.2 and Mach n.umber. 2,

msof kinetic effects on the bow shock and drifts in the magne- sso the Sh;’Ck 18 fnog-sttago'nary and therefore there is a high
motosheath. A hypothesis for explanation of the primary driver ®* PELCEntage ol retiected 1ons. ,

w0 0f the effect has been provided. We believe, that the origin * In the presented simulations the Alfvén Mach number on

D Co e ss3 the sub-solar point in the simulations is 4, beta in the solar
0 of asymmetry lies in energy dissipation in the dusk and the ssawind is 0.5. For the magnetosheath the parameters vary,
782 dawn Tegion generated due to a local geometry of the bow sssbeta have values from below 1 up to 10. Region of sus—7
783 shock and significant Larmor radius. For confirmation of

he besi 4 ! . 5 hani hat pected mirror waves has high beta conditions. Comparing
7 the hypothesis and explanation of further mechanisms that .t} ese values from the simulation to e.g. values mentioned in

7as contribute to the effect, detailed study shall be provided com- ¢ Pyiimoto et al. [2007] the Mach number is typically 3.9 and
76 paring enhanced simulations and in-situ data. ssobeta is 0.5 at the perihelion, which matches the simulation
77 Certainly, the kinetic effect will be significant only in case g set up.

7ss the Larmor radius, compared to the magnetospheric struc- g; The dawn-dusk asymmetry in the magnetosheath has
moture, is not negligible. In the present simulations, we have g2 been recently observed by MESSENGER in terms of Kelvin-
moused the downscaled planet by approximately factor of 1.9. ss Helmholtz waves. Sundberg et al. [2012] reported, the K-
701 This would increase importance of the kinetic effects. The s« H waves appearing in the post-noon and dusk region of
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Table 3. Model results of the energy (in eV) gain difference of the bow shock reflected protons. The proton
injected at the distance indicated in the table with '+’ sign relevant for DAWN and ’'—’ sign for DUSK region.

Mercury Earth
SIMF NIMF SIMF NIMF
+/- 1Ry +/2Rvq +/-1Rvy +/2Rvm +/-1Rg +/-2Rp +/-1Rg +/-2Rg
ﬁj\\;}/n 7271 7066 14114 9846 9850 9688 12845 12257
([ig;]k 10445 12005 10807 8189 10212 10227 12401 11321
ratio® 0.70 0.59 1.31 1.20 0.96 0.95 1.04 1.08

2 ratio of dawn/dusk energy values

ses the magnetopause. The asymmetry seen in the simulations e0lines are draping ahead of the magnetopause, the plasma [
ses might also explain such observations, while the K-H insta- s20and temperature anisotropy increase giving rise to mirror
g7 bility is generated for high velocity shear. As shown above, e21instability. Then mirror waves starts to grow and transfer
ses there is quite strong asymmetry in the velocity flow for dusk s22the energy with the plasma flow towards the inner magne-
a0 and dawn region. More detailed study of the K-H behaviour 93 tosheath.

soand dependency on the IMF and other conditions will be also 9+ Further investigation of the magnetosheath asymmetry
s part of a future study. osand comparison with real data obtained by the MESSEN-
sz We have reported observed mirror waves at the %26 GER spacecraft will follow.
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Figure 1. Color plots of proton density at the magnetic
equator plane (0.2 Ry of the geographic equator plane).
Panel a) shows data from the simulation SIMF and panel
b) from the simulation NIMF. White solid lines show a
projection of 3D flowlines started at the displayed plane
-3 R ahead of the planet. The red solid line indicates a
bow shock boundary and the green line indicates a mag-
netopause. The black dashed lines are virtual paths for
further use later in the text.
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Figure 2. Data along virtual paths through datasets
from SIMF as displayed in the Figure 1 on the left. Panel
a) shows data for the trajectory 1S, panel b) for the tra-
jectory 2S, and panel ¢) for 3S. All display proton density,
magnetic field, and total pressure (plasma + magnetic)
along the selected trajectory. All variables are normal-
ized to the solar wind values, i.e. nsw, Bsw, and plasma
pressure psw. The magnetic field values are trimmed at
4.5 value and for total pressure at 30. Furthermore a fit
of density data using function (3) is given. Based on the
fit, positions of a bow shock and a magnetopause are in-
dicated by the green and the blue solid vertical lines with
estimated width of the boundary by dashed lines with re-
spective colour. An estimated width of a bow shock, a
magnetopause and a magnetosheath are given in proton
inertial lengths in the solar wind dpsw.
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a) SIMF b) NIMF

Figure 3. Sketch of processes leading to an asymmetric
magnetosheath. Panel a) shows the configuration in the
case of purely southward IMF and panel b) for northward
IMF. Legend:E. - Convective electric field, SW - Solar
wind flow, BSs - Symmetric bow shock, BS4 - Asym-
metric bow shock, SPg - Symmetric stagnation point,
SP 4 - Asymmetric stagnation point, Vp - Total drift di-
rection, VP - Total pressure gradient, () - Magnetic field
pointing up, & - Magnetic field pointing down.
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Figure 4. Colour scale plots of a correlation (n,, B)
for the simulation SIMF (southward IMF) left panel and
NIMF (northward IMF) on the right. The plots are given
in the magnetic equatorial plane (0.2 Ry above the equa-
torial plane towards the north pole). The black solid lines
indicate an estimated bow shock and a magnetopause lo-
cations. Two magnetosheath regions indicated by the
black (dawn) and the white (dusk) rectangles are for
further reference as well as flowline shown in the black
dashed line.
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Figure 5. Colour scale plots of I' in the magnetosheath
for the simulation SIMF on the left and for NIMF on
the right. Data plotted in the magnetic equator plane
with estimated location of a bow shock (red line) and a
magnetosheath (green line).
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Figure 6. Data from the SIMF simulation along a flow-
line crossing the dawn region suspected of mirror waves.
The flowline is indicated in the Figure 5 by the black
dashed line. Panel a) gives a magnetic field amplitude
normalized to the solar wind magnetic field, panel b) pro-
ton density normalized to the solar wind density, panel
c) I, panel d) beta, and panel d) temperature anisotropy.
The green solid vertical line denotes the position of a bow
shock.
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Figure 7. Results from spatial Fourier analysis of a
magnetic fluctuation § B from selected regions of the two
different simulations. Colour scale plots of §B? as a func-
tion of k and k1 for the southward IMF (SIMF) simu-
lation for the dawn (panel a)) and the dusk (panel c))
region. Results for the same analysis and region but for
the northward IMF (NIMF) simulation show panels b)
(for the dawn side) and d) (for the dusk side). The colour
scale is normalized magnetic energy in arbitrary units. A
star denotes main local maxima at the panel a).



