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Abstract. We have developed a fully kinetic electromagnetic 1 Introduction
model to study instabilities and waves in planetary plasma
environments. In the particle-in-a-cell (PIC) model both ions Space plasmas contain physical processes in a wide range
and electrons are modeled as particles. An important featuref spatial and temporal scales. Local instabilities which re-
of the developed global kinetic model, called HYB-em, com- sult from global changes of the planetary plasma environ-
pared to other electromagnetic codes is that it is built up on am€mments are an example of how small space scale and fast time
earlier quasi-neutral hybrid simulation platform called HYB scale processes can be linked to large scale-slow processes.
and that it can be used in conjunction with earlier hybrid Reconnection in planetary magnetospheres is an important
models. The HYB models have been used during the past teexample of instability in the Solar System. Another exam-
years to study globally the flowing plasma interaction with ple is provided by electromagnetic waves, which occur at
various Solar System objects: Mercury, Venus, the Moon,diverse spatial and temporal scales in planetary plasma en-
Mars, Saturnian moon Titan and asteroids. The new standvironments.
alone fully kinetic model enables us to (1) study the stabil- Space born instruments have opened new opportunities to
ity of various planetary plasma regions in three-dimensionalstudy instabilities and wave phenomena in the Solar System
space, (2) analyze the propagation of waves in a plasma envhear the Earth-like planets Mercury, Venus and Mars. Elec-
ronment derived from the other global HYB models. All par- tric field measurements made by Phobos-2 at Mars in early
ticle processes in a multi-ion plasma which are implementedi 989 demonstrated that the plasma around the red planet con-
on the HYB platform (e.g. ion-neutral-collisions, chemical tains wide range of wavelengths (e frotignon et al. 1991,
processes, particle loss and production processes) are alg®9q. Later low frequency waves at Mars were studied by
automatically included in HYB-em model. using magnetometer data from Mars Global Surveyor (MGS)
In this brief report we study the developed approach bymission Espley et al.2004. The research of temporal phe-
analyzing the propagation of high frequency electromagnetimomena at Mars was continued by using electron observa-
waves in non-magnetized plasma in two cases: We study (1jions (Vinningham et al.2006 and energetic neutral atom
expansion of a spherical wave generated from a point sourctheasurementsrigoriev et al, 2007 on the ongoing Mars
and (2) propagation of a plane wave in plasma. The analyExpress (MEX) mission.
sis shows that the HYB-em model is capable of describing The measurements of the radio wave instrument on MEX,
these space plasma situations successfully. The analysis alg@ARSIS, has also provided unique data from the Martian
suggests the potential of the developed model to study botlibnosphere (e.gNielsen et al.2007) and the local plasma
high density-high magnetic field plasma environments, suchyensity (e.g.Duru et al, 2008 in addition to its measure-
as Mercury, and low density-low magnetic field plasma envi-ments on the water content of the Martian crust. Electro-
ronments, such as Venus and Mars. magnetic waves (em-waves) carry energy and play therefore
Keywords. Magnetospheric physics (Planetary magneto-2 role in the oxygen escape processes at MErgun et
spheres) al., 2006 and in the Martian tail (e.gKallio et al, 1995.
Another issue of special scientific interest is the lightning
in planetary atmospheres which have been studied at VenusQ

Correspondence tcE. Kallio (Russell et a].2007). A varying electric field has in contrast
BY (esa.kallio@fmi.fi) not yet been measured at Mercury and it will not be measured
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by the MESSENGER mission which, after the Mercury fly- space plasmas (e.gdatsumoto and Saitd 984 and beam-
bys, starts making measurements at Mercury in 2011. Thelasma interaction (e.ddmeda 2010. This brief paper de-
BepiColombo mission will however start a new phase whenscribes instead, initial efforts to develop a fully kinetic HYB-
its MEFISTO instrumentBlomberg et al.2006 begins to em model to expand the usage of the fully kinetic electro-
measure the Hermean wave environment around 2019. magnetic approach to study other terrestrial planets.

The analysis of spatial scales from less than a meter to This initial brief report on the model is organized as fol-
thousands of kilometers and time scales from less than a se¢ews. First, basic characteristic of the HYB-em model are
ond to hours can not be performed by a single model. Indescribed emphasizing its similarities and differences with
planetary plasma physics, global scales are commonly modthe HYB-object model. Then two examples are presented in
eled by magnetohydrodynamic (MHD) models and to lessefwhich the properties of the new model are studied: (1) ex-
extent by hybrid models which have recently received an in-panding spherical wave generated by a point like source and
creasing amount of interest (see égain et al, 2010. Ina  (2) propagation of a plane wave in a non-magnetized plasma.
hybrid model ions are modeled as particles and electrons asginally, advantages and limitations of the developed model
fluid. In a fully kinetic model also the electrons are modeled are discussed.
as particles and this approach has also been used in global
magnetospheric research (see éNishikawa 2001, and ref-
erences therein.)

In this manuscript we describe a fully kinetic electromag-

netic model, called HYB-em, which purpose is to model in- | yg_em js from the technical point of view a modified ver-

s.tabilities and electromagnetic waves in p!anetary plasma €Msion of the previous self-consistent HYB models which give
vironments. The model IS from a tgchnlcgl point of view global plasma and magnetic field values around an object in
largely based on an earlier three-dimensional (3-D) self-; j35ma flow. The flowing plasma can either be solar wind

consistent plasma modeling platform, call_ed HYB, which plasma (Mercury, Venus, the Moon, Mars, asteroids) or mag-
has been used to study how the solar wind plasma inter,oynspheric plasma (Titan in Saturn’s magnetic field).

acts with various Solar System objects: Mercury (HYB- . .
The HYB platform can be used to study both high density-
Mercury), Venus (HYB-Venus), The Moon, (HYB-Moon), high magnetic field plasma environments, such as Mercury,

Mars (HYB-Mars), Saturnian moon Titan (HYB-Titan) and . o i
and low density-low magnetic field plasma environments,

asteroids (HYB Ceres). This enables_, us to study mStab'.“t'eSsuch as Mars and Venus. All these three terrestrial planets
and waves in 3-D space where the initial plasma and fields L L

. . . ; are scientific objectives for the HYB models. Two examples
are derived by a global high resolution hybrid model. In-

. . . . of the solution based on the previous hybrid HYB models
corporating the electromagnetic wave algorithm in the HYB Lo .
. e shown in Figl: Mercury and Mars. The HYB model is
platform enables us to study such processes in temporal an

) . . escribed in detail elsewhere (e.g. $&dlio and Janhunen
?np(;e\(;zlsscales which can not be tackled by the previous HYBZOOS for details of the HYB-Mercury model andallio et

The difference between the HYB-em model and the otheral" 2010 for the HYB-Mars model). In this paper we only

HYB models is from a physical point fundamental. HYB- igvmvri?z?ﬁzeerstrf]reort:]a;:g E@gig?:cf:nt:;e:—m}em model and
em model is a fully kinetic model while the other HYB mod- ) '

els use a hybrid approach where electrons are modeled

a fluid. Consequently, HYB-em includes physics which isazg':L The HYB-em model
not included in the previous HYB models. The new model
is therefore anticipated to include a rich variety of physical .
processes which take place at various Solar System object§!m'|arly as the other H_YB models. .

some of them not having atmospheres and where a direct In a PIC model particles are modeled as a finite volume

plasma-surface interaction takes place (Mercury, the Moonclouds where as the electric and magnetic fields are saved and

asteroids) and some of them having atmospheres and iondropagated on cells in a grid. Particle clouds are accumulated
spheres (e.g. Venus, Mars, Titan). into the cells and, consequently, every grid cell contains the

To put the developed code into a historical perspectiv _charge density and the bulk velocity of all particle species

one may note that fully kinetic electromagnetic models " the simulation. In the HYB-em model analyzed in this pa-
based on e.g. the TRISTAN codBuneman et al.1980 per, particles (ions and electrons) are modelled as cube shape
have been used, for example, in terrestrial magnetosphericc/0Uds” with homogenous charge density and the same size
physics (e.g.Nishikawa 2003, plasma instability studies 23 the grid cell of volume\ V. A macroparticle gives a con-
(e.g.,Sakai et al. 1998 and studies of collisionless shocks tribution to all cells that it overlaps. In the volume-weighting
(e.g., Spitkovsky 2008 while the KEMPO (Kyoto Uni- scheme the charge assignment is performed as follows: if
versity Electromagnetic Particle Code) code has been stud® Vs (T¢) is the volume of a particlg of a typep of a weight

ied, for example, electromagnetic and electrostatic waves inw}, which overlaps a grid cell at the point=r of a volume

2 Description of the HYB-em model

The HYB-em model is a Particle-in-Cell (PIC) simulation,
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Fig. 1. Planetary plasma environments in the HYB modgl) Mercury based on the HYB-Mercury model atig) Mars based on the
HYB-Mars model. The colors in the=0 andz=0 planes gives the density of the solar wind protons irm@mThe radius of Mercury in

panel (a) is 2440 km and Mars in (b) is 3393 km. In the figure the solar wind is flowing from left to right and it forms a bow shock around
the planets. These plasma parameters from HYB models can automatically be used as input parameters in the HYB-em model.

AV, then the grid cell contains an independent variable and its value is saved on the cell
, _ ‘ edges. The E- and B-fields are thus organized in a Yee type
Aw(r) =wpAVY (1) /AV. (1) grid. The E-field is propagated using Agmg-Maxwell's law

) ) ) ) which contains the displacement current tepps,d E /0t:
particles due to the macroparticie The particle density;p,

and the particle bulk velocityJp, are determined in a grid 9E/91 =V x B/eopio—]/e0 (6)

cell by the equations Here j, &, and i, are the electric current, the electric per-

Zj Aw{;(rk) mittivity and the magnetic permeability. The electric current

np(ry) = AV 2 in Eq. () is derived from macroscopic plasma parameters:
Z-Aw,{;(rk)v,é j= Z(Qiniui) —en.U, (7
Up(r) = 25— ®) i
Z/’Awp(rk) where U,, n, and e are the bulk velocity of the elec-

Here the suny is over all particles, that overlap the grid cell trons, thelgensity of the electrons and the elementary charge
under consideration and that are of typewhere the type ~ (1.6x107~C). In Eq. () the sum is over all ion speciés
stands either for an electron or a species of iai/ is the ~ Which particle density, bulk velocity and electric charge is

volume of the grid cell and} is the velocity of the macropar- i’ U; andg;, respectively. As already noted, in the HYB-em
ticle j of type p. model both ions and electrons are modeled as patrticle clouds.

The magnetic fieldB, is propagated in HYB-em and the The densities and bulk velocities needed to derive the elec-
other HYB models using Faraday’s law and the electric field1iC current in Eq. ) is obtained by accumulating particle

E: clouds to the grid cells according to Eq) énd @). Note
that Eq. 6) is similar to Eg. 4) with an exception of /u,
dB/3t=—V x E (4) term. For example, in vacuum, j is zero and the relation be-

tweenE and B in Eq. ) is similar to the relation between
The propagation oB is performed in all HYB models by B andE in Eq. ().
using a staggered Yee type grid, where the magnetic field is In the HYB-em model the propagation @& and E in
saved on the cell faces. This method keeps the divergence &qgs. @) and 6) is performed by a contour path (CP) method
the magnetic field at zero when the initial magnetic field was(see e.g.,Jurgens et al.1992. The method by which

divergence free, that is, Maxwell’s four equations are solved is a Finite-Difference
Time-Domain (FDTD) (see e.glaflove and Brodwinl1975
V-B=0 (5)  method combined with particle propagation.

An important feature in the HYB-em model is that one

is fulfilled automatically in all HYB models. does not need to solve Maxwell’s first equation, Gauss’s law

In the HYB-em model the electric field is a dynamic vari-
able in a similar way as the magnetic field. The E-field isV-E =p/s, (8)
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wherep is the total charge density. In the HYB-em model that is, the electron charge density is assumed to be equal
Gauss's law is fulfilled if it is fulfilled initially and if the to the total charge density of ions. The electron bulk veloc-
equation of continuity ity, U,, is derived from the definition of the electric current
V.j=—ap/ot ©) (Eq.7) wherej in turn is derived from the magnetic field by

J L using Ampere-Maxwell’s law without the displacement cur-
is satisfied. This conclusion can be obtained by taking diver+ent:
gence from Eq.@) anq by then using the equation of conti- | =V x B/, (14)
nuity, Eq. @), which gives

When Egs. 13) and (14) are combined with Eq1@) the elec-

I(V-E—p/eo)/ot=0 (10)  tric field gets the form

Equation (0) shows that Gauss’s law is satisfied during the g — —Z(qmiUi) x B/(nee)+(V x B) x B/(jionee)
run if it holds initially and if the simulation conserves charge. ;
The accuracy of the method relies therefore on how accu- —Vpe/(nee) (15)

rately the charge .densny_ and.current density obeys #q. ( Equation (5) implies thatE can be derived from the macro-
As already mentioned, in this paper we use the volume

weighted charge and electric current accumulation schemSCOpiC parameters of the ions and the magnetic field. The
9 g Blectric field is therefore not an independent variable in the

as in the previous HYB models. More accurate particle accu- . . : .
. : . 2 HYB-object model. Finally, the ions are propagated using
mulation algorithms exist (see e¥gllasenor and Buneman

1992 or Umeda et al.2003 and they will be tested in the the I_.orgntz force (EqL1a). .
; It is important to note that HYB-em is a stand-alone
HYB-em in the future.

Finally, the particles in the HYB-em model are acceleratedmOdel' However, the main adva_mtage of b_undmg HYB-em
by the Lo,rentz force: on the same platform as '.[he previous HYB §|mulat|ons comes
' from the fact that the initial plasma and field values corre-
m;dv;/dt = q;(E—V; x B) (11a) sponding to self-consistent stationary or non-stationary solu-
medvV,/dt = —e(E —V, x B) (11b)  tions from the earlier models are automatically available as
initial conditions to HYB-em. The role of the initial con-
ditions is crucial as the above discussions of the validity
of Gauss’s law shows. The initial conditions must be self-
consistent for the simulation to produce correct results. Itis
therefore natural to use HYB-em with the earlier HYB mod-
els. An obvious way to use HYB-em in conjunction with

Itis illustrative to look in more detail in how HYB-em differs an earlier HYB model is to choose initial plasma and field
from the previous HYB models. The magnetic field is firstly Values from a stationary or non-stationary solution and to
the only propagated field variable in the previous HYB mod- study possible generation of instabilities, associated waves
els and it is propagated by Faraday’s law (Bpusing a CP and their propagation in 3-D plasma. Initial parameters, de-
method in a similar way as in HYB-em. scribing both stationary and non-stationary initial conditions
The electric field is secondly derived in the previous HYB ¢an, of course, also be obtained from other models or from
models from the electron fluid momentum equation by adopt-observations.
ing a massless electron approximation:

E=-U,xB—Vp,/(n.e) (12) 3 Electromagnetic waves

Herem;, v;, m, andv, are the mass of ion speciésthe
velocity of ion of species, the mass of electron and the ve-
locity of an electron, respectively.

2.2 The HYB-em model versus a hybrid model

Here p. is the electron pressure which is commonly de- |n this section we study the applicability of the developed
rived by assuming that the electron plasma is isothermamodel by analyzing two examples of the propagation of elec-
(i.e. T,=const) or assuming adiabatic electron plasmatromagnetic waves. The examples, namely (1) an oscillat-
(pelne =const. wherey is the adiabatic constant). The ion ing 3-D point source and (2) an oscillating 1-D plane source,
number densityn; and bulk velocity,U; are derived in a  were chosen because the numerical solutions can be com-
similar way in HYB-em as in the other HYB models from pared with analytical solutions which give at least the first
Egs. @) and @). The electron number density, and bulk  order solution for the analyzed problems.
velocity U, are, however, obtained differently. This is be-  |n all presented runs the time step, is 1x10~° s and the
cause electrons are modeled as a fluid and not as particlggequency of the oscillating sourcgsource is 1.5 kHz. These
in the earlier HYB models. The electron density is derived parameters imply that the wave length of the em-wave in vac-
in the other HYB models from the ion charge densities byuumAvacwm(:c/fsource wherec is the speed of the light in
assuming quasi-neutrality avacuum), is 200 km. In all runs the magnetic field, the elec-
e = Z(Clini)/e (13) Fric field and the bulk velocities are initially zero. Moreover,

- in all presented runs the grid sizéy, was 10 km.

Ann. Geophys., 28, 74351, 2010 www.ann-geophys.net/28/743/2010/
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Fig. 2. A 3-D spherical wave in the HYB-em model. The run includes an oscillating point source in a vacuum located at the center of the
figure. The source generates a sinusoidal electric field with a frequency of 1.5 kHz. The white lines and the yellow lines are the electric and
the magnetic field lines, respectively, which are added to illustrate the electromagnetic field in 3-D. The horizontal axis and the vertical axis
are the x- and the z-axis, respectively. The size of the bex580 kmk x, y,z < 500 km. Note that the vantage point is slightly (10 deg.)

below thez=0 plane in order to see the circular B-lines about the z-axis.

3.1 Oscillating point source as the analytic solution suggests (see é&tpnso and Finn
1980. The phase speed of the wave is the speed of light,
In the first run an oscillating point like source is placed into the wavelength is..,, and the ratio of the maximum electric
the vacuum. The size of the simulation box-$00 km< field and the maximum magnetic field, m&(max(B), is
x,y,z < 500km and the source was positioned at the centethe speed of light, implying that the propagating disturbance
of the box. The electric field at the point source is variedjs an em-wave. The test suggests that the derived HYB-em
manually as model is anticipated to be able to capture basic properties of

) the 3-D em-wave in the HYB model platform.
E(1)=(Ex,Ey,E;)=E x(0,0,sin(27(/T))) (16)

from the beginning of the simulation at0s. HereE isthe ~ 3-2 Propagation of a plane wave

amplitude of the electric field at the point source which in the

test is 3« 10~4V/m. The simulation contains 100 grids cells In the second set of runs an oscillating plane source is firstly

in the x-, y-, and z-directions. placed into the vacuum at=0 plane. The size of the sim-
Figure2 shows a snapshot of the result in 3-D. It gives an ulation box at all three plane wave runs-#2500 kmk x <

example of electric and magnetic field lines in the simulation2500 km and-50 km< y, z < 50 km, that is, 500 grid cells in

box atr=1.12 ms when the em-wave fills the whole simula- the x-direction and 10 cells in the y- and z-directions. The

tion box. As can be seen in Fig, the solution is symmetric size of the simulation box in the x-direction is, therefore,

about the z-axis including circular magnetic field lines aboutabout the same as the x-scale in the other hybrid HYB runs

the z-axis and toroidal-like electric field lines around B-lines, shown in Fig.1. The source is a plane where the value of the

www.ann-geophys.net/28/743/2010/ Ann. Geophys., 28, 7452010
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Fig. 3. Plane wave runs in the HYB-em model: The magnetic field. The oscillating plane source is locatétlaid its frequency is
1.5kHz. The colors in panel@—c) show the z component of the magnetic field fremix 10712 T(= —1pT) to 1x10~12 7(=1pT) at

t=6.96 ms, i.e. just before the plane wave reaches the faces of the simulationbak2800 km. In all panels the horizontal axis is the
x-axis from—2500 km to +2500 km, and the vertical axis corresponding to the z-axis-fB@rkm to +50 km. The magnetic field is derived

at they=0 panel. Panel (a) shows the electromagnetic plane wave in a vacuum. In panels (b) and (c) the simulation box was filled initially
with the plasma of electron density 60.016 cn3 and~0.021 cnv 3, respectively.

magnetic field was varied manually as In Fig. 4 the variations of the plasma parameters are
_ shown. We learn the following from Figla. The electron
B(t) = (By. By, B:) = B, x (0.0.sin(27 (/T))) @n density and the proton density are firstly quite similar in the
The amplitude of the magnetic field3,, is taken to be whole simulation box, that is, both near the source where
0.001nT (=1pT). Periodic boundary conditions are imple- the wave is fully developed and near the faces where the
mented both for the plasma and the fields=at50 km faces.  Plasma is still practically undisturbed. Secondly, the veloc-
The electromagnetic wave is shownra6.96 ms when the 'Y of ele_zctrons are _much_ higher than the velocity of ions
wave does not fill the whole simulation box and the wave isthe maximum velocity ratio maxUy (e™) [/max| Uy (H™) |
still approaching thetx faces of the simulation box. being about the same as their mass ratig/m, (~1863).
The plane wave runs are performed both for a vacuumThirdly, t_he solution seen in Figtb resembleg qualltatlyely
situation and for a situation where the simulation box con-the solution of the second plane wave run (R buta sim-
tains an electron-proton plasma. Fig®aeshows the result ilar kind of increase in the wave I_ength_of the d_|sturbances in
based on the first plane wave test when the source is in a vadl'® plasma parameters can be identified, as in the magnetic
uum. We learn from Fig3a, that the HYB-em model pro- field. _ _ .
duces successfully a plane wave in a vacuum with the correct 1h€ wave length continues increasing when the electron
wavelength, that it keeps the wave amplitude practically un-density is increased even more(figures not shown). ~ But
changed while the wave is propagating along the x-axis, andvhen the electron density was increased to 27 901 m

that the wave propagates away from the source with speed dffre=1.5kHz) and in the runs when the density is even
the light. In this run, the value of mak(/max(B) is close higher, the solution started to change dramatically: the wave

the speed of light, providing a further evidence that the prop-do€s not any more propagate properly away from the plane
agating disturbance is an electromagnetic wave. source, but it looks like part of the wave is reflected back
In the second and third plane wave runs the simulationfrom the _plasma toward the plane source finally destroying
box is filled with plasma. The plasma contains an equalthe run (figures not shown).
amount of H ions and electrons. The ions and electrons ©ON€ may try to understand the results of the plane wave
are initially at rest, that is, their bulk velocity and tempera- funs in Figs.3 and 4 by comparing them to results given
ture are zero. The initial positions are chosen randomly inPy the linear theory of electromagnetic waves in non-
the simulation box. There are on average 30 macro partinagnetized plasma. One may, indeed, expect this theory
cles per grid cell. In the second plane wave run the electrorf0 give a first order approximation to the results in the runs
density is 15505 m?, i.e. ~0.016 cn3. This corresponds because the theory is based on the following assumptions
to the electron plasma frequencf.= /—ezne/(mes(,)/(Zn) which are good approximations also in the analyzed runs (cf.

(~8.98 kHz/i; wheren, is unit of cnt3), of 1.118 kHz. In Fig. 4): (1) Fhe density of plasma is near its initial valug,
the third plane wave run the electron density is increased t¢2) the velocity of electrons are much higher than the velocity

20932 n73 (~0.021 cn3) which corresponds to &, of of ions. In this kind of situation the electrons carry the elec-
1 299 kHz. pe tric current, that isj ~ en,(e~)U(e™),wheren,(e~) is the

Figure3b shows that also in this run the wave is propagat-?nitial glectron density. In other Wprds, the wave freque!’lcy
ing into the plasma with approximately constant wavelength's.so high that the plasma fluptuatlons are mainly associated
and amplitude. However, we see that the wavelength is now'ith electron velocity fluctuations.
longer than in the vacuum case (cf. F3g). Moreover, when
the electron density is increased even more in the third run
(Fig. 3c) the wavelength is increased once again.

Ann. Geophys., 28, 74351, 2010 www.ann-geophys.net/28/743/2010/
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"
" E&i min

Fig. 4. Plane wave runs in the HYB-em model: Plasma parameters. In fangile initial electron density in the simulation box was
~0.016 cnt3 and in pane(b) it was~0.021 cnT3. The axes are as in Fig: The horizontal axis is the x-axis from2500 km to +2500 km,

and the vertical axis from-50 km to +50 km. The values are created at b plane. The oscillating plane source is positioned=2

and its frequency is 1.5kHz. The values correspond to the situatiorb6e4 ms. In panel (a) the tables from top to bottom a&gfrom
~1x10712T to 1x 107127, the velocity of electrons in the y-directiot/ (¢)) from —10 km/s to 10 km/s, the electron density)) from 0

t0 0.03cnm3, the velocity of protons in the y-directio:ﬁ]§,(H+)) from —5m/s to 5 m/s and the proton densifiT)) from 0 to 0.03 cms.

In panel(c) the initial electron density was increased to 0.0218mTables from top to bottom areB; from —1x 107127 to 1x10712T,

Uy (e) from —10km/s to 10 km/sy(e) from 0 to 0.04 crs, Uy(H+) from —5 m/s to 5 m/s and(H™) from 0 to 0.04 criT3. In both panels

the color map on the right hand side is a linear color map from the minimum value (min) of the variable to the maximum value (max) of the
variable.

The linear theory shows that the dispersion relation of highaimed especially to study instabilities and electromagnetic
frequency em-waves is (see e §chunk and Nagy2004 waves. Space plasma environments which are natural tar-

> 9 2.2 gets for the forthcoming work based on HYB-em are the
" = Whe +Ck (18) plasma environments of Mercury, Venus and Mars. The goal
wherew=2r/T is the angular frequency of the wawe,. of the work is to develop a fast, robust, well tested numeri-
is the electron plasma frequeneyis the speed of light and cal 3-D model for both basic plasma physical research and,
k=2m/) is the wave vector, wherg andx are the wave pe- especially, to (1) interpret the ongoing plasma and field ob-
riod and wave length, respectively. The wave length of aservations at Mars and Venus by the Mars Express and the

propagating wave is therefore Venus Express missions and to (2) analyze physical pro-
cesses which will be measured at Mercury by BepiColombo
A= 2770/\/(1) —a) c/\/f2 fpe (29) mission.

The newly developed HYB-em model is based on the pre-
existing HYB models. HYB-em is consequently built on a
platform which is robust, computationally effective and well
tested due to a ten year long development and testing pe-

According to Eq. 19) the wavelengths in the three cases
shown in Fig.3a (vacuum),3b (f,.=1.118 kHz) and3c
(fpe=1.299kHz) are 200 km, 300 km and 400 km, respec-
tively, which are relatively good approximations for the sim- riod of the HYB platform. Another important advantage of
ulated wave lengths. The dramatic change of the characte%ls close relation to the earlier HYB models is that self-
istics of the em-wave in the runs where the electron density consistent initial 3-D plasma and field values obtained from
exceeds 2790117 can also be understood on the basis o fthe other global HYB models can automatically be adopted
Eq. (18). In these densities the electron plasma frequency i s inputs to HYB-em. In addition, all physical processes in
higher than the frequency of the plane source resulting in thea multi ion species plasma that élre currently implemented

damping of the wave and reflection of the wave energy bacl%n the HYB platform, such as ion-neutral collisions, electron

against the plane wave source. impact ionization, charge exchange processes and photoion-
ization are automatically available also in HYB-em.

4 Discussion Electromagnetic waves provide one natural class of phys-
ical phenomena that can be studied with HYB-em. Wave

This paper describes a fully kinetic electromagnetic modelphenomena in space plasmas contain an extremely rich set

developed for planetary space plasma physical researchof physical processes. This is partly due to the fact that the

www.ann-geophys.net/28/743/2010/ Ann. Geophys., 28, 7452010
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interaction between plasmas and em-waves is a complex mat- K., Kallio, E., Kasabai, Y., Matsuoka, A., Moncuquet, M., Mur-
ter and partly due to that the properties of the plasma envi- sula, K., Omura, Y., and Trotignon, J. G.: MEFISTO - An elec-
ronments vary substantially in the Solar System in terms of tric field instrument for BepiColombo/MMO, Adv. Space Res.,
the plasma density, strength of the magnetic field and by the 38(4), 672-679, 2006.

density of neutral particles. Waves also carry electromagBrain. D.. Barabash, S., Boesswetter, A., Bougher, S., Brecht,
netic energy which can be transferred onto the particles and |\S/| ﬁh?nkteur,JG.H C”dt‘ir' ED"HD|Ub'rt"n’ Ei\‘/l Fin?l‘. X'I’E F[aenz'
vice versa. Wave phenomen_a is a subject of continuous_in- mér’ i'f izldvi.ﬁa,arsﬁ',a L,ier.T;Oh?],ml\S/I.r,oTi,u, K T_lemér;n,ag?,-
terests in space plasma physics and the Solar System objectsMa, Y. Modolo, R., Motschmann, U.. Nilsson, H., Shina-

are under the influence of the supersonic and super-alfvenic gawa H., and Terada, N.. A Comparison of Global Mod-

flow of the solar wind. els for the Solar Wind Interaction with Mars, Icarus, 206(1),
Modeling of em-waves in planetary plasma environments doi:10.1016/j.icarus.2009.06.030, 139-151, 2010.
has a long history but it is still a challenging task becauseBuneman, O., Barnes, C. W., Green, J. C., and Nielsen, D. E.: Prin-
properties of the waves depend on the properties of the ciples and capabilities of 3-d, E-M particle simulations, J. Com-
plasma (density, velocity and temperature), the magnetic Put. Phys., 38(1), 1-44, 1980.
field (its strength and the direction of the wave with respectPury. F., Gumett, D. A., Morgan, D. D., Modolo, R., Nagy, A. F.,
to the direction of the magnetic field), possible collisions of z’g?nl\iﬁgbézi:t;:§f]tl;§)fne(|j:(§]tfcl)t|[1e; |'2;:12uopsi?ﬂ;322§pgeréeogmirss
e e il o o), Mo e, 153 ATTO0, o0 L2 EOOAGISTS 200
. . Ergun, R. E., Andersson, L., Peterson, W. K., Brain, D., Delory,
in the plasma (espeqally, to the Debye Iength),.ho_w the fre- 5 T. Mitchell, D. L., Lin, R. P, and Yau, A. W.: Role of
guency of the wave is related to the characteristic time scales plasma waves in Mars’ atmospheric loss, Geophys. Res. Lett.,
in the plasma (e.g. plasma frequencies, collision frequencies 33 [ 14103, doi:10.1029/2006GL025785, 2006.
and gyro frequencies) as well as the electric properties of th&spley, J. R., Cloutier, P. A., Brain, D. A., Crider, D. H., and Aay
solid objects in the plasma (Mercury, asteroids etc.). The M. H.: Observations of low frequency magnetic oscillations in
developed HYB-em model has a potential to study all these the Martian magnetosheath, magnetic pileup region, and tail, J.
Comp|icated p|asma physica| processes. Geophys. Res., 109, 7213, doi:10.1029/2003JA010193, 2004.
Grigoriev, A., Futaana, Y., Barabash, S., and Fedorov, A.: Obser-
vations of the Martian subsolar ENA jet oscillations, Space Sci.
5 Summary Rev., 126, 299-313, doi:10.1007/s11214-006-9121-y, 2007.
Jurgens, T. G., Umashankar, K., and Moore, T. G.: Finite-
A fully kinetic electromagnetic particle model has been de- Difference Time-Domain modelling of curved surfaces, IEEE
veloped to study planetary plasma environments. The three- Transactions of antennas and propagation, 40(4), 357-366, 1992.
dimensional (3-D) model, HYB-em, can be used in conjunc- Kallio, E., Kosklr.len, H., Barabash_, S., Nalrn,_C. M. C., and S_chwm-
tion with a 3-D hybrid model which is developed to study genschuh, K.: Oxygen outflow in the Martian magnetotail, Geo-
LT . . phys. Res. Lett., 22(18), 2449-2452, 1995.
_hOW the solar W'r,]d 'nteraCt,S with various Solar System Ob'Kallio, E. and Janhunen, P.: Modelling the solar wind interaction
jects. The preliminary Stu‘_j'es made_by the HYB-em model with Mercury by a quasi-neutral hybrid model, Ann. Geophys.,
suggest that the concept is mature in the HYB model plat- 21 2133-2145 2003,
form and that it can be used to interpret ongoing plasma and http://www.ann-geophys.net/21/2133/2003/
field measurement at Mars and Venus and the forthcomingallio, E., Liu, K., Jarvinen, R., Pohjola, V., and Janhunen, P.: lon
measurements at Mercury. escape at Mars in a hybrid model: high energy and low energy
ions, Icarus, 206(1), 152-163, doi:10.1016/j.icarus.2009.05.015,
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