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3AbstractNázev práce: Prost°edí plazmatu v okolí Jupiterova m¥síce IoAutor: Ond°ej �ebekObor: Fyzikální inºenýrstvíDruh práce: Diplomová práceVedoucí práce: Ing. Pavel Trávní£ek, Ph.D., Astronomický ústav, AV �RAbstrakt: Práce se zabývá interakcí mezi m¥sícem Io a Jupiterovým mag-netosférickým plazmatem. Interakce byla modelována dvourozm¥rným hy-bridním kódem s £ásticovými ionty a tekutinou elektron·. V simulacích bylstudován vliv vlastností ionosféry a atmosféry m¥síce Io na tvorbu nestabilitgenerovaných teplotní anizotropií plazmatu. Konkrétn¥ byly m¥n¥ny hod-noty iontové produkce zp·sobené elektronovou ionizací a fotoionizací a hus-toty neutralní atmosféry, která ur£uje £etnost nábojových vým¥n mezi iontyplazmatu a atmosférickými neutrály. Fluktuace magnetického pole a hustotyplazmatu jsou výrazné hlavn¥ na náv¥trné stran¥ Io p°i st°ední a vysoké hod-not¥ iontové produkce. Zvý²ení £etnosti nábojových vým¥n sniºuje �uktuace.Na náv¥trné stran¥ je pozorována antikorelace mezi oscilacemi magnetickéhopole a hustoty plazmatu, která m·ºe sv¥d£it o r·stu zrcadlové nestability.Klí£ová slova: Io, nestability plazmatu, hybridní simulaceTitle: Plasma environment of the Jupiter moon IoAbstract: This work deals with the interaction of volcanic moon Io withJovian magnetospheric plasma. We study the interaction by means of hy-brid two-dimensional simulations with kinetic ions and �uid electrons. Wechange properties of Io's ionosphere and neutral atmosphere to study theire�ects on the generation of temperature anisotropy driven instabilities. Firstwe change the ion production rate due to the photoionization and electronimpact ionization at Io and second we use variable density of Io's atmo-sphere to change the rate of charge exchanges between plasma ions and at-mospheric neutrals. Fluctuations in magnetic �eld and plasma density arepresent mainly upstream of Io in simulations with moderate and high ionproduction rate. Increase of the charge exchange rate reduces the �uctua-tions. We observe anticorrelation between oscillations of magnetic �eld andplasma density upstream of Io. This anticorrelation may indicate the growthof mirror instability.Key words: Io, plasma instabilities, hybrid simulations
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IntroductionThis work deals with the interaction of the Jupiter moon Io with Jovianmagnetospheric plasma. Io is a volcanic moon which continually feeds theJovian magnetospheric plasma with new particles. The plasma originatingfrom Io forms a plasma torus which corotates with Jupiter and interactsstrongly with Io, its atmosphere and ionosphere.The fresh plasma from Io has large temperature anisotropy and maybecome unstable through the temperature anisotropy driven instabilities.Waves triggered by these instabilities have been observed at Io during several�ybys of satellite Galileo.The interaction is studied by means of hybrid two-dimensional numericalsimulations with kinetic ions and �uid electrons. The attention is paid to theevolution of temperature anisotropy of plasma ions and generation of plasmawaves driven by the temperature anisotropy in dependence on properties ofIo's atmosphere. To be speci�c we change the rates of ionization processesat Io.The work is organized as follows: in chapter 1 we introduce the tem-perature anisotropy driven instabilities which are relevant in the context ofspace plasma physics. Chapter 2 deals with the Io's plasma environment. Inparticular subsections we describe Io, its plasma torus and the interactionbetween them and we summarize observations of plasma waves at Io. Inchapter 3 we present the simulation model used in this work and give anoverview of previous studies of plasma torus interaction with Io by means ofnumerical simulations. In chapter 4 we discuss results of performed numericalsimulations.
6



Chapter 1Kinetic theory of plasma wavesSpace plasmas are often magnetized and one of important parameters char-acterizing them is the temperature anisotropy between the directions paralleland perpendicular to the magnetic �eld. The space plasma can undergo sev-eral processes which increase or decrease the anisotropy. Once the plasma isnot isotropic, the free energy associated with the anisotropy tends to drivean instability to isotropize the plasma. Observation of the anisotropy driveninstabilities provides information about plasma composition and properties.1.1 Dispersion relation in magnetized plasma1.1.1 Kinetic approachThe basis of the kinetic approach is a distribution function f(t,x(t),v(t))which describes the density distribution in the phase space x − v at time t.Integration over the velocity space gives the number density at position x
∫

f(t,x,v)d3v = n(t,x).The total time change of the distribution function is given by the Boltz-mann equation
df

dt
=
∂f

∂t
+ (v∇) f +

(

1

m
F∇v

)

f = C (1.1)where C is the collisional term which represents a time change of distributionfunction f due to collisions, m is particle mass and F is force acting on theplasma. Various forms of the Boltzmann equation di�er in forms of the7



CHAPTER 1. KINETIC THEORY OF PLASMA WAVES 8collisional term and the force. The simplest approximation is the Vlasovequation
∂f

∂t
+ (v∇) f +

[ q

m
(E+ v×B)∇v

]

f = 0 (1.2)which holds for a collisionless plasma and the Lorentz force F = q(E+v×B)acting on particles with charge q.Vlasov equation can be used to solve some instabilities in the plasma. Theproblem is usually solved in a linear approximation. Quantities are expandedto the �rst order perturbation B = B0 + δB, E = E0 + δE and f = f0 + δf .If we assume zero background electric �eld and neglect terms with secondorder perturbation, the linearized Vlasov equation reads as
∂δf

∂t
+ (v∇) δf +

[ q

m
(v×B0)∇v

]

δf = −
[ q

m
(δE+ v× δB)∇v

]

f0. (1.3)1.1.2 General dispersion relationLet us derive a general dispersion relation of waves in magnetized plasma.We start with Ampér's and Faraday's laws:
∇×B = µ0ε0

∂E
∂t

+ µ0j,
∇×E = −∂B

∂t
.The magnetic induction B can be eliminated to get an equation for electric�eld E

∇2E−∇ · (∇E) − µ0ε0
∂2E
∂t2

= µ0
∂j
∂t
. (1.4)Since we want to express this relation in a form DE, we have to write thecurrent density j as a linear function of electric �eld. We can use the followingrelation j =

∂

∂t
(D− ε0E) =

∂

∂t
(ε0εE− ε0E) (1.5)to get the general wave equation (1.4) in form

∇2E−∇ · (∇E) − µ0ε0ε
∂2E
∂t2

= 0. (1.6)In order to linearize the equation, we expand the total electric �eld tothe �rst order E = E0 + δE where E0 is background electric �eld and δE isperturbed �eld. Let us assume zero background �eld E0 and the perturbation



CHAPTER 1. KINETIC THEORY OF PLASMA WAVES 9to be of the form of planar wave δE(t,x) = δEa(ω,k) ·exp[i(kx−ωt)]. Underthese assumptions the equation (1.6) becomes
[

k2c2

ω2

(kk
k2

− I)+ ε(ω,k)

]

δEa(ω,k) = 0. (1.7)Non-trivial solution requires zero determinant of the equation
DetD = Det

[

k2c2

ω2

(kk
k2

− I)+ ε(ω,k)

]

= 0. (1.8)This equation is general dispersion relation of waves in the plasma. Propertiesof the plasma in interest are included in the dielectric tensor ε(ω,k). Itsdetermination is main problem in solving the dispersion relation. Explicitform of D for k =
(

k⊥, 0, k‖
) isD(ω,k) =





−N2
‖ + εxx εxy N⊥N‖ + εxz

εyx −N2 + εyy εyz

N⊥N‖ + εzx εzy −N2
⊥ + εzz



 (1.9)with perpendicular/parallel refractive index N⊥,‖ =
ck⊥,‖

ω
.1.1.3 Dielectric tensor in magnetized plasmaThe form of the dielectric tensor ε(ω,k) for magnetized plasma can be derivedusing the linearized Vlasov equation (1.3)

[

∂

∂t
+ v∇ +

q

m
(v×B0)∇v

]

δf(t,x,v) = − q

m
(δE+ v× δB)

∂f0(t,x,v)

∂v .Since the operator on the left hand side is the total time derivative, theperturbation δf can be easily computed from this equation
δf(t,x,v) = − q

m

t
∫

−∞

dt′ (δE(t′) + v(t′) × δB(t′))
∂f0(t

′,x,v)

∂v .We transform the integration time with respect to the time in interest
τ = t− t′ and introduce plane waves once again: δE(t′) = δEa(ω,k) · e−iϕ(τ)with the phase ϕ(τ) = k[x(t) − x(t′)] − ωτ . The perturbed distributionfunction can be modi�ed to the form

δf(t,x,v) = − q

m
M(t)δEa(ω,k) (1.10)



CHAPTER 1. KINETIC THEORY OF PLASMA WAVES 10where the vector M isM(t) =

∞
∫

0

dτ exp [−iϕ(τ)] ·
[(

1 − kv(t′)

ω

)

∇vf0 +
1

ω
(k∇vf0)v(t′)

] (1.11)Knowledge of the perturbed distribution function allows to compute totalperturbed current density
δj =

∑

s

δjs =
∑

s

qs

∫

d3v · vδfswhere the summation goes over all species contained in the plasma. Wesubstitute for the perturbed distribution function from (1.10) to get
δj = −

∑

s

q2
s

ms

∫

d3v · v (MsδEa) = −
∑

s

q2
s

ms

∫

d3v ·
(vMs

)

δEa. (1.12)The equation (1.5) for planar waves is given as
δj = −iωε0 (ε− 1) δEa. (1.13)One can compare equations (1.12) and (1.13) to �nd the relation for thedielectric tensor

ε = I−∑
s

iω2
ps

nsω

∫

d3v · vMs. (1.14)The integration over velocity space can be done in cylindrical coordinates
d3v = v⊥dv⊥dv‖dψ. The integration procedure over ψ and τ (in (1.11)) canbe found in the book by Baumjohann and Treumann (1996). We presentthe resulting form given by Goldstein et al. (1985) which is slightly di�erentfrom the form given by Baumjohann and Treumann (1996)
ε(ω,k) = I−∑

s

2πω2
p,s

n0,sω2

∞
∫

0

∞
∫

−∞

dv⊥dv‖ ·
(

l=+∞
∑

l=−∞

µs

αl,s
· Sl,s(v‖, v⊥) + v‖νsezez

)(1.15)where
µs = ω

∂f0,s

∂v⊥
+ k‖v⊥

∂f0,s

∂v‖
− k‖v‖

∂f0,s

∂v⊥

νs = v‖
∂f0,s

∂v⊥
− v⊥

∂f0,s

∂v‖

αl,s = k‖v‖ + lωc,s − ω (1.16)



CHAPTER 1. KINETIC THEORY OF PLASMA WAVES 11and the tensor Sl,s is de�ned asSl,s =









l2ω2
c,s

k2

⊥
J2

l
ilv⊥ωc,s

k⊥
JlJ

′
l

lv‖ωc,s

k⊥
J2

l

− ilv⊥ωc,s

k⊥
JlJ

′
l v2

⊥J
′2
l −iv‖v⊥JlJ

′
l

lv‖ωc,s

k⊥
J2

l iv‖v⊥JlJ
′
l v2

‖J
2
l









. (1.17)Here Jl denotes Bessel function of the l-th order of the argument ξ = k⊥v⊥
ωc,s

and
J ′

l is its derivative with respect to its argument. The form of the dielectricaltensor (1.15) holds for the plasma with distribution function f0(v⊥, v‖) whichsatis�es
(

∂f0

∂vx
,
∂f0

∂vy
,
∂f0

∂vz

)

=

(

vx

v⊥

∂f0

∂v⊥
,
vy

v⊥

∂f0

∂v⊥
,
∂f0

∂v‖

)

,where v⊥ =
√

v2
x + v2

y and v‖ = vz. In order to perform the integration over
v⊥ and v‖, one must specify the form of the distribution function f0,s. In thecase of bi-Maxwellian plasma the distribution function has form

f0,s(v⊥, v‖) =
ns

π3/2v2
t⊥,svt‖,s

exp

(

− v2
⊥

v2
t⊥,s

−
v2
‖

v2
t,‖

) (1.18)where v2
t⊥,‖ = 2kBT⊥,‖/ms is squared perpendicular/parallel thermal velocityand T⊥,‖ is perpendicular/parallel temperature.The integration procedure is given by Baumjohann and Treumann (1996)or Goldstein et al. (1985) and the result is

ε(ω,k) = I+
∑

s

Qs (1.19)where the tensor Qs has components
Qxx,s =

ω2
p,s

ω2

∑

l

l2Λl(λs)

λs

[As − 1 + Asκl,sZ(ζl,s)] ,

Qxy,s = i
ω2

p,s

ω2

∑

l

lΛ′
l(λs) [As − 1 + Asκl,sZ(ζl,s)] ,

Qxz,s =
ω2

p,s

ω2

vt‖,sk⊥

ωc,s

As

∑

l

lΛl(λs)

λs

[κl,s + κl,sζl,sZ(ζl,s)] ,

Qyx,s = −Qxy,s, (1.20)



CHAPTER 1. KINETIC THEORY OF PLASMA WAVES 12
Qyy,s =

ω2
p,s

ω2

∑

l

(

l2Λl(λs)

λs
− 2λsΛ

′
l(λs)

)

[As − 1 + Asκl,sZ(ζl,s)] ,

Qyz,s = −i
ω2

p,s

ω2

vt‖,sk⊥
ωc,s

As

∑

l

Λ′
l(λs) [κl,s + κl,sζl,sZ(ζl,s)] ,

Qzx,s = Qxz,s,

Qzy,s = −Qyz,s,

Qzz,s = 2
ω2

p,s

ω2

∑

l

Λl(λs)
[

κl,sζl,s + κl,sζ
2
l,sZ(ζl,s)

]

.In the tensor components, As =
v2

t⊥,s

v2

t‖,s

=
T⊥,s

T‖,s
is temperature anisotropy of thespecies s and λs, κl,s, ζl,s are de�ned by relations

λs =
v2

t⊥,sk
2
⊥

2ω2
c,s

,

κl,s =
ω − (1 − 1/As) lωc,s

vt‖,sk‖
, (1.21)

ζl,s =
ω − lωc,s

vt‖,sk‖
.

Z(ζ) is the Fried-Conte plasma dispersion function
Z(ζ) =

1√
π

+∞
∫

−∞

exp (−z2)

z − ζ
dzand Λl(λ) = exp(−λ)Il(λ) where Il is the modi�ed Bessel function of theorder l and Λ′

l denotes derivative with respect to argument λ.1.2 Temperature anisotropy driveninstabilities1.2.1 Mirror instabilityMirror instability (MI) is driven mainly in the high β plasma in regions wherethe perpendicular temperature exceeds the parallel: T⊥ > T‖. It can be



CHAPTER 1. KINETIC THEORY OF PLASMA WAVES 13showed (Hasegawa (1969)) that in such case the kinetic pressure perturbanceis in antiphase to the magnetic �eld perturbance and that the change of totalperpendicular pressure (perpendicular kinetic and magnetic) of the multi-species plasma with cold electrons is negative if plasma parameters ful�lrelation
Γ =

∑

s

β⊥,s (As − 1) − 1 > 0. (1.22)Relation Γ = 0 is a threshold of the mirror instability.A traditional picture of the linear instability is following: if the perpen-dicular plasma beta β⊥,s and temperature anisotropy As are such that therelation (1.22) is satis�ed, the total perpendicular pressure decreases whenthe �eld is increased and magnetic �eld lines are then compressed by theplasma from neighbouring regions. The magnetic �eld is thus increased andthe whole process can repeat until the plasma stabilizes. Hasegawa (1969)shows that the change of the parallel pressure is lower than the change ofthe perpendicular pressure and the instability thus leads naturally to thedecrease of temperature anisotropy.Southwood and Kivelson (1993) emphasize the importance of particleswith low parallel velocity which are resonant with the �eld. These particlesbehave in a di�erent way than the bulk plasma because their pressure per-turbance is in the phase with the �eld perturbance. Southwood and Kivelson(1993) note that these resonant particles distinguish results obtained fromthe kinetic approach and �uid approach. The �uid approach yields the sameinstability condition of the mirror mode (1.22) but di�erent dispersion rela-tion.The determination of mirror mode properties requires solution of the dis-persion relation (1.8) with the magnetized dielectrical tensor (1.19). Thisproblem can be solved analytically under the assumption that the εxy com-ponent of the dielectrical tensor (1.19) vanishes in the limit of low-frequencylong-wavelength waves (e.g., Hasegawa (1969), Treumann and Baumjohann(1997)):
|ω|
ωc,s

� 1,

vt⊥,sk⊥
ωc,s

� 1, (1.23)
vt‖,sk‖
ωc,s

� 1.This simpli�cation can be explained as follows: since ω � ωc,s, κl,s and
ζl,s from (1.21) satisfy relations κl,s ≈ −κ−l,s and ζl,s ≈ −ζ−l,s. Moreover,
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Z(ζl,s) ≈ −Z(ζ−l,s) in the limit |ζl,s| � 1 and Λl(λs) = Λ−l(λs) for all λs.One can conclude that each l term of the sum in Qxy in (1.20) cancels withthe −l term. The l = 0 term of Qxy is equal to zero. For the same reasonsthe l and −l terms cancel in the component Qyz , however, this componenthas nonzero l = 0 term. All the other components of Qs have l and −l termsof the same sign.Using the assumption εxy = 0, the dispersion relation of mirror waves incold electrons plasma is usually written as

εyy = 1 +
∑

s

Qyy,s =
k2c2

ω2
(1.24)where Qyy,s is de�ned in (1.20). Solution to this equation with respect to thegrowth rate is (Hellinger (2007))

γmi =
k‖√
π
ṽ

(

Γ − 3

4
k2
⊥r̃

2 −
k2
‖

k2
⊥

Π

) (1.25)where
ṽ−1 =

∑

s

β⊥,sAs

vt‖,s

,

r̃2 =
∑

s

β⊥,s (As − 1) r2
c,s,

rc,s =
vt⊥,s

ωc,s

,

Π = 1 +
1

2

∑

s

(

β⊥,s − β‖,s
)and Γ is given in (1.22). It is assumed k⊥ → 0 and k‖/k⊥ → 0 near thethreshold and the mirror mode becomes unstable (has a positive growthrate) for Γ > 0. Mirror mode has zero real part of the frequency.Hasegawa (1969) showed that in the case of inhomogenous one ion pop-ulation cold electrons plasma the mirror mode has non-zero real part of thefrequency equal to the frequency of ion drift wave ωr = ωd,i =

κk⊥v2

t‖,i

ωc,i
where κis the �eld gradient in the perpendicular direction. This result was revisitedby Hellinger (2008) to the form

ωr =

[

3

2
(Ai − 1) − 2

β⊥,i

]

ωd,i.Mirror instability in the inhomogenous plasma is called drift mirror insta-bility. Hasegawa (1969) also derived that the instability condition (1.22)



CHAPTER 1. KINETIC THEORY OF PLASMA WAVES 15and the growth rate (1.25) remains unchanged in the inhomogenous plasma.However, Hellinger (2008) notes that the instability condition (1.22) is notcorrect for the drift mirror instability and that no simple threshold conditioncan be derived.Mirror waves are linearly polarized nonpropagating and are character-ized by the anticorrelation between �uctuations of plasma pressure and mag-netic pressure. In other words, �uctuations of magnetic �eld magnitude andplasma density are anticorrelated in mirror structures. This anticorrelation isimportant identi�er of mirror waves. Mirror structures have been observedin Earth's (Hill et al. (1995), Génot et al. (2009)) and Jupiter's magne-tosheaths (Joy et al. (2006)), in the solar wind (Winterhalter et al. (1994))or at Io (Russell et al. (1999a), Russell et al. (1999b)).1.2.2 Ion cyclotron instabilityIon cyclotron instability (ICI) is driven by the temperature anisotropy ofions and excites parallel propagating electromagnetic waves. It is an analogyof the whistler instability which is driven by the temperature anisotropy ofelectrons. ICI results from the resonant cyclotron interaction of the �eldwith rotating ions and has a left handed circular polarization and frequency
ωr . ωc,i.Let us assume purely parallel propagating mode k×B0 = 0, i.e., k⊥ = 0.In such case components εxz and εyz of the dielectrical tensor (1.19) vanishand components εxx and εyy are identical (see (1.20)). The dispersion relation(1.8) can be then written as

εzz

(

D2
xx +D2

xy

)

= 0.This relation contains two modes: relation εzz = 0 is a dispersion relation ofelectrostatic longitudinal oscillations while the round bracket is a dispersionrelation of parallel propagating electromagnetic waves. We are interested inthe latter one.Roots of the round bracket are given by the equation
Dxx = ±iDxy (1.26)which is satis�ed for two independent modes denoted by the sign ± on theright-hand side. These two modes are left-handed and right-handed polarizedparallel propagating electromagnetic waves. The dispersion relation (1.26) isdeterminant representation of equation

(

Dxx Dxy

−Dxy Dxx

)(

δEx

δEy

)

= 0.



CHAPTER 1. KINETIC THEORY OF PLASMA WAVES 16We can substitute Dxx = ±iDxy and rewrite this equation to the form con-taining both polarizations
(

DR 0
0 DL

)(

δER

δEL

)

= 0where δER,L = δEx ∓ iδEy and
DR,L = Dxx ± iDxy = −N2

‖ + εxx ± iεxy. (1.27)
R symbol denotes right-handed polarized electromagnetic wave whose electric�eld vector rotates around the background magnetic �eld B0 in the samesense as particles with negative charge. Left-handed polarized waves (L)have the electric �eld vector rotating in the same sense as positive ions andcan be excited by the ion cyclotron instability.For k⊥ = 0, i.e., λs = 0, only l = 1 and l = −1 terms of sums in Qxx and
Qxy in (1.20) survive and the dispersion relation DR,L (1.27) becomes
DR,L(ω,k) = ω2 − k2

‖c
2 +

∑

s

ω2
p,s (As − 1) +

∑

s

ω2
p,sAsκ∓1,sZ(ζ∓1,s) = 0.(1.28)Note that, even though we have stated that the ion cyclotron instability isdriven by positive ions, the dispersion relation DICI = DL (1.28) contains allplasma species including electrons and other negative ions.Consider plasma composed of electrons and one ionic species. The con-tribution of electrons can be converted using the large argument (|ζ1,e| � 1)expansion of the plasma dispersion function to the form

ω2
p,e (Ae − 1 + Aeκ1,eZ(ζ1,e)) ≈ −ω2

p,e

(

1 +
ωc,e

ω − ωc,e

)

.This contribution is negligible in limit |ω| � |ωc,e|. The contribution ofions can not be easily treated analytically because |ζ1,i| & 1 and neither largeargument expansion nor small argument expansion of the dispersion functioncan be used. Gary (1993) shows that weak growth/damping rate |γ| �
|ωr| of right- and left-handed electromagnetic modes driven by temperatureanisotropy of ions is given as

γR,L =

√
π

2ωr

ω2
p,i

vt‖,ik‖
[−Aiωr ± (1 −Ai)ωc,i] exp

[

(ωr ± ωc,i)
2
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t‖,ik

2
‖

] (1.29)for k‖ > 0. Ions with ωc,i > 0 can drive the left-handed ion cyclotron insta-bility (γICI = γL > 0) in the frequency region ωr < ωc,i whenever
Ai =

T⊥,i

T‖,i
> − ωc,i

ωr − ωc,i
> 1.



CHAPTER 1. KINETIC THEORY OF PLASMA WAVES 17The anisotropy serves as a source of free energy necessary for developmentof the instability: γR,L from (1.29) is always negative for isotropic plasmawith Ai = 1. The resonance condition (1.16) k‖v‖ + ωc,i − ω = 0 implies thatresonant ions are those which move in the opposite direction to the wave.Proton cyclotron waves have been detected in the Earth's magnetosheath(Anderson and Fuselier (1993)) or in the fast solar wind (Gary et al. (2001)).In both cases, the waves were present in a low-beta plasma (β‖,p < 1)and manifested constraints of the maximum proton temperature anisotropy
T⊥,p/T‖,p of the form

T⊥,p

T‖,p
− 1 =

S

βα
‖,p

(1.30)with S, α both positive. Such dependence of anisotropy on beta can bederived from linear Vlasov theory (Gary and Lee (1994)).Cyclotron waves of heavier ions have been observed in the magnetosphereof Saturn (Russell et al. (2006)) or at Io (Russell et al. (2003b)).1.2.3 Parallel �re hose instabilityA plasma with anisotropic ions can drive also right-handed polarized wavesof frequency ωr < ωc,i. It is easy to show that the growth rate of right-handedpolarized waves γR (1.29) is positive whenever
Ai =

T⊥,i

T‖,i
<

ωc,i

ωr + ωc,i
< 1.In this case the resonance condition (1.16) k‖v‖ − ωc,i − ω = 0 yields thations moving in the same direction as the wave are resonant. This instabilityis called parallel �re hose instability (PFI). It can be treated in the �uidapproach and can be described as follows: let the plasma �ows along themagnetic �eld direction in the �ux tube, when the �ux tube is bent from theparallel direction, the parallel pressure force acts to increase the perturbancewhile the perpendicular pressure force and magnetic tension force act torestore the �ux tube to the unperturbed shape. The instability evolves whenthe parallel pressure force exceeds the restoring forces. This simple conditionyields instability criterion of the parallel �re hose instability

∆ = β‖ − β⊥ > 2.This �uid threshold predicts that the parallel �re hose can evolve only inmoderate or high parallel beta plasma β‖ ≥ 2. The kinetic approach lowersthis limit but it still holds that the parallel �re hose instability can not



CHAPTER 1. KINETIC THEORY OF PLASMA WAVES 18develop in low-beta plasma. No such limit exists for Ai > 1 instabilities, i.e.,mirror and ion cyclotron modes.Parallel kinetic dispersion relation of the ion parallel �re hose instabilityis given by the right-handed dispersion relation DR (1.28)
DPFI(ω,k) = ω2 − k2

‖c
2 +

∑

s

ω2
p,s (As − 1) +

∑

s

ω2
p,sAsκ−1,sZ(ζ−1,s) = 0.The contribution of electrons can be neglected as in the case of the ioncyclotron instability because |ζ−1,e| � 1.Linear Vlasov theory predicts a threshold of the parallel �re hose of theform (1.30) with S < 0 (Gary et al. (1998)). Kasper et al. (2002) observedconstraint of the temperature anisotropy of that form in the solar wind andattributed it to the growth of the parallel �re hose instability. However, theydid not consider the oblique �re hose instability which has similar thresh-old. Hellinger et al. (2006) solved dispersion relations of both �re hoses andshowed that the measured temperature anisotropy constraint correspondsrather to the oblique �re hose instability. Moreover, Bale et al. (2009) showedthat �uctuations of the magnetic �eld are enhanced along the threshold ofoblique �re hose instability.1.2.4 Oblique �re hose instabilityHellinger and Matsumoto (2000) found that there is additional kinetic insta-bility in the anisotropic plasma with T‖ > T⊥. As in the case of PFI, thisinstability exists only in moderate and high-parallel beta plasma. This insta-bility has maximum growth rate at oblique angles to the ambient magnetic�eld and is therefore called oblique �re hose instability (OFI). It has otherproperties similar to those of the mirror mode; OFI has zero real frequencyand anticorrelated �uctuating magnetic �eld and density.In contrast to the parallel �re hose, the oblique �re hose evolves in nonlin-ear manner. The parallel �re hose grows to modest level of �uctuations andthen saturates. During this process the temperature anisotropy is slightlyincreased and then remains constant. The oblique �re hose grows rapidly tohigh level of �uctuations at the beginning. Then the oblique �re hose insta-bility excites Alfvén waves which are strongly damped. During this damping,the anisotropy Ai increases (tends to Ai = 1). The oblique �re hose is verye�cient in increasing the anisotropy.There is evidence that OFI is active in the solar wind and plays role inconstraining the temperature anisotropy (see section 1.2.3).



CHAPTER 1. KINETIC THEORY OF PLASMA WAVES 191.2.5 Comparison of temperature anisotropy driveninstabilitiesWe have described four instabilities which are driven by the temperatureanisotropy of ions in previous sections. Table 1.1 gives a brief summary oftheir properties. One can �nd a kind of symmetry between instabilities; MIhas the same properties as OFI except that they need di�erent anisotropyand thus can not coexist in the plasma. The same holds for the ICI and PFI.Instabilities of the same anisotropy can naturally coexist in the plasma andcompete for the free energy in the system.Instability Anisotropy Frequency Maximum γ at PolarizationMI Ai > 1 ωr = 0 k×B0 6= 0 linearICI Ai > 1 ωr < ωc,i k×B0 = 0 left-handedPFI Ai < 1 ωr < ωc,i k×B0 = 0 right-handedOFI Ai < 1 ωr = 0 k×B0 6= 0 linearTable 1.1: Basic properties of mirror (MI), ion cyclotron (ICI), parallel (PFI)and oblique �re hose (OFI) instabilities.Mirror structures are often observed with high amplitude of �uctuating�eld δB/B & 0.1. This fact indicates the nonlinear evolution of the mir-ror instability. The oblique �re hose has also nonlinear evolution. On thecontrary, ion cyclotron and parallel �re hose instabilities have rather linearevolution.Figure 1.1 shows isocontours of maximum growth rate of temperatureanisotropy driven instabilities in β‖,i −Ai space. Growth rates are computedfrom the linear Vlasov theory for the plasma composed of isotropic electronsand anisotropic bi-Maxwellian ions of mass mi = 22mp where mp is theproton mass. The lines correspond to the particular instabilities as follows:solid - ICI, dotted - MI, dashed - PFI, dash-dotted - OFI. Numbers a onthe lines denote the value of growth rate γ in unit of cyclotron frequency
γ = aωc,i.Evidently, the distance of ions from the isotropy is anticorrelated to theparallel beta for all the instabilities. Hellinger et al. (2006) have showed that,for electron-proton plasma, thresholds of these instabilities can be expressedin the form

T⊥,p

T‖,p
− 1 =

S
(

β‖,p − β0

)α .Instabilities operating in T⊥,p/T‖,p > 1 plasma (MI and ICI) have S > 0 andnegligible β0 while both �re hoses have negative S and non-negligible β0.
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Figure 1.1: Isocontours of maximum growth rate of temperature anisotropydriven instabilities as predicted by linear Vlasov theory for anisotropic ionsof mass mi = 22 mp and isotropic electrons. The lines correspond to thegrowth rates of ICI - solid, MI - dashed, PFI - dotted, OFI - dash-dotted.It can be seen that in the low-beta plasma ICI has larger growth ratethan MI. This feature holds for the electron-proton plasma as well (Garyet al. (1993)). Similarly, the parallel �re hose has larger growth rate thanthe oblique �re hose, thus parallel modes have dominant growth rates in thelow-beta electron-one ionic species plasma. However, there is evidence thatthe oblique modes can grow to signi�cant level even in regions where thelinear theory predicts the parallel modes to dominate (e.g., measurements ofsolar wind: Hellinger et al. (2006), Bale et al. (2009)).One of possible explanations is that mirror and oblique �re hose modesare nonpropagating in the reference frame of plasma while ion cyclotron andparallel �re hose modes propagate fast along the magnetic �eld. Other reasoncan be in the fact that real space plasmas are not always bi-Maxwellian. Forexample, the pickup process produces ring-type distribution function withanisotropy A > 1 and the plasma with such distribution function behavedi�erently. This problem is not well inspected.The growth of instabilities is also a�ected by the composition of theplasma which is not purely electron-proton in the case of solar wind, thereis a small density of alpha particles. Numerical simulations of Price et al.(1986) or Gary et al. (1993) showed that an introduction of alpha particlessigni�cantly reduces the growth rate of ICI and thus decreases the region



CHAPTER 1. KINETIC THEORY OF PLASMA WAVES 21where the ICI is dominant. For example, the results of Gary et al. (1993)show that ICI dominates in electron-proton plasma for β‖,p . 6, but additionof alpha particles of density nα = 0.03np limits the region of dominant ICIto β‖,p . 1.Each component of the multi-species plasma tends to drive ion cyclotronwave with frequency corresponding to its speci�c cyclotron frequency. Onthe other hand, the mirror mode is fed by all components in the multi-speciesplasma. Consequently the growth rates of particular ion cyclotron modes candrop below the growth rate of mirror mode. Mirror structures observed atIo in the very low beta evolved probably due to this e�ect (Huddleston et al.(1999)).Simulations of McKean et al. (1992) show that recyclation of anisotropicions can support the dominance of mirror mode. The anisotropy of ionswas externally maintained on the constant value in these simulations. Thise�ect was included to simulate an ongoing compression of the plasma inmagnetosheath. Results show that this recyclation increases the growth rateof the MI while it damps the ICI. The pick-up process can be consideredto be similar recycling process because it increases the anisotropy of thedistribution function. The e�ect of pick-up process on the growth rates of
As > 1 instabilities is not well examined.



Chapter 2Plasma environment of IoJupiter's moon Io was discovered by Galileo Galilei in 1610 and is one offour Galilean moons. With the radius RIo = 1821 km, Io is the third largestGalilean moon and the fourth largest moon in the solar system. Io, beingthe innermost of the Galilean moons, orbits Jupiter at distance Rorbit ≈ 6
RJ with 42 hours period, here RJ =̇ 71500 km is radius of the Jupiter. Io isdeeply immersed in the Jovian massive magnetosphere, the magnetic �eld atIo's orbit is about BJ = 1800 nT. Io has atmosphere and ionosphere whichinteract strongly with the Jupiter's magnetospheric plasma.2.1 Ionian atmosphereIo has strong volcanic activity, there are more than 400 active volcanoes onthe surface of Io. The volcanism has been discovered by Voyager 1 duringits Jupiter �yby in 1979 (Morabito et al. (1979), Strom et al. (1979)). Pealeet al. (1979) found that the volcanism is caused by the interaction withother Galilean moons, Europa and Ganymede. Particles eructed from thevolcanoes together with those sublimated from surface frosts form Io's neutralatmosphere. The atmosphere is patchy, the local source rate depends onthe frost distribution and proximity of volcanoes. It is also signi�cantlytemporally varying as the density source rate depends on the actual volcanicactivity and position of Io with respect to the Sun which a�ects the frostsublimation.The question which of the atmosphere sources is dominant is currentlyunresolved. Saur and Strobel (2004) modeled the collapse of the sublima-tion driven part of the atmosphere during solar eclipse and its in�uence onthe far-ultraviolet radiation power. From the comparison with Hubble SpaceTelescope (HST) observations, they concluded that the sublimation driven22



CHAPTER 2. PLASMA ENVIRONMENT OF IO 23contribution exceeds the volcanic contribution by one order during sunlight.Jessup et al. (2004) analyzed HST observations of the Prometheus plume andreported smooth decrease of density apart from the plume leading also to theconclusion that the contribution of frost sublimation dominates. However,there are also measurements that predicate the atmosphere driven rather bythe volcanic activity (Spencer et al. (2005)). Recently, Walker et al. (2010)and Gratiy et al. (2010) developed a complex 3-D model for simulation ofthe neutral atmosphere, they included inhomogenous frost map and severalvolcanic plumes to the model. Their results are in good accordance withdensities inferred from HST spectroscopic observations. Better match withobservations was obtained with the composite atmosphere (including the vol-canoes). The volcanic contribution is important mainly on the anti-Jovianhemisphere.Although neutral sodium has been observed �rst at Io (Brown (1974)),main constituents are sulfur dioxide, �rstly detected by Pearl et al. (1979),and sulfur oxide. Other components, such as S2, S3 and S4, have been re-ported (Spencer et al. (2000)).Io's atmosphere has a scale height about Hatm ≈ 100 km ≈ 0.06RIobut neutral clouds extend up to 5.8RIo or further (e.g., Frank and Paterson(2001a)). This distance corresponds to the radius of the Hill sphere whichis de�ned as a region where the attraction of Io exceeds the attraction ofJupiter. The atmosphere is asymmetric; it has larger scale height on thedownstream side due to the drag force of the plasma and it has a day-nightasymmetry. It has been found by Smyth and Wong (2004) that SO2 densityis dominant on the day side but decreases on the night side and can dropbelow densities of other constituents.Atmospheric particles can be ionized in several processes such as electronimpact ionization, photoionization and charge exchange ionization. Totalionization rate at Io is of the order of 1027 − 1028 ions per second (Bagenal(1997), Saur et al. (2003)). Huddleston et al. (1998) inferred the SO+
2 ionproduction rate to be 8 · 1026 ions per second. Hinson et al. (1998) evaluatedionosphere density pro�les from Galileo radio measurements, the maximalelectron density observed was ne = 277000 cm−3.2.2 Plasma torusIo's atmosphere and ionosphere lose about 1-3 ton of mass per second, about20 % of it is in the form of ionized particles (Saur et al. (2003)). Escapedionized particles maintain Io's plasma torus, a torus shaped cloud of plasmathat encircles Jupiter. The torus plasma is coupled to the Jupiter by magnetic



CHAPTER 2. PLASMA ENVIRONMENT OF IO 24�eld aligned currents, this coupling forces the torus to corotate the Jupiterwith its rotation velocity. The torus velocity at Io is Vtorus = 74 km.s−1(Frank and Paterson (2001b)). Io orbits with velocity VIo = 17 km.s−1 onlyso the torus �ows past Io with relative velocity Vrel = 57 km.s−1 = 0.3VAwhere VA is the torus plasma Alfvén velocity. Fresh plasma is accelerated tothe torus bulk speed.Most of our knowledge of torus plasma properties comes from in-situmeasurements of Voyager 1 which �ew by Jupiter in March 1979, Galileowhich orbited Jupiter from 1995 to 2003 and Cassini which �ew by at theturn of 2000 and 2001. Onboard instruments provided information abouttorus plasma composition, density and temperature.Bagenal (1994) analyzed data obtained from Plasma Science and Ultra-violet Spectrometer instruments on the Voyager 1 and Ste� et al. (2004)analyzed the data from Ultraviolet Imaging Spectrometer on board of theCassini. They examined torus plasma composition and its radial pro�le onthe equatorial plane of Jupiter in the range (6, 9) RJ , their results slightlydi�er. The torus contains mainly atomic ions of O+, S+ and S++ and tothe lower extent the ions of O++, S3+ and S4+. Relative concentrations ofdominant species at Io's orbital distance Rorbit ≈ 6RJ are presented in thefollowing table for both observations together with average ionic charge 〈Z〉and mass 〈A〉 and ratio of oxygen to sulfur O/S. The torus does not containmolecular ions in a large degree because molecules rapidly dissociate. Den-sity of SO+
2 is estimated to be bellow 2 % (Bagenal (1994), Warnecke et al.(1997)).

[O+] [O++] [S+] [S++] [S3+] [S4+] 〈Z〉 〈A〉 O/S Source0.40 0.01 0.10 0.17 0.02 - 1.3 22.6 1.4 Vo.0.22 0.03 0.07 0.21 0.03 0.03 1.7 25.2 0.7 Ca.Table 2.1: Densities of particular ionic species at Io's orbital distance (givenin ne) and average charge (in electron charge), mass (in proton mass) andratio of oxygen to sulfur for given composition. The �rst row presents datafrom Voyager 1 analyzed by Bagenal (1994), the second row contains datafrom Cassini analyzed by Ste� et al. (2004), in both papers see Figure 7.These results imply signi�cant temporal variability of torus propertieswhich is ascribed to the variability of the source at Io. Delamere and Bagenal(2003) developed a numerical model to study the torus plasma properties independence on the parameters of the neutral source. They included chargeexchange chemistry of neutral and ionized oxygen and sulphur. They ob-tained the source rate in the range Sn = 0.6 − 2.4 t.s−1 and the oxygen to



CHAPTER 2. PLASMA ENVIRONMENT OF IO 25sulphur ratio in the range O/S = 1.7 − 4.0 to best �t the observations ofVoyager 1,2 and Cassini spacecrafts.The electron density estimated by Bagenal (1994) is about ne = 2000cm−3. This result is similar to that obtained by Ste� et al. (2004). Thisdensity multiplied by the sum of relative densities from Table 2.1 gives ionicdensities ni = 1400 cm−3 for Voyager 1 and ni = 1200 cm−3 for Cassini.Crary et al. (1998) analyzed the data from Galileo to get the value of electrondensity ne = 3800 cm−3 and total ionic density of four major species in therange ni = 2400 − 3900 cm−3. Ionic density inferred by Frank and Paterson(2001b) from Galileo's observations vary in the range ni = 1000−3000 cm−3.Torus electron temperature at Io is about Te = 5−6 eV (Sittler and Stro-bel (1987), Bagenal (1994), Ste� et al. (2004)). Ionic temperatures are muchhigher: Bagenal (1994) obtained Ti = 60 eV, Frank and Paterson (2001b)obtained Ti = 70 eV and Crary et al. (1998) estimated the temperature ofvarious species varying in range Ti = 10 − 55 eV.We give the overview of ranges of torus plasma parameters in the followingtable and we include ranges of other inferred parameters such as kineticpressure ps, kinetic to magnetic pressure ratio βs and mean Larmor radius
rL,s given by relations

ps = nskBTs,

βs =
2µ0ps

B2
J

, (2.1)
rL,s =

ms

qsBJ

√

8kBT⊥,s

πms
.In the calculation of Larmor radius, we assume the torus plasma to beisotropic (i.e., T⊥,s = Ts) and we take the ionic charge qi and mass mi asaverage of values from rows in Table 2.1. Jovian magnetic �eld at Io is

BJ = 1800 nT.
n [cm−3] T [eV] p [nPa] β [-] rL [km]Electrons 2000-3800 5-6 1.6-3.7 0.0012-0.0029 0.005Ions 1000-3900 10-70 1.6-43.7 0.001-0.034 4.4-11.6Table 2.2: Torus plasma parameters: densities and temperatures were mea-sured in-situ, other parameters are computed from relations (2.1). For thecalculation of β and rL we take the Jovian magnetic �eld BJ = 1800 nT andthe ionic charge and mass as average of values in Table 2.1: qi = 1.5e and

mi = 23.9mp.



CHAPTER 2. PLASMA ENVIRONMENT OF IO 262.3 Plasma torus interaction with IoThe plasma torus is signi�cantly disturbed by presence of Io which changeslocal torus density, momentum and energy. The interaction is very strongand its footprints can be seen in Jupiter's polar regions. The interaction ofIo with the plasma torus is in detail described by Kivelson et al. (2004) andSaur et al. (2004).Let us describe the interaction brie�y. At �rst we de�ne coordinate sys-tem: the X-axis is oriented in the direction of the plasma �ow, the Y -axisdirects along the Jupiter's magnetic �eld BJ (i.e., southward) and the Z-axis,completing the right-handed system, directs to the Jupiter.Drell et al. (1965) solved the linear set of Maxwell's equations to studythe �eld perturbance caused by an ideally conducting object propagatingthrough the plasma across the magnetic �eld. Such object feels a motionalelectric �eld which drives the electric current in the direction perpendicular toboth magnetic �eld and direction of satellite motion. This current continuesout of the satellite in the form of �eld aligned currents through the plasma.According to the analysis of Drell et al. (1965), the satellite generates low-frequency Alfvén disturbance which carries the current. Currents �ow in theplane of satellite motion and magnetic �eld and aim to the back of satelliteat angle α to the magnetic �eld such that
tanα =

Vs

VA
= MA.Here Vs is the satellite velocity with respect to the plasma, VA is Alfvén ve-locity of plasma andMA is Alfvén Mach number. The structure of generated�eld aligned currents is called Alfvén wing.This model is applicable to Io which is propagating through its plasmatorus almost perpendicular to the Jovian magnetic �eld and can be consid-ered to be conducting. It was discussed in the previous section that Io orbitswith lower velocity than the torus and thus Io moves in the opposite direc-tion in reference frame of the torus than in the reference frame of Jupiter.Consequently, generated Alfvén wings, which aim to the back of Io in theframe of torus, aim ahead of Io on its real trajectory.In the unperturbed torus the �owing plasma generates electric �eldE0 = −Vtorus ×BJ .in the reference frame of Io. This �eld is directed in the −Z-direction (i.e.,away from Jupiter in the radial direction). Highly conducting dense iono-sphere of Io can carry the current driven by this electric �eld in the direction



CHAPTER 2. PLASMA ENVIRONMENT OF IO 27perpendicular to the magnetic �eld. Further from Io, where the perpendicu-lar conductivity is negligible, currents can �ow along the magnetic �eld only.In result, the interaction generates the circuit composed of magnetic �eldaligned current �owing towards Io on the Jupiter-facing side, ionosphericcurrent �owing away from Jupiter in the radial direction, �eld aligned cur-rent �owing towards Jupiter on the anti-Jupiter side and closing current inJovian ionosphere near the polar region. Total current �owing through Io isof the order of 105−106 A according to Southwood et al. (1980) or Saur et al.(2002). Neubauer (1980) extended the linear theory of Drell et al. (1965) tothe non-linear situation and applied it to the case of Io. He showed that theconductivity associated with Alfvén wings is
ΣA =

1

µ0VA (1 +M2
A + 2MA sinα)

1/2and the current circuit can close through the wings.Alfvén waves can be re�ected on the boundary of torus or in Jovianionosphere. Since the wings aim ahead of Io on its trajectory, the re�ectedwaves can reach Io and re�ect again back to the Jupiter. It was proposedby Neubauer (1980) that this e�ect is partly responsible for the phenomenonknown as Io e�ect, i.e., periodic �uctuations of radiation power from Jupiterwhich are correlated to Io's position.The charge separation caused by the ionospheric current generates sec-ondary electric �eld aiming in the direction towards Jupiter. This electric�eld acts to slow and divert the incoming torus �ow. As a result, the frozenin magnetic �eld compresses upstream of Io.2.4 Plasma waves at IoThe mass loading via ionization of neutrals can heat the �owing plasma andincrease its temperature anisotropy A = T⊥/T‖ > 1 (Linker et al. (1989)).Such anisotropy generates ion cyclotron and mirror waves which were bothobserved near Io.Ion cyclotron waves have left-handed circular polarization, real frequen-cies below the ion cyclotron frequency and maximum growth rate for parallelpropagation. Waves with SO+
2 , SO+ and S+ ion gyrofrequencies were de-tected during �ve �ybys (namely I0, I24, I25, I31 and I32 where I refersto an Io �yby and the number is the orbit number) of Galileo around Io.Russell et al. (2003b) give the summary of these observations and show thatthe waves were rather elliptical polarized and propagated at slightly obliqueangles with respect to the background magnetic �eld.



CHAPTER 2. PLASMA ENVIRONMENT OF IO 28During the I0 �yby on December 7, 1995, Galileo �ew in nearly radialdirection to Jupiter in its equatorial plane and it passed Io at distance 1.5 RIoin the wake. Cyclotron waves appeared at distance 18 RIo on the inboundpass and disappeared at 7 RIo on the outbound pass, but they were replacedby mirror waves on edges of Io's wake and linearly polarized transverse wavesin the center of wake. Properties of cyclotron waves have been analyzed byHuddleston et al. (1997), Warnecke et al. (1997) or Russell et al. (1999b).The dominant mode observed during I0 �yby was that of molecules ofSO+
2 . The reason for this is in absence of thermalized SO+

2 component inthe background torus plasma; Huddleston et al. (1997) inferred that thiscomponent has density less than 5 % and Warnecke et al. (1997) estimatedit to be below 2 %. The waves were detected with growing amplitude whenGalileo approached closer to Io and with decreasing amplitude during theoutbound pass. Moreover, the amplitude was higher on the inbound pass.The increase of amplitude with decreasing distance is consistent with theincrease of ion production rate. Warnecke et al. (1997) have found that thewave power pro�le follows the neutral density pro�le on the inbound passbecause there was constant electron density during the period of observationsof cyclotron waves (according to the analysis of Gurnett et al. (1996)). Dueto the constant electron density, the ion production rate due to electronimpact ionization follows the neutral density pro�le. On the outbound pass,the electron density decreased radially from Io (Gurnett et al. (1996)) andconsequently the ion production rate due to the electron impact ionization(and the wave power) fell o� more rapidly than on the inbound pass.There was also an asymmetry between the power spectra on the inboundand outbound passes; the power of SO+-cyclotron waves increased on theoutbound pass. The inbound pass of I0 �yby can be considered to be overthe day hemisphere and the outbound pass can be considered to be over thenight hemisphere. The asymmetry in the spectra can be attributed to theday-night asymmetry of the atmosphere composition.I24 and I27 �ybys had similar trajectories, Galileo crossed the axis ofplasma �ow in oblique direction and moved from upstream to downstreamside. Cyclotron waves were observed on the downstream side mainly, but asmall burst of waves was detected during the I24 pass upstream of Io righton the axis of plasma �ow. The dominant mode was that of molecules ofSO+. Blanco-Cano et al. (2001) performed a dispersion analysis to studyconditions for dominance of particular modes. They found that the SO+-cyclotron mode exceeds the SO+
2 mode when the density of SO+ ions is atleast twice higher than the density of SO+

2 .The I31 pass in August 2001 was parallel to the �ow in Io's northernhemisphere. Galileo passed Io parallel to the torus axis in the anti-Jovian



CHAPTER 2. PLASMA ENVIRONMENT OF IO 29side and �ew above the wake in the direction of plasma �ow. Again, wavesoccurred downstream of Io and were probably excited in Io's wake (Russellet al. (2003a)). Trajectory of I32 �yby was similar to those of I24 and I27passes but the measured spectra resembles rather that of I0 pass because theSO+
2 -cyclotron mode is dominant.In conclusion, the cyclotron waves have been observed almost exclusivelyon Io's downstream side but the properties of waves di�er from pass to pass.This fact implies variability of local plasma properties. Russell et al. (2003b)did not �nd any signi�cant correlation between the wave properties and solarphase or position of Galileo with respect to Io and ascribed this variabilityto the variability of volcanic input at Io.Mirror waves have linear polarization, zero real frequency and maximumgrowth rates at oblique angles to the ambient magnetic �eld. Mirror modestructures have large magnetic �uctuations which are anticorrelated with�uctuations in plasma density. Mirror waves were observed on both edgesof Io's wake during Galileo's �rst �yby in December 1995 (Russell et al.(1999a), Russell et al. (1999b)). The waves were nearly linearly polarizedand propagated at angles about 80◦ to the ambient magnetic �eld.The question which naturally arises is how the mirror mode can dominatein the very low-beta plasma at Io. The answer was given by Huddleston et al.(1999). They found that for the mirror mode to be dominant, in additionto large temperature anisotropy of SO+

2 (the dominant species close to Io),high anisotropies of other torus species (namely S+ and O+) are necessary.In such cases the growth rate of the mirror mode exceeds the ion cyclotronmode growth rates for a particular ionic species. These conditions are �lledon the edges of the wake where the densities of the torus S+ and O+ havedecreased and thus this thermalized contribution can not su�ciently reducethe anisotropy of the pick-up particles.



Chapter 3ModelThrough the years many methods for numerical simulations of plasma weredeveloped. Two basic approaches to the modelling are:
• kinetic models where both ions and electrons are modeled as separateparticles
• and �uid models where ions and electrons are modeled as �uids.Naturally both methods have advantages and disadvantages. Kinetic modelsare very time and memory consuming. For this reason the simulated areasand times are limited. Fluid models allow to model much larger plasmas fora longer time. On the other hand, �uid models can not resolve kinetic e�ectsrelated to the Larmor radius.The combination of mentioned models is the hybrid approach. Here theelectrons are simulated as �uid while the ions as kinetic population. Theelectron �uid is massless and its role is to maintain the quasineutrality ofplasma. Hybrid modelling enables to simulate more ions than kinetic becauseit does not require computer memory for electrons. Moreover, hybrid modelscan resolve ion kinetic e�ects in contrast to �uid models.3.1 CAM-CL algorithmOne of hybrid models is current advance method and cyclic leapfrog algorithm(CAM-CL) developed by Matthews (1994). In this algorithm algorithm, theplasma is described by following set of equations:
• Faraday's law

∇× E = −∂B
∂t
, (3.1)30



CHAPTER 3. MODEL 31
• Ohm's law in the magnetostatic approximationE =

1

ρc,i

(

(∇×B) ×B
µ0

− Ji ×B−∇pe

)

+ η (∇×B) , (3.2)
• Newton's law

dvs

dt
=

qs
ms

(E+ vs ×B) , (3.3)
• equation for ion position

dxs

dt
= vs. (3.4)In relations (3.1) - (3.4), used quantities are electric �eld E, magnetic �eld B,ionic charge density ρc,i, total ionic current density Ji =

∑

s

Js composed ofcurrent densities of particular ionic species Js, electron pressure pe = nekBTe,resistive term η and charge qs, mass ms, position xs and velocity vs of ionsof species s. For purpose of CAM-CL this set is completed with the equationfor time evolution of ionic current density which can be derived from theNewton's law (3.3)
dJi

dt
=
∑

s

qs
ms

(ρc,sE+ Js ×B) . (3.5)Let us describe here the algorithm for pushing particles from positionsx (t0 + 1
2
∆t
) to positions x (t0 + 3

2
∆t
). We will use notation g (t0 + n∆t) =

gn and quantities Λ and Γ de�ned by relations
Λ =

∑

s

rsρ
1/2
c,s , (3.6)

Γ =
∑

s

rsJs(x1/2
s ,v0

s) (3.7)where ρc,s is the charge density and rs = qs/ms is the charge to mass ratioof the ionic species s. We omit the subindex s and we assume that, besidesx1/2, following quantities are known at the beginning of each time step: v0,B0, ρ0
c , ρ1/2

c , J0
i , Λ, Γ and Ji(x1/2,v0).Pushing of particles in kinetic simulations is done in two main steps,integration of Newton's law (3.3) and determination of new position from(3.4). The leapfrog method is used to push the particles in CAM-CL. Ionpositions and velocities are computed in times half time step shifted so thenew position can be determined from the central di�erencex3/2 = x1/2 + v1∆t. (3.8)



CHAPTER 3. MODEL 32The required velocity v1 is computed from central di�erence applied on New-ton's law with Lorentz force on the right side (3.3)v1 = v0 + ∆t
q

m

(E1/2 + v1/2 ×B1/2
) (3.9)where v1/2 is computed from the relationv1/2 = v0 +

∆t

2

q

m

(E1/2 + v0 ×B1/2
)

. (3.10)Determination of �eld quantities is the goal of current advance method.The procedure is done in following steps:
• The Faraday's law (3.1) is integrated to get B1/2B1/2 = B0 −

∆t/2
∫

0

∇×E (ρ0
c ,J0

i ,B(t), Te

)

dt.This step is done by cyclic leapfrog method discussed in next section.
• New electric �eld is computed from Ohm's law (3.2) using advanced Band ρc E∗ = E(ρ1/2

c,i ,Ji(x1/2,v0),B1/2, Te

)

.

• Ionic current density is advanced in velocity by integration of (3.5)J1/2
i = Ji(x1/2,v0) +

∆t

2

(

ΛE∗ + Γ ×B1/2
)where Λ and Γ are given by (3.6) and (3.7).

• Electric �eld is advanced to E1/2E1/2 = E(ρ1/2
c,i ,J1/2

i ,B1/2, Te

)

.Values of �elds required for equations (3.9) and (3.10) are known so theparticles can be pushed now by (3.8). In order to begin new time step a fewquantities must be computed using new state x3/2 and v1:
ρ

3/2
c,i ,

ρ1
c,i =

1

2
(ρ

1/2
c,i + ρ

3/2
c,i ),
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i =

1

2

(Ji(x3/2,v1) + Ji(x1/2,v1)
)

,

Λ =
∑

s

rsρ
3/2
c,sand

Γ =
∑

s

rsJs(x3/2,v1).Finally the magnetic �eld is advanced to B1 by the second use of cyclicleapfrog B1 = B1/2 −
∆t
∫

∆t/2

∇× E (ρ1
c,i,J1

i ,B(t), Te

)

dt.3.2 ImplementationIn the previous section the CAM-CL algorithm was described just in general.In this section some details about implementation of the code are discussed.Plasma in CAM-CL is modelled using the particle in cell scheme. Thesimulation domain is divided intoNx×Ny cells which form a rectangular grid.Moments ρc,i, Ji, magnetic �eld B and electron pressure pe are computed innodes of this grid which will be called in the text magnetic �eld grid. Theelectric �eld has its own grid (electric �eld grid) whose nodes are located incentres of cells of the magnetic �eld grid, see Figure 3.1. Nodes of magnetic�eld grid are marked with full integer indices while the electric �eld gridnodes with half integer indices. We take particle positions to be also fullinteger in nodes of magnetic �eld grid.3.2.1 WeightingEvery particle contributes to moments ρc,i and Ji computed in corners of cellwhere the particle is located. Each particle has a weight equal to 1 and thecontributions to the cell corners are determined from the particle positionin the cell. The particle is located in the cell at position (x, y) as shown in�gure 3.1 and it is a carrier of a quantity G. Contributions to cell cornersare given as
G(i, j) = φdd(x, y, i, j)G,

G(i+ 1, j) = φud(x, y, i+ 1, j)G,
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Figure 3.1: Sketch of the simulation cell: the full line grid is the magnetic �eldgrid where moments ρc,i, Ji and magnetic �eld B are computed. Dashed linesrepresent electric �eld grid. Particle located at (x, y) contributes to momentscomputed in four nearest nodes of the magnetic �eld grid.
G(i, j + 1) = φdu(x, y, i, j + 1)G,

G(i+ 1, j + 1) = φuu(x, y, i+ 1, j + 1)Gwhere the weights are
φdd(x, y, i, j) = (1 − x+ i)(1 − y + j),

φud(x, y, i+ 1, j) = (x− i)(1 − y + j),

φdu(x, y, i, j + 1) = (1 − x+ i)(y − j),

φuu(x, y, i+ 1, j + 1) = (x− i)(y − j).Total value of G in some node is given by the sum of contributions of allparticles located in neighbouring cells. For example determination of G innode (i, j) can be formally written
G(i, j) = Φ(x, i, j)G :=

∑

p

[δidxpeδjdypeφuu(xp, yp, i, j)Gp +

+δibxpcδjdypeφdu(xp, yp, i, j)Gp +

+δidxpeδjbypcφud(xp, yp, i, j)Gp +

+δibxpcδjbypcφdd(xp, yp, i, j)Gp],where the summation is over all particles whose positions are stored inthe vector x, δkl is Kronecker delta, d·e and b·c are ceiling and �oor functions,respectively.



CHAPTER 3. MODEL 353.2.2 Determination of momentsUsing the weight operator Φ de�ned in the section 3.2.1 moments ρc,i andJi(x,v) in a node (i, j) can be computed from particle positions and velocitiesfrom relations
ρc,i(i, j) =

∑

s

ρc,s(i, j) =
∑

s

Φ(xs, i, j)qsand Ji(x,v)(i, j) =
∑

s

Js(i, j) =
∑

s

Φ(xs, i, j)qsvs.3.2.3 Electron pressureThe electron pressure is given by relation pe = nekBTe, where electron tem-perature Te is in the hybrid code considered to be constant. We requireplasma to be quasineutral so the concentration of electrons ne can be com-puted from the total charge density
ne =

ρc,i

e
.3.2.4 Spatial derivativesIn CAM-CL derivatives transform some quantity from one grid to the second.For example, ∇pe transform the pressure from the magnetic �eld grid to theelectric �eld grid. The derivative in some node is computed from four nearestnodes of the second grid. Derivatives of g in the node (i+ 1

2
, j + 1

2
) in x and

y directions are given by relations
∂g

∂x
(i+

1

2
, j +

1

2
) =

1

2∆x
(g(i+ 1, j + 1) + g(i+ 1, j) − g(i, j + 1) − g(i, j)) ,

∂g

∂y
(i+

1

2
, j +

1

2
) =

1

2∆y
(g(i+ 1, j + 1) + g(i, j + 1) − g(i+ 1, j) − g(i, j)) .Operators rot and grad used in CAM-CL can be simply computed usingthese relations.3.2.5 Electric �eldThe value of electric �eld in the node (i− 1

2
, j− 1

2
) is computed from Ohm's law(3.2). Here the values of∇×B and∇pe are computed in the node (i− 1

2
, j− 1

2
)using appropriate spatial derivatives and values of other quantities (B, ρc,i



CHAPTER 3. MODEL 36and Ji) are given in the node (i− 1
2
, j− 1

2
) as average of values on four nearestnodes of magnetic �eld grid

ρc(i−
1

2
, j − 1

2
) =

1

4
(ρc(i− 1, j − 1) + ρc(i, j − 1) + ρc(i− 1, j) + ρc(i, j)) .The electric �eld (3.2) becomes divergent if the plasma vanishes in someregion, for that reason the density is kept above some minimal value.3.2.6 Magnetic �eld - Cyclic leapfrog algorithmThe integration of Faraday's law (3.1) in one single step could lead to sig-ni�cant simulation noise so the integration is done in few substeps. Let themagnetic �eld is to be advanced from B0 to B1/2B1/2 = B0 −

∆t/2
∫

0

∇× E (ρ0
c ,J0

i ,B(t), Te

)

dt.Magnetic �eld is advanced in n time substeps, each time substep is τ =
∆t
2n
. The procedure is done in two ways, the magnetic �eld in odd times isleapfrogged by the �eld in even times and vice versa. This is the origin ofname cyclic leapfrog. The scheme can be written asBτ = B0 − τ∇× E (ρ0

c ,J0
i ,B0, Te

),B2τ = B0 − 2τ∇× E (ρ0
c ,J0

i ,Bτ , Te

),B3τ = Bτ − 2τ∇× E (ρ0
c ,J0

i ,B2τ , Te

),...B(n−1)τ = B(n−3)τ − 2τ∇× E(ρ0
c ,J0

i ,B(n−2)τ , Te

),Bnτ = B(n−2)τ − 2τ∇× E(ρ0
c ,J0

i ,B(n−1)τ , Te

),Bnτ
∗ = B(n−1)τ − τ∇×E(ρ0

c ,J0
i ,B(n−1)τ , Te

).Finally we get B1/2 B1/2 =
1

2
(Bnτ +Bnτ

∗ ) .Typically about 5-10 substeps are used.3.2.7 Boundary and initial conditionsBoundary conditions serve to terminate plasma parameters continuously onborders of the simulation domain. The discontinuity of quantities on bor-ders would lead to development of arti�cial e�ects such as re�ection of waves



CHAPTER 3. MODEL 37or creation of arti�cial �eld. Two basic approaches are used to solve thisproblem: periodic and open boundary conditions. In the former approachparticles which left the domain on one side are injected back on the oppo-site side with unchanged velocity. Values of moments in boundary nodes areadded to moments on the opposite boundary. If the open boundary condi-tions are used, particles which left the domain are lost.The simulation is scaled by values of background plasma parameters;values of ionic inertial length Λi = c/ωp,i, Alfvén velocity VA and inversedionic gyrofrequency 1/ωg,i are taken as units of length, velocity and time.Ambient magnetic �eld B0 and charge density ρc,0 are scaled to unity aswell.Direction of the background magnetic �eld, electron pressure and thebackground plasma properties are set as the initial condition. The plasmacan contain more species and arbitrary parameters for each species are:
• relative density ns and charge to mass ratio rs = qs/ms which de�nebackground plasma composition,
• parallel beta β‖,s and temperature anisotropy As = T⊥,s/T‖,s whichde�ne pressures and temperatures of given species,
• direction and magnitude of the bulk velocity Vs (this determines theAlfvén Mach number MA,s = Vs/VA).3.3 Previous models of Io-plasma torus inter-actionThe interaction of Io with its plasma torus has been studied intensively bymeans of numerical simulations. Most of the models were �uid. This sectiongives brief overview of the previous models.Linker et al. (1989) used 3-D MHD model of the plasma �ow past Ioto examine the in�uence of the mass loading of plasma on its temperature.They included a source of the fresh plasma in the vicinity of Io with radi-ally decreasing pro�le. They showed that the mass loading can increase theplasma temperature at Io.Later, the same researchers (Linker et al. (1991)) used similar modelwithout the source of the fresh plasma to study the interaction of magnetizedplasma �ow with conducting sphere representing Io and its thin ionosphere.The results include main global features of the interaction: formation ofAlfvén wings and the diversion of the �ow around wings and Io. Resultsindicate also the presence of slow and fast MHD modes.



CHAPTER 3. MODEL 38More accurate models came after Galileo's �rst �ybys around Io. Linkeret al. (1998) included both ionization and charge exchange processes in their3-D MHD model and considered Io to be either conducting or intrinsicallymagnetized body. They obtained decreased magnetic �eld magnitude andincreased plasma density in the wake as observed by Galileo but without thedouble peak structure in magnetic �eld on the �anks of wake. Better resultswere achieved with intrinsically magnetized Io.Combi et al. (1998) obtained similar results in 3-D model without intrin-sic magnetic �eld for Io. They used a cartesian grid with adaptive mesh.This model was lately slightly modi�ed by Kabin et al. (2001) by changingthe model of pick-up processes and introducing the day-night asymmetry inthe distribution of the mass loading. The modi�ed model provided betteraccordance of the simulation and observational data.Saur et al. (1999) used 3-D two-�uid model for electrons and one plasmaspecies. They assumed constant magnetic �eld in their model and includedphotoionization and electron impact ionization in the neutral atmosphere.They analyzed both numerically and analytically the e�ect of perpendicularHall and Pedersen conductivities on the plasma �ow. They showed that the�ow is asymmetric around Io, the electrons are twisted toward Jupiter whilethe ions are diverted away.The same group (Saur et al. (2002)) used modi�ed model and obtainedgood agreement of the simulation and Galileo data including the double-peakstructure in magnetic �eld in Io's wake. They explain this structure to beresult of the diamagnetic and inertial currents which �ow on the edges ofwake. They used, besides photoionization and electron impact ionization,an additional ionization source of energetic �eld aligned beams of electrons(such beams were observed by Williams et al. (1999)).Recently, Lipatov and Combi (2006) developed 3-D hybrid (kinetic ionsand �uid electrons) model to study the e�ect of kinetic processes on theinteraction. They implemented charge exchange, electron impact ionizationand photoionization processes in a two-component neutral atmosphere withthe radial pro�le
nn(r) = natm

[

Wint exp

(

−r −RIo

Hatm

)

+Wext
Hatm

4

RIo

r2

] (3.11)where the �rst term represents a dense thin exosphere close to Io's surfacewhile the second represents extended neutral clouds far from Io. In theequation (3.11), Wint, Wext are fractions of the ion production rate in theexosphere and in the extended clouds, Hatm is the atmosphere scale heightand natm is neutral density close to Io's surface. They were able to reproduce



CHAPTER 3. MODEL 39observations of Galileo in Io's wake without using the beams of energeticelectrons as in the simulation by Saur et al. (2002).3.4 Details of used modelWe can consider the plasma to be quasineutral on spatial scales of the spaceplasma. For this reason the hybrid code is very suitable for simulations ofspace plasmas. CAM-CL algorithm has been used successfully for simula-tions of plasma interactions with various space obstacles, such as Mercury(Trávní£ek et al. (2007)) or Moon (Trávní£ek et al. (2005)).Each space obstacle has its speci�c features which must be included inthe simulation properly. For example, the planet can have its magnetosphereor ionosphere, it can be magnetized or conducting etc.Io is considered to be conducting and does not have signi�cant magnetic�eld. The conductivity is provided by the function which sets the electric�eld inside Io to zero every time it is computed from Ohm's law (3.2).Important feature of Io is presence of neutral atmosphere which is sourceof fresh plasma through ionization processes, such as electron impact ioniza-tion and photoionization. Moreover, the atmosphere is a target for incomingtorus plasma ions which exchange charge with atmospheric neutrals. We in-clude these ionization processes to the simulation. We treat separately chargeexchange ionization and photoionization/electron impact ionization.3.4.1 Charge exchange ionizationWe use the model of charge exchange ionization proposed by Lipatov et al.(1998). Let us consider plasma species with velocity distribution function
fp(vp) and neutral component with distribution function fn(vn). The lossrate for plasma, i.e., the time change of plasma velocity distribution functiondue to the charge exchange collisions with neutrals, is given by Ripken andFahr (1983) as

∂fp(vp)

∂t
= fp(vp) ·

∫

fn(vn)vrelσex(vrel)d
3vn. (3.12)In the integral, vrel = |vp − vn| is relative velocity between the plasma ionwith velocity vp and the neutral particle with velocity vn and σex(vrel) iscross-section of charge exchange. If we assume cross-section independent onthe relative velocity, the loss rate (3.12) becomes

∂fp(vp)

∂t
= fp(vp) · nn |vp − 〈vn〉|σex = fp(vp) · βex(vp) (3.13)



CHAPTER 3. MODEL 40where nn is density of neutrals and 〈vn〉 is mean velocity of neutrals. Term
βex(vp) = nn |vp − 〈vn〉|σex has meaning of charge exchange rate for ionswith velocity vp.The probability that ion does not undergo the charge exchange duringtime interval ∆t = (t0, t) is

pex = exp



−
t
∫

t0

βex(vp)dt



 . (3.14)Naturally, the probability decreases with the length of the time interval andcharge exchange rate βex(vp). For time interval equal to the inversed chargeexchange rate ∆t = β−1
ex (vp), the survival probability is small which is re-quired feature.Escape velocity of neutrals at Io is estimated to be about (2.3-2.5) km.s−1(Linker et al. (1985)). Since the torus bulk velocity relative to Io is Vrel = 57km.s−1, neutrals can be considered to be at rest with respect to the torusplasma and 〈vn〉 = 0 in relation (3.13). If the time interval ∆t is so smallthat charge exchange rate does not change signi�cantly along the particletrajectory, the survival probability (3.14) is

pex = exp [−βex(vp)∆t] = exp [−nn |vp|σex∆t] . (3.15)We examine the survival probability (3.15) for each particle and compareit to the random number ξ ∈ (0, 1). We exchange charge of those particleswhich ful�l relation pex ≤ ξ. Since we assume the new ions created in Io'svicinity to be of the same species as the torus ions, the charge exchange isdone simply by setting the ion velocity to zero.3.4.2 Electron impact and photoionizationWe inject ions created in photoionization together with those created in elec-tron impact ionization. In other words we consider only total source rate ofthese processes. Each timestep we inject new ions within the vicinity of Iowith required radial pro�le. The number of ions to be created in one timestep is inferred from the total ion production rate at Io.We require ion production rate density pro�le q(r) = k · f(r) within thesphere of radius Rmax and we know the total ion production rate (number ofneutral particles ionized per second) in this sphere Qion. In two dimensionalsimulation, we inject particles to the hollow cylinder with outer radius Rmaxand height dz, the ion production rate Q in this hollow cylinder is given as
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Q = 2πk · dz ·

Rmax
∫

RIo

f(r) · r · dr, (3.16)where the normalization constant k is computed from
Qion = 4πk ·

Rmax
∫

RIo

f(r) · r2 · dr. (3.17)
Q indicates number of real ions to be produced per one second in the hollowcylinder around Io. This number has to be recalculated to get the numberof macroparticles to be produced per one timestep.We inject each new ion with coordinates x = rp ·sin(ϕ) and y = rp ·cos(ϕ)relative to Io, Io's center is origin of the coordinate system. Polar angle ϕis random with uniform distribution between 0 and 2π. Radial distance rpis random too, but such that the density of newly created ions have radialpro�le q(r). To obtain this pro�le the distance rp is generated by followingprocedure:

• Random distance rp between RIo and Rmax is generated.
• Ion production rate density is evaluated at this distance to get q(rp).
• Random number qrandom between 0 and qmax is generated. Here qmax ismaximal value of q(r) on the interval (RIo,Rmax), for decreasing pro�lesit is qmax = q(r = RIo).
• If qrandom < q(rp), the particle is injected to distance rp, otherwisewhole procedure is repeated.The generation of distance can be simpli�ed in some special cases. Forexample, if the ion production rate pro�le density is q(r) ∝ r−1, the distancefrom Io can be computed as rp = Rα

max · R1−α
Io where α is random numberwith uniform distribution between 0 and 1.We assume atmospheric neutrals to be in rest with respect to Io so thenew ions are created with zero bulk and thermal velocities. Subsequently,the contribution of each new ion is added to the charge density.



Chapter 4ResultsWe will show results of hybrid simulations of plasma torus interaction withIo in this section. The simulations di�er from each other in properties of Io'satmosphere/ionosphere. We study the interaction of Io with its plasma torusin dependence on two main parameters: ion production rate in the vicinity ofIo Qion and surface neutral density natm which determines the rate of chargeexchanges between plasma ions and atmosphere neutrals.4.1 Simulation setup and overviewWe will give brief overview of performed simulations at �rst. All the simula-tions are two dimensional in the plane X − Y (see section 2.3). The X-axisdirects along the plasma torus �ow direction and the Y -axis directs alongthe Jovian background magnetic �eld BJ . Whole simulation domain is �lledwith torus plasma and homogenous background magnetic �eld at the begin-ning of the simulation. New ions are continually injected to the simulationduring the run. New ions are injected in the vicinity of Io within a sphere ofradius Rmax = 5.6RIoOverview of performed simulations is given in Table 4.1. Simulationsdi�er in properties of the neutral atmosphere. The ion production rate isof the order of 1027 s−1, three values have been used in simulations: Qion =
0.5; 5; 20·1027 s−1. The surface neutral density natm scales the neutral densitypro�le (4.1) of Lipatov and Combi (2006)

nn(r) = natm

[

Wint exp

(

−r − RIo

Hatm

)

+Wext
Hatm

4

RIo

r2

] (4.1)and determines the rate of charge exchanges between ions and neutrals (seesection 3.4.1). In the pro�le (4.1) Wint, Wext are fractions of the neutral42



CHAPTER 4. RESULTS 43Run Qion natmrm1-q5-sd05 5 0.5rm1-q5-sd10 5 10rm1-q05-sd05 0.5 0.5rm1-q05-sd10 0.5 10rm1-q20-sd05 20 0.5rm1-q20-sd10 20 10rm1-q5-nocx 5 -lip-q20-sd05 20 0.5lip-q20-sd10 20 10Table 4.1: List of performed simulations. Values of ion production rate Qiondue to the photoionization and electron impact ionization are given in 1027s−1. Values of surface neutral density natm are given in 108 cm−3. Simulationswith rm1 in the name of the run have radial pro�le of ion production rategiven as q(r) ∝ r−1 and the neutral atmosphere pro�le for charge exchangegiven as 4.1 according to Lipatov and Combi (2006). We use atmosphere scaleheight Hatm = 0.5RIo. Simulations with lip in the name of the run have boththe radial pro�le of newly injected ions and the neutral atmosphere pro�lefor charge exchange given as nn from (4.1) according to Lipatov and Combi(2006). In this case we use atmosphere scale height Hatm = 0.1RIo.atmosphere components (Wint +Wext = 1), Hatm is atmosphere scale height.Lipatov and Combi (2006) used values of surface neutral density natm ∈
(0.5− 10) · 108 cm−3, we use the extreme values in our simulations. We haveperformed also a simulation without the charge exchange.We use two spatial pro�les of ions created in electron impact and pho-toionization processes (see section 3.4.2). The �rst pro�le is q(r) ∝ r−1, inthis case we use pro�le for charge exchange ionization nn from (4.1) with
Wint = Wext = 0.5 and Hatm = 0.5RIo. The second pro�le is q(r) ∝ nn(r)with Wint = Wext = 0.5 and Hatm = 0.1RIo.The initial torus plasma is composed of isotropic electrons and isotropicMaxwellian ions with mass mi = 22mp and charge qi = −qe. These particlesrepresent mean ions in the plasma torus with composition similar to that ofthe Voyager 1 era (see Table 2.1). The unperturbed torus plasma has density
n0 = 3500 cm−3 and �ows along the X-axis with velocity V0 = 0.3VA. Weuse torus pressure such that βi,0 = 0.06 and βe = 0.0022. While the valueof electron beta is real, the value of ionic beta is approximately twice higherthan the maximum value in table 2.2.The simulation is scaled by properties of unperturbed torus plasma. Units



CHAPTER 4. RESULTS 44of time and length are inversed cyclotron frequency 1/ωc,0 and ionic inertiallength Λ0 = c/ωp,0 where ωp,0 is plasma frequency in the unperturbed torus.Standard spatial resolution is ∆x = ∆y = 0.2Λ0 and temporal resolutionis ∆t = 0.02/ωc,0. Typical gyroradius of the ions with βi,0 = 0.06 is rL =
2
√

βi,0/πΛ0 = 0.28Λ0 so the used cell size should be su�cient to resolve thegyroradius e�ects. A simulation with better resolution ∆x = ∆y = 0.1Λ0 and
∆t = 0.01/ωc,0 has been performed to check whether results are in�uencedby the cell size.Ionic inertial length in plasma having above de�ned properties is Λ0 = 18km which is approximately hundred times smaller than the real Io radius
RIo = 1821 km. It follows that it is impossible to model the interaction onreal scales. We use the Io radius RIo,sim scaled down with respect to realradius by RIo/RIo,sim ≈ 10 so that the simulation radius is RIo,sim = 10Λ0.This radius is still much larger than the typical gyroradius rL = 0.28Λ0. Thesimulation domain has 1600 cells in both directions so the total size of thedomain is Lx = Ly = 32RIo. Total simulation time is T = 500/ωc,0.We use periodic boundary conditions at borders of the simulation domain.The electric �eld and bulk velocity are set to zero in the interior of Io andparticles hitting Io's surface are removed from the simulation.Simulations were computed using the MPI protocol on 64 or 128 parallelnodes of the Amalka Supercomputing Facility at the Academy of Sciences ofthe Czech Republic. The simulation domain is divided into required num-ber of equally sized subdomains and each node computes the code in onesubdomain.4.2 Global behaviourLet us start with the description of the global behaviour of the interaction.Figure 4.1 shows the density of torus and pick-up plasma around Io at time
t = 500/ωc,i from simulation rm1-q5-sd05 with total ionization rate due toelectron impact and photoionization Qion = 5 · 1027 s−1 and surface neutraldensity natm = 0.5 · 108 cm−3.Pick-up ions form a denser cloud than the torus plasma and torus ions inthe result accumulate on the upstream side of the ionosphere. pick-up ionsare situated around Io in the sphere of radius Rmax = 5.6RIo mainly andleave this region on the downstream side. The density of pick-up plasma isincreased in the wake. Strongest �uctuations are present upstream of Io.As torus ions reach the ionosphere, they are slowed down and de�ectedfrom the direction of initial �ow (i.e., along the X-axis). Figure 4.2 shows thevelocity of torus and pick-up ions in X−Y plane. The color-scale plot repre-
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Figure 4.1: Distribution of plasma density around Io at time T = 500/ωc,0from simulation rm1-q5-sd05 with ion production rate Qion = 5 · 1027 s−1and surface neutral density natm = 0.5 · 108 cm−3. The pick-up plasma(right) form dense ionosphere around Io. Torus ions (left) slow down in theregion upstream of Io due to the presence of dense pick-up ionosphere andaccumulate here.sents the magnitude of the mean velocity in that plane Uxy,s =
√

U2
x,s + U2

y,s.White arrows show the weighted direction of �ow in given location. Eacharrow represents the direction weighted from neighbouring cells using thebilinear weight. Pick-up plasma is dragged by the torus plasma away from Ioin the direction of the torus �ow. It can be seen that both components canlocally (on the upstream side) �ow away from Io in the direction opposite tothe initial torus �ow.Figure 4.3 shows the simulated magnetic �eld from the same simulationrm1-q5-sd05 as in previous Figures 4.1 and 4.2. Top panel displays the �eldin the X − Y plane and the color and arrows have same meaning as in theFigure 4.2 of torus plasma �ow. Color represents a magnitude of magnetic�eld in the plane and arrows represent the direction. The accumulation ofplasma particles upstream of Io causes a compression of the magnetic �eld.When the torus plasma reaches the ionosphere, the initial magnetic �eldin the Y -direction is twisted around Io. The magnetic �eld is decreaseddownstream of Io; strong drop-o� is present in the wake of Io where themagnetic �eld magnitude falls almost to zero. On the contrary, the densityof plasma is increased in the wake. Bottom panel displays the z-componentof the magnetic �eld. Strong �uctuations of the magnetic �eld are presentmainly in close vicinity of Io.We have performed a test simulation with the same parameters as in thesimulation rm1-q5-sd05 with better resolution in space and time to check
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Figure 4.2: Velocity of the plasma in X − Y plane from simulation rm1-q5-sd05. Color represents the magnitude of velocity and arrows represent thedirection. Torus ions (top), which �ow to Io with velocity 0.3VA, are sloweddown upstream of Io and de�ected around it. Downstream of Io, torus ions�ow in the initial direction with lowered velocity. Pick-up ions (bottom)are dragged by the torus plasma and gain the velocity component in the
X-direction.
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Figure 4.3: Magnetic �eld from simulation rm1-q5-sd05. Top panel shows themagnitude and direction of the �eld in X−Y plane. The �eld is compressedupstream of Io and twisted around. In the wake, the �eld is decreased. Bot-tom panel shows the z-component of the magnetic �eld. Strong �uctuationscan be seen close to Io in both panels.



CHAPTER 4. RESULTS 48whether results are a�ected by the cell size. We used resolution ∆x = ∆y =
0.1Λ0 and ∆t = 0.01/ωc,0. We have also performed a test simulation withhigher number of particles per cell. Both test simulations give qualitativelysame results as the simulation rm1-q5-sd05.Naturally, all performed simulations manifest similar global behaviour asthe discussed simulation rm1-q5-sd05 : the �eld is compressed upstream ofIo and is decreased downstream, plasma density is increased in the wake etc.Simulations di�er mainly in the density of the ionosphere (which depends onthe value of Qion) and the level of �uctuations close to Io. Simulations withlow ionization rate Qion = 0.5 · 1027 have low density of pick-up ions and the�uctuations are weak. On the other hand, the ability of the torus plasma todrag ions from the ionosphere is lower for higher Qion. The surface neutraldensity natm determines the rate of charge exchanges and a�ects mainly thelevel of �uctuations which is generally lower for simulations with high natm.For comparison, we show plots of densities from simulation rm1-q5-sd10with the same ion production rate Qion and higher surface neutral density
natm. Resulting distribution of density is a�ected mainly in the close prox-imity to Io where ions exchange charge with neutrals most frequently. Sinceonly one plasma species is used and newly created particles begin their lifewith zero velocity, exchanging the charge of ion with neutral is equivalentto stopping the ion. The plasma near Io is standing due to the high chargeexchange rate; there are no �uctuations in comparison with simulation withlow charge exchange rate. It would be seen in the �gure of velocity similarto the Figure 4.2 that in the region around Io the velocity is close to zero.4.3 FluctuationsWe will discuss the presence and properties of �uctuations close to Io inparticular simulations. We examine the evolution of temperature anisotropyand the level of �uctuations at Io.To study properties of �uctuations we compute the correlation coe�cientbetween �uctuations of magnetic �eld and plasma density. We use the Pear-son's correlation coe�cient de�ned by the relation

〈ns, B〉 =

∑

k

(ns,k − ns)
(

Bk −B
)

(K − 1)σns
σB

(4.2)where σ is standard deviation of density or magnetic �eld and the overlinedenotes mean value on the sample, K is number of cells used for the compu-tation. We use samples of 25 × 25 cells around the given point.
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Figure 4.4: Density of torus plasma from simulation rm1-q5-sd10 with sameionization rate Qion but higher surface neutral density natm than in the sim-ulation from Figure 4.1. The charge exchange rate is high close to Io andthe plasma here is almost immobile. Higher charge exchange rate decreasessigni�cantly the level of �uctuations in the plasma.We look also on the distribution of the plasma in the β‖,s − As space. Ithas been discussed in chapter 1 that temperature anisotropy driven insta-bilities act to decrease the distance of plasma from isotropy, i.e., the quan-tity |As − 1|. Thus the instabilities constrain the dependence of maximumanisotropy on parallel beta to the shape which is related to the dependence ofthe instability growth rate on plasma parameters. The shape of constraintsof the temperature anisotropy in the β‖,s −As space can be considered as anindirect indicator of the instability growth. We compute histograms of tem-perature anisotropy and parallel beta of the simulated plasma to comparethe position of the plasma in the β‖,s −As with isocontours of the maximumgrowth rate of the anisotropy driven instabilities from Figure 1.1.Basic simulation: Qion = 5 · 1027 s−1; natm = 0.5 · 108 cm−3We show simulated temperature anisotropy As = T⊥,s/T‖,s from the sim-ulation rm1-q5-sd05 for torus ions and pick-up ions in Figure 4.5. Theanisotropy is computed as the fraction of perpendicular and parallel pres-sures in the cells with su�cient number of macroparticles. The anisotropy isset to As = 1 in cells with less than �ve macroparticles.The newborn pick-up ions have typically ring-type distribution functionwith large temperature anisotropy Apu > 1 and low parallel beta at thebeginning of their life. Such anisotropy may drive ion cyclotron and mirrorinstabilities which act to decrease the anisotropy. It has been showed in the
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Figure 4.5: Temperature anisotropies of torus ions (left) and pick-up ions(right) from simulation rm1-q5-sd05. The temperature anisotropy has mod-erate values As . 5 in the region of high level of �uctuations (see Figures4.1 and 4.3) probably due to the growth of temperature anisotropy driveninstabilities.�gures of magnetic �eld and densities from the same simulation, i.e., in theFigures 4.3 and 4.1, that the �uctuations grew to the high levels close to Io.There is a region of high anisotropy of pick-up plasma Apu ≥ 20 upstreamof Io even though the number of macroparticles here is high. There are no�uctuations of density and �eld in this region. There probably exists somee�ect which does not allow the anisotropy driven instabilities to grow andreduce the anisotropy in this region. The reason could be for example in thefraction of densities of thermalized torus plasma and new pick-up plasma.Anisotropy driven instabilities are strongly damped in the plasma with lowfraction of anisotropic contribution. However, the fraction of densities in theregion in question is npu/nto ≤ 5 and the torus plasma is also anisotropicin the region probably due to the compression of magnetic �eld and thusthis explanation does not seem to be valid. More likely, the high anisotropyis caused by the numerical e�ect. The compression of the magnetic �eldupstream of Io can cause that the Larmor radius drops below the resolutionof the code.The correlation coe�cients (4.2) between �uctuations of density and mag-netic �eld are showed in the Figure 4.6 for both plasma components. Stronganticorrelation between the �uctuations can be seen in the vicinity of Io onthe upstream side. The orange region of high correlation between oscillationsof density and magnetic �eld is related to the region of high anisotropy in Fig-ure 4.5. There are no �uctuations so the density of pick-up plasma, which isincreasing radially towards Io, is correlated with compressing magnetic �eld.
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Figure 4.6: Correlation coe�cient between the �uctuations of plasma densityand magnetic �eld from the simulation rm1-q5-sd05. Left panel shows thecorrelation coe�cient for �uctuations of the density of torus plasma and rightpanel represents the correlation coe�cient for �uctuations of the density ofpick-up plasma. Strong anticorrelation between �uctuations of density andmagnetic �eld can be seen upstream of Io in the region of high �uctuations(marked roughly by the red box).The anticorrelation between the �uctuations of magnetic �eld and plasmadensity on the downstream side in Figure 4.6 is a result of the interaction.Ions �ow towards the axis of the domain on the downstream side (accordingto the Figure 4.2) and thus form region of increased density on the axis whilethe magnetic �eld is decreased on the axis.Figure 4.7 shows the histogram of parallel beta β‖,s versus temperatureanisotropy As for cells from the red box in Figure 4.6. The color representsnormalized number of cells with given parallel beta and anisotropy. The�gure contains isocontours of the maximum growth rate of ion cyclotron(solid), mirror (dashed) and parallel �re hose (dotted) instabilities. Theseisocontours are computed from linear Vlasov theory for plasma composed ofisotropic electrons and bi-Maxwellian ions. Numbers on the lines denote thevalue of growth rate in unit of cyclotron frequency.The incoming torus plasma is isotropic with β‖,to = 0.06. In the redregion, the torus plasma is shifted to higher anisotropies and lower parallelbeta and lies below the threshold of ion cyclotron instability. The pick-upplasma has larger parallel beta than the torus plasma due to the higherdensity. The pick-up plasma lies in the unstable region and is constrainedwell with the isocontour γ = 0.001ωc of the mirror instability.
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Figure 4.7: Histogram of the parallel beta versus temperature anisotropyfrom the simulation rm1-q5-sd05 for the cells from red box in Figure 4.6.The pick-up plasma anisotropy is constrained quite well with the maximumgrowth rate γ = 0.001ωc of the mirror instability.Higher charge exchange rate: Qion = 5 · 1027 s−1; natm = 10 · 108 cm−3We show the correlation coe�cient (4.2) between oscillations of plasma den-sity and magnetic �eld from the simulation rm1-q5-sd10 with higher surfaceneutral density than in the simulation rm1-q5-sd05 in Figure 4.8. It hasbeen showed in the Figure 4.4 that the higher surface neutral density causesthat there is much lower level of �uctuations totally and no �uctuations veryclose to Io. It follows that the correlation coe�cient is signi�cantly changedas well. The anticorrelation of �uctuations observed in the simulation withlow charge exchange rate in Figure 4.6 almost vanished in this simulation.We show the histogram of parallel beta versus temperature anisotropyfrom this simulation in Figure 4.9. The box is the same as in the Figure 4.6.The position of plasma in the β‖,s − As space is changed. Both componentsare shifted to the region of lower beta with respect to the histogram fromFigure 4.7.Higher ion production rate: Qion = 20 · 1027 s−1; natm = 0.5 · 108 cm−3The correlation coe�cient (4.2) between �uctuations of magnetic �eld andplasma density for the simulation rm1-q20-sd05 with Qion = 2 · 1028 s−1and natm = 0.5 · 108 cm−3 is showed in the Figure 4.10. There are regions of



CHAPTER 4. RESULTS 53

Figure 4.8: Correlation coe�cient between �uctuations of magnetic �eld anddensity of torus plasma (left) or pick-up plasma from the simulation rm1-q5-sd10. In comparison with the Figure 4.6 which shows the correlationcoe�cients for simulation rm1-q5-sd05 with lower surface neutral density,the region of strong anticorrelation vanishes because the �uctuations arereduced by high rate of charge exchanges.
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Figure 4.9: Histogram of the parallel beta versus temperature anisotropyfrom simulation rm1-q5-sd05 for the cells from red box in Figure 4.8. In thissimulation with high charge exchange rate both torus plasma and pick-upplasma have lower parallel beta with respect to the simulation rm1-q5-sd05with low charge exchange rate (see Figure 4.7).
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Figure 4.10: Correlation coe�cient between �uctuations of magnetic �eld anddensity of torus plasma (left) or pick-up plasma (right) from the simulationrm1-q20-sd05. The anticorrelation of these �uctuations can be seen upstreamof Io also in this simulation.signi�cant anticorrelation upstream of Io as in the case of lower ionization ratein the simulation rm1-q5-sd05. This simulation has the �uctuations spreadover a larger area around Io. This e�ect is probably connected directly tothe higher density of the pick-up plasma. In this case the parallel beta ofpick-up plasma reaches the values up to β‖,pu ≈ 10 due to very high pick-upplasma densities.Both parameters higher: Qion = 20 · 1027 s−1; natm = 10 · 108 cm−3We display the correlation coe�cient (4.2) between the �uctuations of mag-netic �eld and plasma density from the simulation rm1-q20-sd10 with Qion =
2 · 1028 s−1 and natm = 10 · 108 cm−3 in the Figure 4.11. The �uctuations arelower than in the simulation rm1-q20-sd05 with same ionization rate Qionand lower surface neutral density natm. However, there can be seen regionof strong anticorrelation upstream of Io. It is a di�erence from simulationswith moderate ion production rate rm1-q5-sd05 and rm1-q5-sd10. In thesesimulations the �uctuations were present in the case of low surface neutraldensity and almost vanished in the case of high surface neutral density. Inthis case of high ionization rate and high surface neutral density, the �uc-tuations are lower than in the simulation rm1-q20-sd05 with the same ionproduction rate and lower surface neutral density but still exist.
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Figure 4.11: Correlation coe�cient between �uctuations of magnetic �eld anddensity of torus plasma (left) or pick-up plasma (right) from the simulationrm1-q20-sd10. Due to the higher ion production rate than in the simulationrm1-q5-sd10 the �uctuations are strong even though the charge exchangerate is high and signi�cant anticorrelation between the �uctuations can beobserved upstream of Io.Lower ion production rateBoth simulations with low ion production rate Qion = 0.5 · 1027 s−1, i.e.,simulations rm1-q05-sd05 and rm1-q05-sd10, exhibit very low level of �uc-tuations. The density of pick-up plasma at time T = 500/ωc,0 is about
npu/nto . 3 because there is very low addition of new particles in time. Thedensity of pick-up plasma is insu�cient for generation of instabilities.No charge exchangeWe performed a simulation with ion production rate Qion = 5 ·1027 s−1 with-out using a procedure for charge exchange between ions and neutrals. Theresulting distribution of plasma density is similar to that of the basic simula-tion rm1-q5-sd05 indicating that the charge exchange probability is weak inthe case of basic simulation rm1-q5-sd05. This simulation and the basic sim-ulation di�er in the region close to Io which is mostly a�ected by the chargeexchanges, the neutral density for the computation of charge exchanges isgiven as (4.1) with atmosphere scale height Hatm = 0.5RIo. There is verylow density of the torus plasma close to Io. It follows that in the simulationwith no charge exchange the torus ions close to Io vanish as they either hitIo or �ow away (we have showed that the plasma can �ow in the oppositedirection to the �ow on the upstream side of Io in Figure 4.2) and the torusplasma from further regions is then unable to penetrate through the dense
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Figure 4.12: Correlation coe�cient between the �uctuations of magnetic�eld and density of torus plasma (left) or pick-up plasma (right) from thesimulation rm1-q5-nocx.ionosphere near Io. The charge exchange process changes the ionic currentdensity and thus modi�es the electric �eld (3.2).We show the correlation coe�cient between �uctuations of magnetic �eldand density from the simulation rm1-q5-nocx with no charge exchange inFigure 4.12. The histogram of parallel beta versus temperature anisotropy isshowed in Figure 4.13. The histogram is similar to that from the simulationrm1-q5-sd05 with low surface density in Figure 4.7. In this case, the isocon-tour of growth rate γ = 0.01ωc of the ion cyclotron instability �ts better onthe histogram.Small atmosphere scale heightWe have performed simulations with pro�le of newborn ions from electron im-pact ionization and photoionization as well as the pro�le for charge exchangeof ions and neutrals given as (4.1) withWint = Wext = 0.5 andHatm = 0.1RIo.Real value of atmosphere scale height is about Hatm = 0.06RIo. This pro�leis steeper than the pro�le q(r) ∝ r−1. The density of pick-up plasma hasvery high values at r < 1.1RIo but at larger distances from Io is lower incomparison to the simulation with pro�le q(r) ∝ r−1.We show the correlation coe�cient (4.2) between �uctuations of pick-upplasma density and magnetic �eld for the simulation lip-q20-sd05 in Figure4.14. The character of �uctuations in the simulation lip-q20-sd10 is similarbecause the neutral density falls o� rapidly with increasing distance so theprobability of charge exchange further from Io is very small for both valuesof surface neutral density.
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Figure 4.13: Histogram of the parallel beta versus temperature anisotropy forthe cells from red box in Figure 4.12. In contrary to the simulation with lowsurface neutral density (i.e., low charge exchange rate) from the Figure 4.7the pick-up plasma is constrained rather with the isocontour of the growthrate γ = 0.01ωc of the ion cyclotron instability.

Figure 4.14: Correlation coe�cient between �uctuations of pick-up plasmadensity and magnetic �eld from the simulation lip-q20-sd05 with ion produc-tion rate pro�le given as (4.1). There is signi�cant anticorrelation between�uctuations upstream of Io.



Discussion and conclusionsWe have studied the interaction between Jupiter moon Io and its plasmatorus. The work contains an introduction to the theory of instabilities drivenby temperature anisotropy of ions and a review of the Io's plasma environ-ment properties.We used hybrid two-dimensional simulation code with kinetic ions and�uid electrons to study the interaction. We have performed a set of simu-lations with di�erent properties of Io's neutral atmosphere and ionosphere.We used variable ion production rate due to the photoionization and electronimpact ionization and variable density of neutral atmosphere to change therate of charge exchanges between ions and neutrals. We have studied e�ectsof these parameters on the plasma at Io and properties of �uctuations closeto Io.We have showed a global features of the interaction between the plasmatorus and Io including the compression of the magnetic �eld upstream ofIo and expansion downstream of Io, deceleration and divertion of the torusplasma �ow upstream of Io and pulling of the pick-up plasma by the torus�ow.We have focused on evolution of temperature anisotropy of plasma andproperties of �uctuations at Io. The temperature anisotropy of both torusplasma and pick-up plasma has moderate values about T⊥/T‖ . 5 in theregions of highest �uctuations. The torus plasma has very low parallel beta
β‖,to . 0.06 and thus lies below the thresholds of ion cyclotron and mirrorinstability. The pick-up plasma has larger parallel beta than the torus plasmabecause of larger density so that the pick-up plasma reaches to the regionunstable to the ion cyclotron and mirror modes.There are very low �uctuations in simulations with low ion productionrate Qion = 5 · 1026. We observe �uctuations of magnetic �eld and plasmadensity in simulations with moderate and high ion production rate Qion =
5 · 1027 s−1 and Qion = 2 · 1027 s−1. These �uctuations are present mainly onthe upstream side and their amplitude decreases to Io's poles. The amplitudeof �uctuations is very low on the downstream side. Fluctuations are spread58



CHAPTER 4. RESULTS 59over larger area in simulations with high ion production rate Qion = 2 · 1028s−1 than in simulations with moderate ion production rate Qion = 5 ·1027 s−1.Considering the fact that �uctuations are not present in simulations with lowion production rate Qion = 5 · 1026, it follows that the growth of �uctuationsdepends on the density of newborn pick-up plasma. This fact may indicatethat �uctuations result from the activity of temperature anisotropy driveninstabilities.In order to study properties of �uctuations, we have computed the Pear-son correlation coe�cient between �uctuations of plasma density and mag-nitude of magnetic �eld. In some simulations we observe regions of signi�-cant anticorrelation between these �uctuations. The region of anticorrelationis most evident in the simulation with ion production rate pro�le given as
q(r) ∝ r−1 and moderate ion production rate Qion = 5 · 1027 s−1 and low sur-face neutral density natm = 0.5·108 cm−3. In the simulation with the same ionproduction rate and higher surface neutral density natm = 10 ·108 cm−3, �uc-tuations are reduced and the region of anticorrelation almost vanishes. Weobserve anticorrelation between �uctuations of magnetic �eld and plasmadensity in both simulations with high ion production rate Qion = 2 · 1028s−1. The �uctuations are lower in the case of higher surface neutral density.We have performed simulations with ion production rate pro�le with loweratmosphere scale height Hatm = 0.1RIo. We have observed signi�cant anti-correlation in simulations with high ion production rate Qion = 2 · 1028 s−1.In these simulations the character of �uctuations is not in�uenced by thevalue of surface neutral density. Fluctuations grow further from Io where thecharge exchange rate is negligible for both values of surface neutral density.The anticorrelation between �uctuations may indicate the growth of mirrorinstability.In conclusions, we observe the wave activity mainly upstream of Io. Ob-servations of Galileo indicate that temperature anisotropy driven instabilitiesare active rather on the downstream side of Io. However, it is hard to com-pare the results of these two-dimensional simulations with the measurementsof Galileo. Only the I31 �yby was parallel to the �ow but its trajectory wasshifted from the axis of torus plasma to the anti-Jovian side so it did not liein the plane of our simulations. The trajectory of the I0 �yby intersects theplane of our simulations at distance 1.5RIo in the wake. Galileo observedvery low wave activity at this location. The trajectory of I31 �yby intersectsthe plane of our simulations at 1.5RIo upstream of Io and Galileo detected ashort burst of ion cyclotron waves at this location.This work will continue by implementing a three-dimensional version ofthe code. Great advantage of the three-dimensional code is that it providespossibility of comparing the simulation data with real data measured in situ



CHAPTER 4. RESULTS 60by the satellite Galileo thus allowing to tune working parameters to realvalues. On the other hand, the three-dimensional code enables to modelrelatively smaller plasma and the situation will probably require implemen-tation of open boundary conditions to maintain the high resolution requiredto study the plasma kinetic e�ects.We plan to use more precise composition of the plasma torus using moreplasma species. The composition of Io's atmosphere and ionosphere is radi-ally variable as di�erent neutral and plasma species have di�erent radial de-crease depending on the various chemistry of particular neutrals and ions withother ions, electrons and photons. The implementation of charge exchangechemistry between ions and di�erent neutral species as well as between var-ious ionic species will be probably required to �t the wave observations ofGalileo.
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