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Parallel and oblique proton fire hose instabilities in the presence
of alpha/proton drift: Hybrid simulations
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Abstract. Parallel and oblique proton fire hose instabilities are stigated in the presence
of a small abundance of alpha particles with a non zero dgfoeity with respect to protons.
Both instabilities scatter protons and alpha particleshia perpendicular direction with respect
to the ambient magnetic field and decelerate both specids respect each other; especially
the oblique fire hose effectively diffuses ions owing to inmquasi-linear evolution. Linear
Vlasov theory predicts that the presence of the alpha/prdtift enhances the maximum growth
rates of the two instabilities in a similar way and that theaflal fire hose is typically the
dominant instability. On the other hand, the oblique fireehbas often the maximum growth
rate comparable to that of the parallel one and hybrid sitiaria show that the oblique in-
stability may be active even when the parallel one is malttyirsiable. Consequently, both
instabilities are relevant in the solar wind context.

little or none damping after the saturation. The anisotq@uotons
are slightly heated in the perpendicular direction. Hylmgband-

A simple picture of the solar wind expanding in the radiaing box simulationsfiellinger et al, 2003;Matteini et al, 2006]
magnetic field predicts a development of strong ion tempegat Show that the parallel fire hose exhibits a marginal stabéitolu-
anisotropiesT,; > T (for symbol definitions see Appendix): tion analogous to the magnetosheath marginal stability retspect
Conservation of the two first adiabatic invariants [see,, &ghulz 10 the ion cyclotron wavedHellinger and Travnicek2005].
and Eviatar 1973] naturally leads to such strong anisotropies, 1he oblique fire hose is non-resonant and has a zero real fre-
However, these invariants are broken when important o duency. Its saturation and non-linear evolution is veryedent
heat fluxes or wave-particle interactions are present.ddgim situ 70M the quasilinear one: the waves generated by the inityabi
observations show that the opposite anisotropy of the Jemtar Undertake a strong branch/dispersion change and a largerdioib
wind protonsT}, < T}, , is common Kasper et al, 2003;Marsch the generated wave energy goes back to protons. This emoluti

et al, 2004, and references therein]. This opposite anisotrepy{?“akeS ti;e obliquetfire h?ﬁe n:ﬁre efficlilerlwt in re'go‘gn.g Eehde.(mot
probably a signature of dissipation processes of the sdted tar- emperature anisotropy than theé parafiel one. Hybr e

. box simulations IHellinger et al, 2003] show that the oblique fire
bulence [e.gHollweg and Isenberg2002, and references therein]. N : . - -
; g : se exhibits a different evolution from the marginal digbithe
The properties Of _t_he solar wind ions are also determl_ned stem oscillates between the stable and marginally stapiens.
local plasma instabilities. For example, the proton cyolotin- The solar wind plasma contains small abundances of heasy ion
stability may reduce the proton temperature anlsotrop}flmqase The most important heavy ions are alpha particles which E
gtfaligzr)”w; dTSE s[anZ;y(ie; alf’qgogl]i)(t)r?et?:o?et;](:)rr:t?)ﬂdérll?sgtlgglpy ically abundances around few percents of the electron nuddre
. NI sity [Bame et al. 1975]. The presence of alpha particles changes
T, > Ty is often observedqasper et al. 2002;Marsch et al, vl ‘ ] b pna p 9

. ; . lasma properties, for example, the growth rate of the fwdral
2004]. The linear theory of the bi-Maxwellian, homogeneou.%re hose instability strongly depends on the alpha-partatbun-

proton-electron plasma predicts two instabilities drirthe pro- - gance, (parallel) temperature and temperature anisofeoygyother
ton temperature anisotrop¥, > ;. : The right-handed (R-H) plasma parameters, sBasso et al.2003, and references therein].
magnetosonic/whistler or electromagnetic ion cyclotreemich be- Wind/SWE observationsasper et al, 2002] indicate that there

comes unstable with a maximum growth rate at the parallgd-proexists a constraint on the proton temperature anisotrbpyvhich
agation — the parallel fire hos®(est and Shapiiol996; Farru-  may be expressed in the form

gia et al, 1998; Gary et al, 1998] whereas the left-handed (L-
H) Alfvén or ion cyclotron branch changes the dispersiooper- A — > 1
ties (gets non-propagating and almost linearly polarizd) be- P T | N @
come unstable at a strongly oblique propagation — the oblfqe P d

hose Hellinger and Matsumoto2000]. The threshold of the for- yith 4 ~ 1 andb ~ 0.7. This phenomenological constraint is com-

mer instability is typically lower than that of the latter@m a bi-  patiple with the linear threshold condition for the parkfiee hose
Maxwellian plasma. However, numerical simulations intédhat  anq with results of 1-D hybrid simulationSpry et al, 1998].

1. Introduction

TPJ_ a

a plasma (marginally) stable with respect to the parallel fiose In situ observations in the fast solar winklgrsch et al, 1982;
may be unstable with respect to the oblique fire hddelllnger  Neugebauer et a11996; Reisenfeld et al.2001] show that alpha
and Matsumotp2001]. particles are typically faster than (core) protons and that al-

The parallel fire hose is a resonant instability f@y; < 25 pha/proton velocity., (henceforth we will use “alpha/proton ve-
and the hybrid numerical simulation&ry et al, 1998] show that |ocity” as a short-hand for “relative magnetic-field-aleghvelocity
its non-linear evolution is essentially quasi-linear gdt for rela-  between the two species”) is comparable with the local éifve-
tively modest growth rates): the unstable waves grow, aggurear locity. This is again in disagreement with the simple pietaf
the marginal stability and keep about the same amplitudke it the solar wind expanding in the radial magnetic field f¢&llinger
et al, 2003]. The alpha/proton velocity in the solar wind seems to
be regulated through an interaction with solar wind waved/@n
turbulence [e.gHu and Habbal 1999;Kaghashvili et al.2003].
Copyright 2006 by the American Geophysical Union. Many different instabilities likely constrain the alphedfon ve-
0148-0227/06/2005JA011318%$9.00 locity. The alpha/proton velocity itself is a source of fi@ergy for
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beam-type instabilities, for instance the Alfvén and negaonic for high beta plasmas,; > 1 whereas theg, term becomes im-
instabilities [e.g.Montgomery et a).1975; Daughton and Gary portant for3,; < 1.

1998; Gary et al, 2000;Araneda et al.2002]. The alpha/proton

velocity is also regulated by instabilities driven by ionmigera-

ture anisotropies; in the case f > T) the alpha cyclotron and 10.0 0.25
mirror instabilities decelerate the alpha particles (witspect to
protons) whereas the proton cyclotron instability acatethem
[Gary et al, 2003; Hellinger and Travni¢ek2005]. The proton i ]
distributions in the fast solar wind often contain two paidns, N 0.15
a core and a tenuous beam propagating faster than the pmten ¢ «~— 1.0} 7
The proton/proton velocity (a short-hand for “relative matic- b 1 0.10
field-aligned velocity between the beam and core protorsdikely i ]
regulated in a similar way as in the case of the alpha/progtocity [ 1 0.05
[Goldstein et al.2000;Kaghashvili et al. 2004]. The behavior of [ 1
the alpha/proton and proton/proton velocity is not yet weltler- 0.1 ‘ ‘ ‘ 0.00
stood [cf.Tu et al, 2004]. In the present paper we investigate the -2 -1 0 1 2

two fire hose instabilities in the presence of a non-zeroadpioton Vap/VA

velocity.

This paper is organized as follows: First, in section 2 we#ti
gate the linear theory of the two instabilities. Then in s@t8 we
present simulation results and, finally, in section 4 we uliscthe
simulation results and their implications in the solar wamhtext.

0.20

The gray scale is shown in units ©f,, at the right panel.

Figure 1. Gray scale plot of the maximum growth rate of the
R-H ion cyclotron branch as a function of the alpha/proton ve
locity va, andfy .

The growth rate of the oblique fire hose also dependsgn
as shown in Figure 2. Figure 2 shows maximum growth rates of
the oblique fire hose, and of the parallel and anti-paralteltibse

The presence of alpha particles (with, = 0) does not qual- - : .
- . . N (and of the magnetosonic alpha/proton instability) as ation of
itatively change the physical properties of the two fire hseta- [ap| fOr B, = 2.52, A, = 0.4 and3, = 0.14: the solid curve

bilities. The growth rate_of the parallel flr_e hose relativstrongly  genotes the maximum growth rate of the parallel fire hosearop
depends on the properties of alpha particles as well as ofpéite gating anti-parallel with respect ta.,, (this branch corresponds to
allel) electron temperature and the electron temperatusoopy the negative values af,,, in Figure 1), whereas the dashed curve
[Dasso et al.2003]. It is interesting to note that a similar dependenotes the maximum growth rate of the parallel fire hose {aad
dence is also observed in the case of the oblique fire hosdiisn tmagnetosonic alpha/proton instability) propagating gltm v,
paper we extend the investigation of the parametric deperele (this branch corresponds to the positive valuesgf in Figure 1).

we include an additional parameter, the alpha/proton #glac, . Stars denote the maximum growth rate of the oblique fire htise.

When there is a non-ze the proverties of R-H branch pro a_is interesting to note that the maximum growth rates of thaljed
. ! ey properti ch propa- 5 oblique fire hoses are comparable and that they increitise w
gating parallel and anti-parallel with respectdq, are different. Vap in @ similar manner.

The anti-parallel mode has larger growth rates than thellpara

one; this is not true when the magnetosonic alpha/protdabiliy

appears since it drives unstable only the parallel modeurEid 0.15
demonstrates quantitatively this behavior: It displaysaygcale

plot of the maximum growth rate of the R-H ion cyclotron waess

a function of the alpha/proton velocity,, and 3, for A, = 0.4

and (. = 0.14. The maximum growth rate is calculated for par- 0.10
allel waves withk > 0 andw > 0 and the sign ob., gives the
parallel pop, > 0) and anti-paralleld,, < 0) propagation. Fig-
ure 1 clearly shows that the anti-parallel waves have lagganth

rates than the parallel waves. The magnetosonic alphafpint 0.05
stability appears fow., 2 1.8 at the parallel propagation. For R R B
na/ne = 0.05 andB, = 0.14 an approximate threshold value for L R ]
the (anti-)parallel proton fire hose instability may be givaes F .

a 0.00 I I |
(Bpy — Bo)® @ 0.0 0.5 15 2.0

2. Linear Theory
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3
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Figure 2. Maximum growth rates of the oblique fire hose, and
of the parallel and anti-parallel R-H modes as a functiopf |

where the fitting parametets b, andj, depend onv., as

a =~ 0.44 —0.050[vap|/va, for B, = 2.52, A, = 0.4 and B, = 0.14. Solid and dashed
b ~ 0.50+ 0.042v§p /v,247 curves correspond to negative and positive values of, re-
Bo =~ 0.58 — 0.077|vap|/vA. fsii)ee(r:]t(lj\geely. Stars denote the maximum growth rate of theyjabli

This expression was obtained by fitting the relation for thexm

imum growth ratey(8,, Ap,vap) = 10~ %we, in the region Figure 3 shows the resonant factdgs and¢} (see Appendix)
0.1 < By <10,0.1 < A, < 10 and |vap| < 2va. Itinter-  of (solid) protons and (dashed) alpha particles, respelgtiat the
esting to note that thle/ﬂj,ljH dependence in equations (1,2) is validnaximum growth rate as a function of the alpha/protap. This
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shows the characteristic properties of the parallel andarallel of Hellinger and Matsumoto2000]. The gray scale is shown in
units ofw,, at the right panel.
instabilities: The anti-parallel fire hose is strongly neant with

protons (¢;'| ~ 2) and it is less or non-resonant with alpha parti- 157 1 0.10
cles (¢1| 2 3) whereas at the parallel propagation protons become ]
) ] 1 0.08
less resonant|(; | ~ 2.5 for va, > va) and alpha particles be- 101 7
come strongly resonant for the alpha/proton magnetosaosteafil- §~ [ / 1 0.06
K 05+ -
~ L 4
ity (|¢3| < 1.5 for vap > va4). On the other hand, the oblique fire 3 1 0.04
hose is (cyclotron-wise) non-resonant with respect botbrédons 0.0} ---- f 0.02
d alph ticl Helli d Mat 2000]. [ 1
and alpha particles [cHellinger and Matsumot, ] 05! | | | | 1 0.00
0.0 0.2 0.4 0.6 0.8 1.0
ke/wpi
5 T Figure 4. Dispersion of the unstable waves, the frequen@s

a function of wave vectok for the anti-parallel x5 = 180°)
R-H (upper gray-colored curve) and the obliqég£ = 56° L-

4 AN H branches (lower gray-colored curve). The gray colors daco
. the growth rate. The gray scale is shown in unitsvgf at the
3 e right panel.

3. Simulation Results

¢

RN N R R

For numerical simulations we use a 2-D hybrid code developed
by Matthews[1994]. In this code, electrons are considered as a
massless, charge neutralizing fluid, with a constant teatpes;

O ... P I I ions are described by a particle-in-cell model and are acka@my
0 a leapfrog scheme that requires the fields to be known at inaéf t

Vap / VA steps ahead of the particle velocities. This is achieveddvarac-

. N N . ing the current density to this time step with only one comaput

Figure 3. Resonant factorg,” and(, of (solid) protons and  tjonal pass through the particle data at each time step. @Heé p

(dashed) alpha particles, respectively, at the maximurairo  cje contribution to the current density at the relevant mesints
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rate for the (anti-)parallel fire hose (and for the magnetasal- s evaluated with bilinear weighting followed by smoothinger
pha/proton instability) as a function of the alpha/protefoeity  three points. No smoothing is performed on the electromiagne
Vap for By = 2.52, A, = 0.4 andf, = 0.14. fields, and the resistivity is set to zero in Ohm’s law. The netg

field is advanced in time with a modified midpoint method, wahic
) ) . i . ) allows time substepping for the advance of the field.
The dispersion of the oblique fire hose in the case.gf 7 0 is We use following simulation parameters: The spatial retmiu
) . is Az = Ay = ¢/wpi, and there are048 and1024 super-particles
different from the case of., = 0. The frequency of the oblique per cell for protons and alpha particles, respectively. Sineula-
) ) ) ] ] tion box is in thex—y plane and is assumed to be periodic in both
fire hose is not generally zero but it oscillates (as a fumctibk)  gimensions. Fields and moments are defined on a 2-D grid with d
) ) ) mensionsV, x N, = 256 x 256. The time step for the particle ad-
around0 with an amplitude equal to a small fraction ©f,. At  yvance isAt = 0.02/w., Whereas the magnetic fieH is advanced
) with a smaller time stepA¢gz = dt/4. The initial conditions are
the maximum growth rate these waves have a non-zero freguefifose investigated in the previous section in the frame eflit
) ] ear Vlasov theory: the plasma is homogeneous in a homogsneou
and an oblique propagation andlé < |0xp| < 90° (note that magnetic fieldB, directed along the axis, Bo = (B, 0, 0), pro-
. . tons are anisotropic with,, /n. = 0.9, 8, = 2.52andA, = 0.4,
we usedip in the range from-180° to 180°). The comparison alpha particles are isotropicl, = 1, with n,/n. = 0.05 and
.~ = 0.14. The simulation is performed in the frame where the
of the growth rates and dispersion of the anti-parallel aplitoe ion current is zero, the proton and alpha velocities in thisrie
are field-aligned withy, = —0.1v4 andv, = 0.9v4, respectively.
fire hoses is shown in Figure 4. Figure 4 displays the dispersiThe initial alpha/proton velocity is.,, = v.4. Finally, for electrons
we setB. = 1.
of the unstable waves, the frequencyas a function of wave vec-  The evolution in the simulation may be divided into two plsase
Each phase is dominated by a different instability. Durimg first
tor k for the anti-parallel §.5 = 180°) R-H (upper gray-colored phase the parallel fire hose appears and it saturates in aliness
manner. Figure 5 shows the evolution of different quarditier-
curve) and the obliqguedg s = 56°) L-H branches (lower gray- ing the simulation: (a) the amplitude of the fluctuating metgm
field |§B|*/B3, (b) the proton temperature anisotrogy;, (c) the
colored curve). The gray colors encode the growth rate [lefte®l  alpha/proton velocity,, (in units ofv4), and (d) the temperature
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anisotropy of alpha particled... During the initial growth protons tial growth of the parallel fire hose wavesis ~ 180° (and at
and alpha particles are heated and decelerated with retspeath 6,5 ~ 0° with a smaller amplitude). The oblique fire hose ap-
other. Generated waves interacts preferably with protBnem the  pears atff,g| ~ 40° later on. The oblique fire hose instability

second order theorydary and Tokay 1985] one expects transportsaturates via the dispersion change of the generated, @linos

coefficientsy); for the ion velocities early polarized waves (witlf B x By| > |6B - By|) to standard
doe ) L-H waves at|0xp| ~ 40° and|0r | ~ 140° [cf. Hellinger and
A |6B] ) ©) Matsumoto 2000]. The oblique wave activity is damped mainly
Vs B via the cyclotron resonance with protons and alpha pastickst

o . o ) the end of the simulation there exist only waves at a quasilpa
The coefficient is a collisionless (anomalous) equivalent to theopagation. lons heated by the oblique waves are no lorigeea
classical collision frequency. In.the simulation we Obw ™ condition of the marginal stability with respect to the pilavaves
0.32/wep @andna ~ —0.072/we, (in @ comparable 1-D simulation consequently, these waves are suppressed
we haven, ~ 0.25/wep andn, ~ —0.058/wcp). Similarly, the ' ' '
second order approximation predicts transport coeffisientfor
the temperature anisotropies

~QQ° [T T T T T T T T T 3
& _, 18BI : ]
F = @) - :
3 0 11800 [ = E
In the simulation we observe, ~ 0.73/wcp, and ko ~ 0.1 E E
(in a comparable 1-D simulation we hawg ~ 0.60/w., and E b
ko ~ 0.067). Protons are scattered by the parallel fire hose moreE 9@ F -
efficiently than alpha particles since protons are in a gfeorcy- < F ]
clotron resonance with the waves than alpha particles (&ops [ —— ]
section). The parallel fire hose saturates in a quasi-limeamer at N 1
t ~ 80; after the saturation, during the perigd < ¢ < 150 the o =
amplitude of the fluctuating magnetic field and other queattiaire E e ]
nearly constant. F ]
90° b [ [ [ [ Lovii i, |
0 100 200 300 400 500 600
0.020 (a) ‘ ‘ 0.8 (b) ‘ ‘ t
0015 ] 078 ] Figure 6. Amplituple of _the fluctuating magn_etic field
‘ 060 E |6B|?/BZ as a function of time and the propagation angle
0.010} {05 Ok
0.4
0.005¢ 03 Figure 7 gives a complementary view of the system evolution,
0.000 ‘ ‘ 0.2 it shows the amplitude of the fluctuating magnetic figdlé8 |* / B3
1.10 18 as a function of time¢ and frequencyw; the spectrum was calcu-

lated using the wavelet transform of the time seriesBofit each
grid point and averaged over all these grid points. Figurbdivs
the generation of the R-H waves during the first phase. Itaiso
plays the generation low-frequency waves (identified asttigue
ones, see Figure 6) and their damping during the second phase

1.05¢
1.00
0.95}
0.90}

116
114
P12

0.85} 110 At later timest > 300 only the waves withv ~ 0.lwc, sur-
0.80 ‘ ‘ 0.8 ‘ ‘ vive. These waves probably result from an inverse cascauz ts
0 200 400 600 0 200 400 600 longer wave lengths and quasi-parallel propagationHellinger

t t and Matsumotp2001].

Figure5. Evolution of different quantities: (a) the amplitude of
the fluctuating magnetic field B|? / B2, (b) the proton temper-

ature anisotropyd,, (c) the alpha/proton velocity,, (in units 10,00 FTTTT T T T T ]
of va), and (d) the temperature anisotropy of alpha particles b 1
Aa. [

The waves generated by the oblique fire hose grow during the 1.00
first phase as well as those generated by the parallel one. Thex
oblique waves continue to grow even after the saturatioheptr- 3
allel fire hose and, during the second phasg 150, they reach 3
important amplitudes. They are responsible for the peakhef t
magnitude of the fluctuating magnetic fieldtat- 200 (see Fig-
ure 5a) followed by a fast decrease. These oblique wavesttead
a strong increase i, and A, and to a decrease of,, which is
more important than that resulting from the parallel firednoShe
appearance of the oblique fire hose disrupts the quasirlaedu- 001 Loiin T Lovviinins I Loviiinins T
tion of the parallel fire hose and it causes a disappearantieeof 0 100 200 300 400 500 600
waves generated by the parallel fire hose: This effect is demo t
strated in Figure 6. Figure 6 shows the evolution of the aimi  Figure 7. Amplitude of the fluctuating magnetic field

of the fluctuating magnetic fielh B|>/ B3 as a function of time  |5B|2/B2 as a function of timet and frequencyw (in units
t and the propagation angt . Figure 6 clearly shows the ini- of Wep)-

0.10
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Figure 8. Gray scale plots of the reduced distribution functions
(left) fp(vy,v1) and (right) fo (v, ve) att = 600/wep. The
gray scales are shown in arbitrary units at top panels. \fisc
are given in units ob 4.
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particles with initial velocitiegv; | 2 va to higher|v, | Figure 8
(dark gray regions).
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Figure 9. Gray scale plots of the changes of the reduced distri-
bution functionsA fs = fs(t = 600/wep) — fs(t = 0/wep) @s

The waves generated by the two fire hose instabilities heat pr functions ofv; andv_ for (left) protons and (right) alpha par-

ton and alpha particles and slow both species with respezath
other. The wave-particle interactions lead to the develaunof
strongly non Maxwellian distribution functions: Figure Basvs
gray scale plots of the proton and alpha reduced distributiac-
tions (left) f, (v, vL) and (right) fo (v),v.L), respectively, at the
end of the simulationt(= 600/w.p). The complicated evolution of
the simulated system affects mainly those particles Wwith> va;
these particles exhibit signatures of the cyclotron resoeacatter-
ing [cf. Marsch and Tu2001]. The scattering of alpha particles i
caused mainly by the cyclotron resonance with oblique wages
sulting from the oblique fire hose instability. The scatigriecel-
erates alpha particles and heats them in the perpendidtéatidn.

ticles during the simulation. The gray scales are shownh@gn t
same arbitrary units of Figure 8) at top panels. Velocities a
given in units ofv4.

4. Discussion and Conclusion

In the present paper we investigate linear and nonlineggsro
ties of the proton parallel and oblique fire hose instaketitwhich
appear for a sufficiently low value ofl,, and a sufficiently high
value of 3,;. The maximum growth rate of the parallel fire hose
relatively strongly depends on the properties of alphaigies as

Swell as on the (parallel) electron temperature and the le¢em-

perature anisotropyasso et al.2003]. A similar dependence is
also observed in the case of the oblique fire hose. Moredwelirt-
ear Vlasov theory predicts that the alpha/proton veloatgrother
important factor which determines the growth rate of thesein-
stabilities. The parallel fire hose is resonant with protand less

Distribution functions of the two species have also weak sigesonant with alpha particles whereas the oblique fire hs®m

natures of the Landau resonance. Figure 9 shows change in
distribution functions during the simulation, namely th#etence
Afs(v,ve) = fo(y,ve,t = 600/wep) — f(v),ve,t = 0/wep)
for (left) protons and (right) alpha particles. The graylssaare
shown (in the same arbitrary units of Figure 8) at top pan€le
dominant feature of the twa f; is the cyclotron diffusion of par-
ticles with initial velocities|v;| 2 wva to higher|v | (Figure 9,
dark gray regions). Moreoven fs exhibit constant stripes for

lvy| < wa which are likely signatures of the Landau resonancep

since the Landau diffusion does not dependwan [cf. Kennel

tgsonant. With a presence of a non-zero alpha/proton gltue
parallel instability becomes stronger at the anti-patadtepaga-
tion (compared to the parallel one) with respect to the dfpioton
velocity. Forna /n. = 0.05 and3, = 0.14 the approximate con-
straint for the parallel proton fire hose instability may beeg in
the form of equation (2) similar to equation (1):

a

(Bpll — Bo)®

where the fitting parameters b, and3, depend onv,, as

Ap 2

1—

R

a ~ 0.44 — 0.050[vap| /v4,
0.50 + 0.04202,, /03,

0.58 — 0.077|vap| /v4.

~

~

Bo

and Engelmann1966, Figure 2]. The changes in the distributiorqy the parameters investigated in the present paper, tRemm
function due to the Landau resonance are however small qaupadroWth rate of the (anti-)parallel fire hose increases with. The
maximum growth rate of the oblique instability is typicadignaller
to those generated by the cyclotron resonance since theagede than but comparable to that of the parallel one and exhibindas
e dependence on,,.
A 2-D hybrid simulation reveals a complicated nonlinear-evo
lution, a competition between the two instabilitiese]linger and

oblique waves are transverse. Consequently, the domieatu
of the two ion distribution functions is the cyclotron diffion of
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Matsumoto2001]. The initial phase of the simulation is dominatedR eferences

by the parallel fire hose which saturates in the quasi-lingamner: - )

The resulting scattering is moderate for protons and weaklfina Araneda, J. A., A. F. Vifias, and H. F. Astudillo (2002), Rrotore tem-

particles in agreement with its resonant properties. Thigob perature effects on the relative drift and anisotropy etioduof the ion

fire hose coexists with the parallel one and generates allimost ~ Peam instability in the fast solar wind, Geophys. Res1453, doi:

early polarized waves at a smaller growth rate. The obliqaees 10.1029/ 20023A009337'

continue to grow even after the saturation of the parallstahil- Bame, S.J.,J. R. Asbridge, W. C. Feldman, and M. D. Montggrkd75),

ity and saturate via a dispersion change of the linearly rixsd Solar wind heavy ion abundancélar Phys.43, 463-473.

waves to the standard L-H Alfvén (ion cyclotron) waves. Jde Dasso, S.,F.T. Gratton, and C. J. Farrugia (2003), A parégrettidy of the

waves are strongly damped to ions via the cyclotron resaanc |nf|l_Jepce of ion and electro_n properties on th_e e)_<C|tat|oalettromag-

they also weakly interact with ions trough the Landau resopa  Netic ion cyclotron waves in coronal mass ejectiofisGeophys. Res.

At the same time the parallel waves disappear as the obliqee fi 108 1149, doi:10.1029/2002JA009558.

hose disrupts their marginal stability condition. Consamjly, the Daughton, W., and S. P. Gary (1998), Electromagnetic pfptoton insta-

oblique fire hose efficiently reduces the proton anisotropyteeats ~ Dilities in the solar wind,J. Geophys. Resl03 20,613-20,620.

alpha particles and decelerates both species with respeltiother.  Farrugia, C. J., F. T. Gratton, G. Gnavi, and K. W. Ogilvie 488 On
In the hybrid code the electrons are treated as a masslesgech  the possible excitation of electromagnetic ion cyclotroaves in solar

neutralizing fluid so that no electron kinetics is resolved.par- ejecta,J. Geophys. Resl03 6543-6550.
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