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Oblique proton fire hose instability in the expanding solar wind:
Hybrid simulations

Petr Hellingerl’2 and Pavel M. Travnicek®!

Abstract. Oblique fire hose instability is investigated using hybrchslations for proton

betas of the order of one and for proton parallel temperatstdficiently greater than the per-
pendicular ones. The simulations confirm previous simaitatiesults showing that this insta-
bility has a self-destructing properties and efficientlgluees the proton temperature anisotropy.
A parametric study using one-dimensional standard hyhntiktions shows that stronger changes
in the temperature anisotropy and stronger wave emissippsaa for larger initial temper-

ature anisotropies. An ideal, slow plasma expansion, nedlddy a two-dimensional hybrid
expanding box simulation, leads to a generation of protomptrature anisotropy. The anisotropy
leads first to destabilization of the dominant parallel figsé which interacts mainly with mi-
nor supra-Alfvénic protons whereas the evolution of coretgns is determined by the expan-
sion. Consequently, the effective anisotropy is only dligheduced and the system eventu-

ally becomes unstable with respect to the oblique fire hostliility. The oblique fire hose
strongly scatters the protons and removes the anisotragypmting the parallel fire hose. An
important portion of the fluctuating wave energy is dissigiato protons and only long-wavelength
waves remains in the system. The system with a low wave gctiien develops again larger
temperature anisotropies and the evolution repeats .itkeil§ concluded that both parallel and
oblique proton fire hose instabilities constrain the protemperature anisotropy in the expand-
ing solar wind with the latter one constituting a final framtifor the anisotropy. These results
give a possible explanation of some apparent discrepahetgeen observations and linear
predictions. In addition, a simple bounded anisotropy nhagleleveloped to include some of

the kinetic effects of the fire hose instabilities in fluid netxl

attenuate the proton cyclotron instability in favor of thénar in-
stability [Price et al, 1986].
The linear analysis is not a sufficient tool to understanddne f

1. Introduction

Proton velocity distribution functions in the solar windaigly

differ from the Maxwellian shape [cfMarsch et al, 1982] and may
be sources of free energies for kinetic instabilities. Ehiestabil-
ities constitute limits on possible distribution shapese Btatisti-
cally significant data set of the WIND/SWE experimeKagper

et al, 2002, 2006] presents strong evidences of such a Iimitirﬂj

role of instabilities. The data show clear signatures ofst@ints
on the proton temperature anisotropigs, /T},, (whereT’, and
T, are the proton perpendicular and parallel temperaturepee
tively) ordered by the proton parallel bef,,. These constraints
are compatible with the theoretical marginal stability ditions for
the mirror and oblique fire hose instabilities in the plasnoa-c
sisting of isotropic Maxwellian electrons and bi-Maxwatii pro-
tons Hellinger et al, 2006]. Moreover, observations Hyale

and Kaspef2008] show enhanced transverse magnetic fluctuatio

near the marginal stability region of the oblique fire hoswal as
compressional magnetic fluctuations near the marginailiyaie-
gion of mirror instability. However, the observed consttaiare
not compatible the theoretical marginal stability coratis of the
linearly dominant instabilities, the proton cyclotron tiasility and
the parallel fire hose (for the Maxwellian electrons, bi-MaXian
protons). This disagreement between these observatiahshan
linear prediction may be due to the assumptions of the plasmsa
position (and other parameters) used for the linear caious; for
example, on the linear level in the caselof, > 1), a presence
of a small abundance of alpha particles in the plasma [corhymo

mation of the proton distribution functions in the exparsolar
as this is a dynamic nonlinear processes. The observed tatape
anisotropies (and in general departures from the Gaussgstibd-
tion) are determined by a competition between the mechartisat
ive them and the mechanisms that reduce them. In the expand
ing solar wind with a dominant radial magnetic field the exgian
tends to drive the anisotrof,,, < 7j,. On the other hand, the
turbulence/wave activity may heat in the perpendiculaeation
trough the cyclotron resonance [cHpllweg and Isenberg2002]
which leads to the opposite anisotropy, > Tj,. Furthermore,
Coulomb collisions reduce the temperature anisotropy tmal]y,
for sufficient anisotropies the kinetic instabilities set Helios ob-
servationsWarsch et al, 1982] show thaf’, ,,/T},, decreases with
H%e distance between 0.3 and 1 AU (especially for a fast sotat)
and the plasma approaches regions unstable with respefitehe
hose instabilitiesNlatteini et al, 2007].

Hybrid expanding box simulationsigllinger et al, 2003;Mat-
teini et al, 2006] that model the interaction between the expan-
sion and the ion kinetic instabilities indicate 6§, ~ 1 that the
parallel fire hose interacts mainly with minor supra-Alfi€ pro-
tons whereas the evolution of core protons is determinedhby t
expansion. Consequently, the effective anisotropy is stightly
reduced and the system may become unstable with respedat to th
oblique fire hose instability. In this paper we extend the knoir
Hellinger et al.[2003] andMatteini et al.[2006] on the competi-

Nion between the expansion and the proton fire hose ingiabili

observed in the solar wind, ciKasper et al. 2007] may strongly The paper is organised as follows: section 2 gives a shorviave
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of the linear and nonlinear properties of the parallel anéole fire
hose instabilities. Section 3.1 presents a parametrig/sifidne-
dimensional (1-D) hybrid simulations of the oblique fire BoSec-
tion 3.2 presents results of a two-dimensional (2-D) hybxdand-
ing box simulation. Section 4 introduces a simple fluid badd
anisotropy model that mimic the effect of the two fire hose lom t
proton temperature anisotropy. Finally, section 5 sumnpearithe
present results.
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2. Brief overview of the fire hose instabilities

In the low frequency, long wave-length limiT§jiri, 1967] of
the linearized Vlasov-Maxwell equation on can get a thrisbd
the (fluid) fire hose instability in the form

B —BL>2 ¢h)]
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It interesting to note that the oblique proton fire hose hasyma
properties, including the resonant ones, analogous teethbshe
non propagating oblique electron fire hosé §nd Habbal 2000;
Gary and Nishimura2003].

The linear dispersion predicts that the parallel fire hosipis-
inant for lower betasg, < 4, whereas the oblique one is dom-

inant for highergs,. However, the two instabilities have similar
growth rates for a wide range of plasma parameters and thai n

where 3 and 3, are the total parallel and perpendicular plasmgnear competition is an open question as their nonlineaperties

beta, respectively. However, a numerical solution of thedrized
Vlasov-Maxwell equation in a plasma consisting of Maxvaedli
electrons and bi-Maxwellian protons predicts existenc@blieast)
two kinetic electromagnetic instabilities. First one isragagat-
ing instability with a maximum growth rate at the parallaledition
with respect to the magnetic field, here termed parallelt@mfire
hose Ruest and Shapirdl996;Farrugia et al, 1998;Gary et al,
1998]. This instability drives proton whistler waves whiate es-
sentially transverse (with respect to the ambient magrfetid)
and have nearly circular right-handed polarization. Thayehfre-

guencies around the proton cyclotron frequency and wawgtten
around the proton inertial length. Second one is a non pm@pag

ing instability with a maximum growth rate at an oblique diien,
here termed oblique (proton) fire hodédllinger and Matsumoto
2000]. This instability drives linearly polarized transse waves
with wave lengths around the proton inertial length.

The numerical approach makes a determination of the thre

old condition for the two instabilities difficult. Thereferinstead
of searching the threshold condition, it is more conveniergolve
a marginal stability condition [cf.Gary et al, 1998] ym = 7o

of the two instabilities (inferred from numerical simulatis) are
quite different.Gary et al.[1998] andMatteini et al.[2006] showed
that that the parallel fire hose (for weak growth rates) sdés in
a quasilinear manner. The instability drives the ion whistlaves
that saturate at marginal stability and lead to an impontenpen-
dicular diffusion in the resonant region (which appearsagiby for
parallel velocities above the Alfvén velocity). On the @tlhand,
the oblique fire hose has a self-destructing behavior andgray
even when the parallel fire hose is saturated. The obliquédise
drives the non propagating waves which scatter protonsdmpér-
pendicular direction (in the resonant region around thevéifve-
locity). This scattering leads to the dispersion changéefdriven
waves to the standard propagating Alfvén waves which aoagly
damped. Some part of the fluctuating energy survives thra@mgh
inverse cascade towards longer wavelengths and less elalitgles

#—[ellinger and Matsumota2000, 2001].

3. Simulation results

(whereyy, is the maximum growth rate for given plasma param3-1- Standard 1-D hybrid simulations

eters) for some small value af. One can get the approximate

marginal stability conditions by fitting the equatign, = 1073Q,
with an analytical formula with only few fitting parameteiGdry

et al, 1998;Hellinger et al, 2006]: for the parallel fire hose one

can get

Ti,p 0.47
~]l - 2
Typ (Byp — 0.59)0-53

whereas for the oblique fire hose one can get

Tip 1.4

T, © (B + 01010 3

within the parameter range

0.1 < ﬂ“p <30 and 0.1 < TJ—P/TIIP <1

Let us start with standard 1-D hybrid simulation of the obéq
proton fire hose instability. For these numerical simulagiave use
a modified version of the 1-D hybrid code developedMigtthews
[1994]. In this code, electrons are considered as a masshsge
neutralizing fluid, with a constant temperature; ions arecdbed
by a particle-in-cell model and are advanced by a leapfrbgse
that requires the fields to be known at half time steps ahealaeof
particle velocities. This is achieved by advancing the exirden-
sity to this time step with only one computational pass thiothe
particle data at each time step. The particle leapfrog amb/as
based on the Boris’ implicit scheme with the electromagniiid
at the particle position obtained from the mesh points bgdmn
weighting. The particle contribution to the current depnsit the
relevant mesh points is evaluated with linear weightingwad,
followed by smoothing over three points. No smoothing is- per
formed on the electromagnetic fields, and the resistivitgasto

Note that the two instabilities are active even below th&flu zero in Ohm’s law. The magnetic field is advanced in time with a

threshold, Equation (1), i.e., even for

Ty 2
ﬁllp

Tip
This disagreement is explained by the fact that these kinesia-
bilities drives waves with short wave-lengths (comparableroton
inertial length) where the low frequency, long wave-lenajiprox-
imation used for the derivation of Equation (1) is not apgitite.

(4)

modified midpoint method, which allows time substeppingtfer
advance of the field.

In this section we investigate results of a set of 1-D stashdar
hybrid simulations with different initial plasma paramesteg,,
andT, /T, (see Table 1) giving the same maximum growth rate
Ym = 5- 10720, For each case we chose the anjle(between
the simulationz-direction and the ambient magnetic fiel®) to
be the angle betweeB, and the wave vector of the most unstable
modek., (kw being its amplitude).

The parallel fire hose drives ion whistler waves with the real For these standard 1-D simulations there are 2048 grid oint
frequency abouf2,. This instability is resonant with protons [for jn ;_direction with the spatial resolutionz = 0.25¢/w, and
B» < 25, seeGary et al, 1998] through the anomalous cyclotronhere are 131,072 macroparticles per cell. The time stefotis=
resonance 2-1072/Q, while the field is advanced withitz = At /4. Elec-

®)  trons haves. = 1 and the standard periodic boundary conditions
The oblique fire hose drives non propagating oblique, trars®/ are used.
linearly polarized waves which result from a dispersion rde
of the standard propagating left-handed Alfvén waves itaama
with the proton temperature anisotrofy , < 7}, [Hellinger and  Table 1. Initial conditions for the set of 1-D standard hybrid sintidas

w — k‘H’U” = —Qp.

Matsumoto 2000]. In our previous work we have erroneously as- RUNE O T T & g
sumed that the oblique fire hose is non-resonant. It turnghaut 1 o/ ﬁl“g %’43‘)‘7’ moc/ﬁi =60
the oblique fire hose is an instability resonant with prottimeugh 2 2 0.332 0.498 477
the cyclotron resonances 3 5.10-3 4 0.659 0.306 408
4 8 0.828 0.208 3838
w — kv = £Q,. (6) 5 16 0913 0.147 38%
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A typical evolution of the 1-D standard hybrid simulation isimum (full circles) and final (empty circles) fluctuating nmegic
shown in Figure 1 which shows the results of run 1 (see Table Bnergys B?/B3 as a function of the initiab|| p.
Figure 1 shows (left top) a gray scale plot Bf as a function of
time andz (only a part of the simulation box is shown). (right top)

The fluctuating magnetic enerdy3>/BZ as function of time. (left 10 10°
bottom) The proton temperature anisotrdfy, /T), as a function .
of time. (bottom right) The parallel proton bet,, a function of ’ 107}
time. Figure 1 shows that the wave energy slowly grow irlitial
and the generated waves are non propagating. The magnetic en 10?¢ *t .
ergy saturates and decays and the generated waves becapes pr = *F o .
agating. The temperature anisotropy strongly decredsgs|T), 3 n 10°} o
increases, and,,, decreases. & S
107} .
0.015 10°}
0.1 | | 10° | |
o010p ] 1 10 1 10
By Biv
0005 ] Figure 3. Standard 1-D hybrid simulations: (left) Paths in
(Biip> T1p/Tyjp) from the initial conditions (empty circles) to
0000 the final conditions (full circles). The solid curve denothe

relationym = 5-1073(,. The dotted curve shows the fluid
threshold (4). (right) Maximum (full circles) and final (etyp

a16f 1 circles) fluctuating magnetic energy32/B¢ as a function of
= ] the initial 8| p.
1.2f 1
. e Tmee s 0 1000 1500 Figure 3 (left panel) shows that stronger changes in the tem-
<y £y perature anisotropy appear for lower betas and strongdéalini

Figure 1. Evolution in run 1 (see Table 1): (left top) Gray scale anisotropies. Figure 3 (right panel) shows that the maximum
plot of B. as a function of time and (only a part of the simula-  and final fluctuating magnetic enerdy3®/Bj tends be stronger
tion box is shown). (right top) The fluctuating magnetic gyer ~for stronger initial anisotropy (smallér, ,,/T}, corresponding to
§B?/B? as function of time. (left bottom) The proton temper- greater3,).

ature anisotropyl’1 ,/T),, as a function of time. (bottom right) . . .

The parallel proton betg,, a function of time. 3.2. Expanding box simulation

In standard hybrid simulations the system starts in thealnhst
region whereas in the solar wind the system starts in thdestab
gion and the expansion drives the temperature anisotrdpyMet-
teini et al, 2007]. To study the response of the plasma to a slow
expansion we use the expanding box mo@aappin et al, 1993]
implemented to the hybrid code batthews1994]. The expand-
ing box simulations can model both the anisotropy formatiom
2f 1t 1 expansion and its relaxation via fire hose instabilitiesthis hy-
brid expanding box (HEB) modelL[ewer et al, 2001; Hellinger
et al,, 2003] the expansion is described as an external force. One
assumes a solar wind with a constant radial velotitat a radial
distanceR. Transverse scales (with respect to the radial direction)
of a small portion of plasma, co-moving with the solar wind ve
locity, increase with timey, z o« (1 + t/te)y, 2 wherete = R/U
2F 1t 1 is a characteristic time of the expansion. The expandinguses
these co-moving coordinates, the physical transversescdlthe
'3_4 P . 2 P . > 4 simulation box increase with time [seHellinger and Travnictek

UH?UA UH?UA 2005, for detailed description of the code] and the stangerit

. o . odic boundary conditions are used.

Figure 2. Contour plots of the proton distribution function  the characteristic spatial and temporal units used in théehno
f(vj,v1) inrun 1 (see Table 1) at (left) = 1000/ and 46 /0,0 and1/Q,0 respectively, where is the speed of light,
(right) ¢ = 1500/€2,. wpo = (noe? /myeo)'/? is the initial proton plasma frequency, and
Qpo = eBo/m,, is the initial proton gyrofrequencyHy: the initial
magnitude of the ambient magnetic fidR}), no is the initial den-
vy ~ va and smally, towards highew, . A more detailed in- sity, e andm,, are the proton electric charge and mass, respectively;

spection of the proton distribution function indicate adssignature finally, e is the dielectric permittivity of vacuum). We use the spa-

of the Landau resonance, a weak parallel heating of protatis wti@l resolutionAz = Ay = c/wyo, and there are, 024 particles

v < wa [cf., Hellinger and Travnitek2006]. per ce.II. F[elds qnd moments are defined on a 2-D (penog:l@)
Figure 3 shows results of the set of the standard 1-D hybmd si 9rid with dimensions256 x 256. Protons are advances using the

ulations (with parameters given in Table 1). Left panel shpaths Boris’ scheme with a time stept = 0.02/€p0, While the mag-

in (B, T'Lp/T)») from the initial conditions (empty circles) to the netic field B is advanced with a smaller time stég s = At/10.

final conditions (full circles). The solid curve denotes tetation The initial ambient magnetic field is directed along the a&di

Ym = 5-1073Q,. For comparison, the dotted curve shows the fluidirection, Bo = (Bo,0,0), and we impose a continuous expan-

threshold, Equation (4). Right panel of Figure 3 displaysttiax-  sion iny andz directions with a characteristic tinte = 10" /Q,0.

Figure 2 shows results of run 1, the proton distribution fiorc
at (left)¢ = 1000/, and (right)t = 1500/, as contour plots.

Figure 2 evidences strong cyclotron diffusion of the pretwiith
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For the strictly radial magnetic field the expansion leads tie-

crease of the ambient density and magnitude of the magnelit fi
as (1 + t/t.)"2. The double adiabatic prediction of the proton

temperature anisotropy and parallel beta in the expandimgs

¢ 2

Tip

T, @)

HELLINGER AND TRAVNICEK: FIRE HOSE

fined from Equations (3) as

1.4
(BHP + 0.11)140

T,

Lot = =S
Typ

1 8)

as a function of time (dashed curve shows the double-adama-
diction). (top right) Fluctuating magnetic energy3?/BZ as a
function of time; dashed curve shows the fluctuating magresii

The evolution in the 2-D HEB simulation is shown in Figure £y 6B/ B3 at oblique anglesifz| > 20°. (bottom left) Gray

as a path in the spadg,,, 7' ,/T),) by solid curve; the empty
circles denote the initial conditions whereas the full leiscdenotes
the end of a first oscillation. The dashed contours showsittieai
prediction in a homogeneous plasma with bi-Maxwellian @nst
the maximum growth rate (in units d2,) as a function of3,

andT', /T, for (left) the parallel proton fire hose and (right) the

oblique one.

1.0 ] T

T,/ Tjp

0.1 1
Biw
Figure 4. Evolution in 2-D HEB simulation: Path in the space
(Bip> T1p/Tyjp) is shown by solid curve; the empty circles de-
note the initial conditions whereas the full circles desotiee
end of a first oscillation. The dashed contours shows thatine
prediction in a homogeneous plasma with bi-Maxwellian pro-
tons: the maximum growth rate (in units 9f,) as a function
of B, andT', /T), for (left) the parallel proton fire hose and
(right) the oblique one.

The evolution of the simulated expanding exhibit oscitias
in the spacgf),, T'1,/T),); let us look in detail at the first pe-
riod between the beginning, denoted by the empty circle,thad
full circle. This period may be divided in three phases. Dgri
the first phase, the system follows the double-adiabatidigtien;
this phase ends around the first crossing of the = 10730Q,
contour of the parallel fire hose, at ~ 0.4t. (Figure 4, left
panel). This double adiabatic evolution is modified during sec-
ond phase when the system enters the region unstable witbates
to the parallel fire hose. The system is able to get relatifety
into the instable region so that in enters the unstable regiith

scale plot of the fluctuating magnetic ened@$? as a function of
time and the wave vectdtc/w,. (bottom right) Gray scale plot
of the fluctuating magnetic energyB? as a function of time and
angled, 5. Note that the inertial length increases with time

Y2 o1+ t/te

c/wp xn~
so that the physical resolution is time dependent. Alongtreex-
pandingz-axis we haveAzw, /c « 1/(1 + t/t.) whereas for the
expandingy-axis we haveAyw, /c is constant as the increase of

¢/wy is compensated by the expansion. Consequently, the spatial

resolution of quasi-parallel waves with a wavelength abgut, is
initially somewhat poor but becomes better later when thalfe
fire hose sets in.

0.0
0.0

2.0

05 1, 15

.Ot/t(j.
Figure5. Evolution in 2-D HEB simulation: (top left) Distance
from the marginal stability".s (Equation (8)) as a function of
time (dash-dotted curve shows the double-adiabatic piedjc

(top right) Fluctuating magnetic energy3?/ B3 as a function

of time (dashed curve shows the fluctuating magnetic energy
§B?/B¢ at oblique angleslfxz| > 20°). (bottom left) Gray
scale plot of the fluctuating magnetic enefyy? as a function

of time and the wave vectdic/w,. (bottom right) Gray scale
plot of the fluctuating magnetic energy3? as a function of
time and anglé;. 5.

25 0.0

respect to the oblique fire hose. During the third phase tise sy Figure 5 confirms the existence of a wave activity in the sim-
tem then rapidly jumps back to the region stable to with respe ulation, generated by the two instabilities. Most of the tillic
the oblique fire hose. This phase starts close to the firssitigs ating magnetic energyB2/B3 appears at quasi-parallel angles
of the v, = 1073, contour of the oblique fire hose (Figure 4,10r| < 20°. During the first phase, < 0.3t., there is no dis-
right panel), at about = 0.8t. and it ends at about = 0.9t.  cernible fluctuating magnetic energy and the system folltves
(denoted by the full circles on Figure 4). Afterwards, amotbs- double-adiabatic evolution. During the second phas®, <t <
cillation starts with the proton anisotropy increasing imearly 0.8t., waves driven by the parallel fire hose slowly appear with
double-adiabatic manner. The oscillation between thealhstand the maximum intensity at the parallel propagation and theewa
stable regions (with respect to the oblique fire hose) repwed vector aboutw,/c; during this phase the system path start to de-
more times, although with smaller variations of the tempem viates from the double-adiabatic evolution. During therstiard
anisotropyl’ , /T, This evolution indicate a presence of the parphase0.8t. < ¢t < 0.9t., waves driven by the oblique fire hose
allel fire hose instability during the second phase and obtilieue rapidly appear at wide range of oblique angles with wavearsct
fire hose instability during the third phase. ~ 0.6wp/c. These waves also rapidly disappear and are partly
In order to verify a presence of the two instabilities letoskd at damped to protons, partly cascade to longer wavelength essl |
the wave spectra in the simulation. The evolution of the vepper- oblique angles. The proton scattering due to the obliquehfise
trais displayed in Figure 5 which shows (top left) the disafrom leads to damping of an important portion of wave energy con-
the marginal stabilityl'o¢ (with respect to the oblique fire hose) de-tained in the waves due to the parallel fire hose. The cycléef t
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three phases then repeats itself. During these cycles, dkie an- where B andn are the magnitude of magnetic field and the pro-
ergydB*/ B3 at quasi-parallel angles increases; these wave congish number density, respectively. Effect of wave-particierac-
partly of waves driven by the parallel fire hose, partly of e&ve- tion on the fluid level may be described by an energy-consgrvi

sulting from the inverse cascade from oblique fire hose. isotropization term that couples the two temperatures
The waves generated by the two instabilities interact with p

tons in a different way. The ion whistler waves generatedhey t d7',,, dT'\p

parallel fire hose instability interact through the anomaley- ~—gr ~ \ “g¢ oL +v (Tjp — Tiyp)

clotron resonance whereas, the initially non propagatimyes,
transformed to standard Alfvén waves during the nonlinear-
lution of the oblique fire hose interact with protons throuba cy- dt
clotron and Landau resonances. Figure 6 displays the poisoni- . o .
bution functionf (v, v, ) at (lefty¢ = 0.8t., (i.e. at the end of the Where the isotropization frequenayis assumed to be a sum of
second phase) and (right)= 1.2t., (i.e. at the time of the local contributions corresponding to each instability= vp¢ + vos. The
minimum of§ B2/ B3, see Figure 5) as contour plots. contribution of the parallel fire hose is chosen to be simpbppr-
tional to the distance from the marginal stabillty; (with respect
to the parallel fire hose) defined from Equations (2) as

dT, dT,
lp _ ( ||p) 2 (Tuy —T)) (10)
dt CGL

0.47 Tip
It = — 1. 11
pf (B — 0.59)055 " T, (11)
The contribution is chosen in this simple form:
0 forT'pr <0

(12)

fo(ﬂHvalp/THp) = { foOpr for pr >0

For the oblique fire hose we chose the isotropization frequen
Vor With @ memory. Initially, in the stable region, fdr,s < 0

-3 I I I I I I

4 2 2 44 2 2 4 (wherel' is defined in Equation (8)) we set; = 0. Inside the
vH7vA vH?vA unstable regionl'o; > 0, vor is for simplicity assumed to be con-
stant

Figure 6. Contour plots of the proton distribution function
f(vy,vy) at (left)t = 0.8t. and (right)t = 1.2t..

Figure 6 (left panel) shows the result of the interactiomizen
protons and the parallel fire hose driven ion whistler wavass: Vot (Bips Tip/Tp) = Voro (13)
fected are mainly particles with high parallel velocitieg| ~ 2v4
which are required for the anomalous cyclotron resonaivtat-{
teini et al, 2006]. Figure 6 (right panel) shows mainly the ef-
fect of the proton scattering by the oblique fire hose drivawves.
This scattering affects strongly particles wijth | ~ v4. Detailed
analysis also indicate a weak parallel heating of the cootops
|1) | < Va.

HThe presented simulations results are only weakly depérmen
the numerical parameters. We have performed additionallaim
tions with different resolutions and box sizes and we haveainbd
quantitatively similar results. On the other hand, the abteris-
tic expansion time. is an important parameter. For a faster ex-
pansion, smallet., the system enters further to the theoretically Aot _ Vot (14)
unstable regions in the spac@y,, 7'.,/7),) [cf., Matteini et al, dt T
2006; Hellinger and Travnicek2005] but the overall evolution of
the system is qualitatively similar. With the present cotagional
capabilities we cannot perform simulations with a slowepax
sion. We expect similar results even for a slower expansibis,
however, possible that for a sufficiently slow expansionebelu-
tion is governed only by the parallel fire hose instabiliWdtteini We takevpro = 6 - 107°Qpo, voro = 107°Qp0 and 7 =
et al, 2006]. 200/€2p0, the same initial parameters|, = 0.5 andT',,/T}, =

0.3), and the same evolution as in the hybrid expanding box sim-
. ulation, namely the proton density and the ambient magfiefid
4. Bounded anisotropy model decrease a6l +t/t.) "2 with t. = 10* /0. For these conditions
the evolution determined by Equation (10) exhibits a bebrasim-
ilar to that in the hybrid expanding box simulation. Resuoltshis
bounded anisotropy model are shown in Figure 7. Figure 7 show
a path the spac€s),, T'1,/T),) obtained from the integration of
Equation (10) in the same format as in Figure 4. Results of the
bounded anisotropy model are in a qualitative agreemeffit thvi
dT, dlog B results of the hybrid expanding box model. It is, howevempdm
( ”) =T, tant to note that the results of this simple bounded anipgtnaodel
dt /) car dt are relatively sensitive to the free parameters. Therefiie cho-
Ty, _ dlog(B/n) sen values of these parameters cannot be considered aalgemkr
Tdt = 2 dt : ©) need to be adjusted to given situation
CGL '

whereas outside, fdr,s < 0, v decreases with a characteristic
timer

Here we propose a bounded anisotropy modriton et al.
1994], as a possible way how to include kinetic wave-paatiot
teraction due to the two fire hose instabilities following ftuid
modeling. The behavior of the parallel and perpendicularptera-
tures in the double-adiabatic approximation is given by
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time (andg),). These results are compatible with the observation
results ofBale and Kaspef2008] which show enhanced transverse
magnetic fluctuations near the marginal stability regioithe two
fire hose instabilities and the obsen&ll® / B3 increases with,.

In concluding, the present results together with the resoft
Matteini et al.[2006] and with observations bBale and Kasper
[2008] indicate that both parallel and oblique proton fireséadn-
stabilities constrain the proton temperature anisotrapyhe ex-
panding solar wind with the latter one constituting a finaintier
for the anisotropy. These results explain the apparentefismcy
between the linear prediction and observations for, < Tj,
[Hellinger et al, 2006]. The kinetic fire hoses (unstable even for
By — BL < 2, i.e., below the fluid threshold) have likely a sim-
ilar role in other weakly collisional space plasmas [eSharma
et al, 2006; Schekochihin et gl2008]. FollowingDenton et al.

Figure 7. Results from the bounded anisotropy model: Path[1994] we have developed a simple bounded anisotropy mbdel t
in the space 8, T'1,/7),). The dashed contours shows the includes some effects of the kinetic instabilities for fluiddelling

linear prediction in a homogeneous plasma with bi-Maxwelli
protons: the maximum growth rate (in units(f) as a function
of B, andT', /Tj, for (left) the parallel proton fire hose and
(right) the oblique one.

5. Conclusion

[cf., Samsonov et gl2007].
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