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We study the evolution of the expanding solar wind using aone In this paper we use a modified version of a 1-D and 2-D hy-
dimensional and a two-dimensional expanding box moGeaj-  brid code Matthews, 1994]: a Hybrid Expanding Box (HEB) code.
pin et al., 1993] implemented here within a hybrid codsdwer ~ The HEB code is an implementation of the expanding box model

et al., 2001]. We first consider a plasma with protons and 5 ¢4Sed in magnetohydrodynamic context Gyappin et al. [1993]
to study the effects of plasma expansion on the wave evolutio

of alpha.particles, wjthout drift between the .protons anghas, The 1-D and 2-D HEB codes are similar to the 1-D HEB code by
considering successively the low-beta and high-beta caBben | jewer et al. [2001] and was developed independently. The HEB
we consider a strong drift between protons and alphas, aggin code models the expansion as a linearly driven evolution.e On
arately the low-beta and high-beta case. Without drift,@helu- assumes a solar wind with a constant velodity The physical
tion of the low-beta plasma is adiabatic. In the high-betispla lengthsz. varies ase, = Lz where. is a diagonal matrix with
without drift, the fire hose instabilities disrupt the adigib evolu- £11 = 1, L2233 = 1 + 1/t andi. is a characteristic time of the
tion. Finally, with a drift, the adiabatic evolution is sugd by the €XPansionte = Ro/U where R, is the initial distance from the

. Lo - T - Sun. The code solves the evolution of the system in the coaies
oblique Alfvén instability and the parallel magnetosoimistability  andv co-moving with the expansion. Theyphysical velocities

for low-beta plasma and for high-beta plasma, respectiv@lye  arey, = £v. The equation of the movement for an ion with charge
two instabilities slow down the alphas and heat alphas aohps. ¢ and massn reads:

de/dt =v, dv/dt=q/m(L'E+ L %vx B)—2LL v,

1. Introduction The effective magnetic field in these coordinates evolves with

The fast solar wind shows three distinct features: it expand the physical electric field asoB/dt = —rot(LE) and is related
the transverse directions as it moves in the radial direciiccon- 0 the physical magnetic field big = LB/ det L. The electric
tains an important wave turbulence; finally, the particiribution ~ field E is given astl = (rot B x B /o —Ji x B—gradp.)/(en),
function is far from being Maxwellian. Temperature anispies Wherepo is the magnetic permeability of vacuum,is the phys-
and particle beams are commonly observed in the solar wirl@! €lectron number density, a sum over different ion SpECi
Moreover heavy ions, as alpha particles, are usually hatet €7 = > 4/ det £ [ fd’v, J: is the ion cugrent, a sum over differ-
move faster than the solar wind protonddrsch et al., 1082a, b; €ntion species/; = 3_q/det £ [ Lvfd’ v, andp. is the elec-
Reisenfeld et al., 2001]. The ion behavior in the fast solar windlron pressur@. = nksT. (ks is Boltzman constant anfl. is the
is largely nonadiabatic: the adiabatic invaridht /B is not con- €lectron temperature; electrons are assumed to be isahjerm
served, T, being the perpendicular temperature. The departure UNits of space and time argw,io andQio, respectively, where
from adiabatic behavior could be caused by several efféiogsin- ¢ iS the speed of lightuyio = \/noe?/myeo is the initial proton
teraction of ions with the solar wind turbulenddy and Habbal, ~Plasma frequency, arfdio = eBo/m;, is the initial proton gyrofre-
1999:Gary et al., 2001], the appearance of local instabilities driveuéncy Bo is the initial magnitude o3, n, is the initial density,
by drift velocities between protons and heavy iobisgnd Habbal, ¢ @ndm;, are the proton electric charge and mass, respectively; fi-
2000; Gary et al., 2000, and references therein] and/or by tempeR2lly; €o is the dielectric permitivity of vacuum). The codes use a
ature anisotropiesdary et al., 1998; Hellinger and Matsumoto, spatial resolutioniz, dy and there areV, particles per cell. Fields
2000]. and moments are defined on a 1-D and 2-D grid with dimensions

In this paper we study the evolution of the expanding plasnil @1dne X n,, respectively. The exact values @f, dy, N,
using a one-dimensional (1-D) and a two-dimensional (2-B) e”é’ andny$lW|l_Ibe gl;/)(eplln t;‘.? teﬁd' The tlmefgttladp;fpr tge partlgle
panding box model implemented here within a hybrid code-(se@.t\éance' |f _t'0‘05 o 'W_'?it ffmangfg'C e I 'ts.‘ advance
tion 2). We first consider a plasma with protons and 5 % of alph ith a smaller time stef¢s = dt/4 for all the simulations.
particles, without drift between the protons and alphassidering
successively the low-beta and high-beta cases (sectiath@dhwe 3. Plasma without alpha-proton drift
consider a strong drift between protons and alphas, agparately
the low-beta and high-beta case (section 4). We discus&Hudts A homogeneous slowly expanding plasma (without any fluc-
and compare them witim situ observations (section 5). tuating wave energy) evolves adiabatically. The ion paralhd

perpendicular tempegatugéﬁ andT', satisfy the CGL equations
. . T, « BandT| « n°/B*, respectively. In the case of a strictl
2. Hybrid expanding box model radial expansignB(O)/ = (1,0? 0). thg temperature anisotrop))/l
evolves agl}, | /T, o< (14 t/te) .

3.1. Low-beta protons

Copyright 2003 by the American Geophysical Union. We perform 1-D and 2-D HEB simulations starting with an ini-
0094-8276/05/2002GL016409%$5.00 tially low proton betas, = 0.1 and a characteristic expansion time
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te = 2000 for a time intervalAt = 4000. The 1-D simulation had
dr = 0.5, N, = 1024, n, = 512, while the 2-D simulation had
dx = dy =1, Np = 256, n, = n, = 256. During the time period
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4. Plasma with a strong alpha-proton drift

In situ observations in the solar wind shows that the alpha par-

At = 4000 the evolution of the two 1-D and 2-D systems was adijcjes travel faster than protons and the drift velocityvietn the

abatic and at the end of the simulation we observe a strortgipro
temperature anisotrod, . /T, = 1/9. In the low-beta case, the
plasma is stable. Indeed, electromagnetic instabilitieisen by
the proton temperature anisotropy, needs a substantitdrplzeta
[Gary et al., 1998;Hellinger and Matsumoto, 2000]. Adding5%
of alpha particles®,, = 0.01) does not change much the results

3.2. High-beta protons

We now perform 1-D and 2-D HEB simulations starting

with high-beta protons/,;; = 1) that are already anisotropic:

two populations is about the local Alfvéen velocity. Let umanlook
at the consequences of this drift. We investigate low-betbhagh-
beta plasmas with the number density of alpha partiglef the

.number density of electrons and with a strong alpha-protidh d

4.1. Low-beta plasma

In this section we study the evolution of the expanding psm

T,. /T, = 0.5; the anisotropic proton plasma is at the beginninP" low-beta protons and alpha particles witly, = 0.1 and

stable. Other parameters are identical to those used ioBextl.
During the expansion the plasma evolves adiabatically aaditio

T, /T, decreases. In the 1-D simulation, the parallel fire hos&’

Blja = 0.03. The 2-D simulation hadz = dy = 2, n. = 256,
= 128, and number of particles per celV,, = 128 for pro-

instability Gary et al. [1998] appears later on, and stops this detons andN.,, = 64 for alpha. In the expanding plasma, the radial

crease. The system then evolves around marginal staHititthe
2-D simulation, the parallel fire hose instability appearsvall, but
soon after its appearance the oblique fire hose instabiipears

velocities are constant. Therefore, during an adiabatidution,
the radial drift velocityv, is constant while the local Alfvén veloc-

[Hellinger and Matsumoto, 2000]. The essentially non-quasilinearity v, decreases. The ratig; /v thus increases and one expects

evolution of oblique fire hoseHellinger and Matsumoto, 2001]
leads to an important increase Bf, /T, and a decay of wave
activity. The system returns to a nearly adiabatic evofutiad the
parallel and oblique fire hose reappear. The system oss|lae-
tween stability and marginal stability.
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Figure 1. High-beta, pure protons plasma: Evolution in the
space 8, Tp1/Ty)) for (dashed) 1-D simulation and for
(solid) 2-D simulation. The adiabatic prediction is is destb
by the dash-dotted curve.

Figure 1 shows the evolution of the two simulations in the 2-D
space B,, 71 /Ty|))- The solid and dashed curves show the evo-

lution of the 2-D and 1-D simulations, respectively. Theldas
dotted curve shows the adiabatic prediction. Figure 1 blestwows
the initial adiabatic evolution for the two simulations athé ap-
pearance of instabilities later on. The anisotrdy /7, stops
around0.25 for the 1-D simulation and slowly increases wit
[Gary et al., 1998]. The 2-D evolution is different, thE,, /T,
rapidly increases from.3 to about0.5 and then again decreases
nearly adiabatically. The instabilities then set up agaid all the
evolution repeats twice, however with smaller excursiamghie
(Bpy:TpL/Tp))) space. Adding% of alpha particles(), = 0.05)
does not change much the results, but the increa%g.of7T,,| due
to the fire hose instabilities is lower, at the expense ofihgahe
alpha patrticles.

ion-beam instabilities to appeaBary et al., 2000].

We start the simulation with the drift velocity; = v4 and the
characteristic time for the expansien= 1000, corresponding to a
wind speed twice that of Section 3. In this simulation, thend@nt
instability is left-handed, oblique Alfvén, resonant \dgclotron
resonanceGary et al., 2000]. Figure 2 shows the evolution of the
ratio between the drift velocity, and the local Alfvén velocity in
the simulation (solid curve). The predicted adiabatic etioh is
denoted by the dash-dotted curve.
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Figure2. Low-beta plasma: alpha-proton drift velocity in units
of the local Alfvén velocity (solid curve) as a function 6f.
The adiabatic prediction is denoted by the dash-dottedecurv

The oblique Alfvén instability strongly modifies the iomtper-
atures. This effect is illustrated in Figure 3 for protorsfibbanel)
and for alpha patrticles (right panel). Figure 3 shows thdigiom
(solid curve) in the 2-D space off|,T,1 /T})) (left panel), and
(BTt /Ty (right panel). The dash-dotted curve shows the
adiabatic prediction.
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Figure3. Low-beta plasma with drift: Evolution of protons (left
panel) and alphas (right panel) in the spaég( 7, /T,,|) and
(Ba)» Ter /Tyy)), respectively. The adiabatic prediction is de-
noted by the dash-dotted curves.

Figure 3 clearly shows that the instability is able to stapadtia-
batic cooling in the case of low-beta protons. The free gnram
the drift velocity of alphas is transferred to perpendictutampera-
ture of protons and alpha particles.

The growth rate of instabilities driven by the ion-beamsisgly
depends on plasma properties (temperatures and driftitiel)¢
therefore, let us now finish this study with a case of reldyinégh-

beta protons and alpha particles with a drift velocity.

4.2. High-beta plasma
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Figure4. High-beta plasma: alpha-proton drift velocity in units
of the local Alfvén velocity (solid curve) as a function 8f,.
The adiabatic prediction is denoted by the dash-dottedecurv
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Figure 5. High-beta plasma with drift: Evolution of protons
(left panel) and alphas (right panel) in the spagg (T, /T})|)
and B, Tai /Ty))), respectively. The adiabatic prediction is
denoted by the dash-dotted curves.

The magnetosonic instability strongly modifies the ion temp

In this section we study the evolution of the expanding pksnftures. This effect is illustrated in Figure 5 for protoreft(banel)

for high-beta protons and alpha particlés, = 0.5 and 8}, =
0.16. Other parameters are identical to those used in the settlon
In this simulation the dominant instability is right-hanklenagne-
tosonic, with maximum growth rate at parallel propagatim@so-
nant via cyclotron resonanc&fry et al., 2000]. Figure 4 shows
the evolution of the ratio between the drift velocity and the lo-

cal Alfven velocity in the simulation (solid curve). Thegquicted

adiabatic evolution is denoted by the dash-dotted curve.

and for alpha particles (right panel). Figure 5 shows thdwevo
tion (solid curve) in the §, .7, /T,) space (left panel) and the
(Bat) Tas/Tyy) space (right panel). The dash-dotted curve shows
the adiabatic prediction.

5. Discussion and Conclusion

We have presented results of a recently developed simnolatio
technique: a HEB code. We have applied this tool to study the
evolution of ion temperature anisotropies and a drift spieed
slowly (strictly radially) expanding plasma. In the lowtag@lasma
case without drift between alphas and protons, the evalubib
the system is double adiabatic (CGL) and important ion tempe
ature anisotropies appear. In the high-beta plasma caseuwtit
drift between alphas and protons, the plasma evolves atetji@-b
ning adiabatically, and later on, the parallel fire hose appeln
1-D simulations, the waves generated by the instabilitypkibe
system around marginal stability with an anticorrelati@ivieen
the proton anisotropyl,,; /T, and the proton parallel beta,
[Gary et al., 1998]. In 2-D simulations, the oblique fire hose be-
comes dominant and the evolution departs from marginailgyab
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