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Abstract. We examine a competition between the whistler and Alfvéa fioses driven by
bi-Maxwellian protons withT},, > T}, , whereT,, and T, are proton temperatures, par-
allel and perpendicular to the background magnetic fieldpeetively. We extend the work

of Hellinger and Matsumoto [2000] using a two-dimensional hybrid simulation that unbbs
both the instabilities. In the simulation the whistler firese initially dominates and saturates
in a quasi-linear manner. The Alfvén fire hose is not strgrgffected by the presence of the
whistler fire hose and grows even when the former is saturatesvever, as the Alfvén fire
hose grows and saturates via a conversion to Alfvén wavashbat the protons, the waves
driven by the whistler fire hose get strongly damped and gisap The Alfvén waves damp
as well, so that at the end of the simulation the wave actigtiow. The strong decay of the
generated waves translates to an important decrease ofrdtenpgemperature anisotropy.

1. Introduction simulations of paper 1 in Figure 1. Figure 1 displays the tvalu-
tion (time given in units of inverse proton gyrofrequenc§pmton
An excess of free energy drives often two different instabil anisotropyl’, . /T}, (left panel) and energy in fluctuating magnetic
ties. The competition process between the two instatsldigpends field (right panel) for the two instabilities: the whistlerdihose and
strongly on their linear growth rates but also on their prtips  the Alfvén fire hose. Figure 1 shows clearly the quasi-lirea-
(saturation mechanisms) and on the initial wave amplitdés lution of the whistler fire hose. On the other hand, the Alffize
Hellinger and Mangeney, 1999]. In this paper we study the non-hose displays a clearly non-quasi-linear evolution; dedaanaly-
linear competition between the whistl&lest and Shapiro, 1996;  sis of paper 1 shows that during its evolution the initialhstable
Gary et al., 1998] and Alfvén fire hoses{ellinger and Matsumoto,  mode is transitory and converts to strongly damped Alfvaves.
2000] driven by anisotropic protons withi,; > 7}, , whereT,,;  As a consequence, the Alfvéen fire hose is very efficient ardgs
andT;,, are proton temperatures, parallel and perpendicular to th&y the proton anisotropy. The 1-D simulation study of paperas
background magnetic field, respectiveiellinger and Matsumoto  very useful for studying the properties of the two instalg§, but
[2000] (referred to hereinafter as paper 1) studied the gniigs in reality the two instabilities coexist and compete. In firesent
of the two instabilities using a linear dispersion solved ane- paper we address the question of the competition betweerwvthe
dimensional (1-D) hybrid simulation&ary et al. [1998] (compare instabilities using a two-dimensional (2-D) hybrid codmslation
paper 1) have shown that the whistler fire hose has essgntiallthat includes both the physical processes. The paper isiaggh
quasi-linear evolution. On the other hand, paper 1 has ledeaas follows: Section 2 describes the code and the simulagisults;
that the Alfvén fire hose presents a complicated behaviorseke section 3 contains a discussion of the results and a conalusi
of illustration and later reference we present the resdith@® 1-D

2. Simulations

2.1. Code
Copyright 2001 by the American Geophysical Union. . . . .
0148-0227/05/2001JA900026$9.00 For the numerical simulation we use a 2-D hybrid code devel-

oped byMatthews [1994]. In this code, electrons are considered
as a massless fluid, with a constant temperature; ions atedras
particles and are advanced by a leapfrog scheme that reghiee

0.7 i ‘ ‘ 0.05 3 ) ! redh
Anisotropy Xol=] ] fields to be known at half time steps ahead of the particlecielo

0.6F 0.04 Whistler ties. This is obtained by advancing the current density i®ttlme
."""—A_If;é‘r;n“‘ 003: ,.;:‘.‘\_‘a,_____firgf]%(f: step thh only one compqtational pass through the partigta dt
05F 47 fire hose| PPy each time step. The particle contribution to the currentsitgrat
e 002} i ', Alfven the relevant nodes is evaluated with bilinear weightintpfeed by

0.4 bmet® T T e 0,01t ' § "-~fl_r‘_9: hose; smoothing over three points. No smoothing is performed @n th
fire hose! ;i T electromagnetic fields, and the resistivity is set to zer@hm’s

0.3 ‘ ‘ ‘ 0.00 bt . ‘ ‘ law. The magnetic field is advanced in time with a modified mid-
0O 100 200 300 400 0 100 200 300 400 point method, which allows time substepping for the advaritke

.t t field.

The units and parameters of the simulation are the following
: : . Units of space and time are/w,; and €;, respectively, where
Figure 1. Evolution of (left) the temperature anisotropy /T e 9 12 ; P i
and (right) the total fluctuating magnetic enefgy?. Evolution wpi = (npe {]m”eo) IS th? proton plasma;requency af =
is shown for whistler (dashed curve) and Alfvén (dash-atbtt eBo/my, is the proton gyrofrequency. In these Expressians,
curve) fire hoses observed in the one-dimensional simuigtio and B, are the denslltylof the plasma protons and the magnitude
of paper 1 of the initial magnetic field, respectively, whitkeandm,, are the
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Figure 2. Simulation: Evolution of (lef) the temperature ani-
sotropyT’, /T and (right) the total fluctuating magnetic energy 0.0

5B? (solid curve). Dashed curves moreover show the fluctuat-
ing magnetic energy in waves with.g < 30° (dashed curve) -4
andé,p > 30° (dash-dotted curve).

Figure 4. Simulation: (left) gray scale plot of the proton
distribution function f(v,v.) at the end of the simulation
and (right) contour plot ofAf = f(v,vL) — foly,vL),

05
where fo(v,v.) is the initial proton distribution function
w ob (solid curves denoté f > 0, dashed curves denotef < 0,
and dotted curve denotésf = 0).
051 1t 1
Bp = npksTy,/ps, Wherekp is Boltzmann constant, arifl.
'g):g : : : e e is electron temperature. We initialize the simulation wittmoge-
Y [t 100-200] 1 neous bi-Maxwellian protons with,; = 2.8 andT},, /T, = 0.4
o4 WEF # 1 \YWF 1 (compare paper 1) in an initially constant magnetic fi&ld di-
02f 1k ] rected along the axis, By = (Bo, 0,0). For these plasma param-

w obs ity . ] eters the two instabilities are present, and the Alfvéntfose has a
AF slightly greater maximum growth rate {7, = 0.059) than does

0.2f the whistler fire hoseyw r,, = 0.056).

o AF
_2': \ "“‘" 2.2. Results
06 ‘ Let us now describe the results of the 2-D simulation and com-
0ab \WE.* T I WE ] pare it to the 1-D simulations of paper 1. Initially, both time
¢ stabilities generate waves for a wide range of wave vectaad
02r o I . propagation angle%. g with respect to the magnetic field, in agree-
w 0 ‘, ’ AF | g -] ment with the prediction of linear theory. Figure 2 showsetielu-

* " tion of the temperature anisotrofy; /T (left panel) and the total
02y 1 AF | fluctuating magnetic energyB” (right panel) in the same format
0.4 \ s il ] as that in Figure 1. Figure 2 (right panel) also shows thertepa
06 e tion of the fluctuating magnetic energy in waves Wi < 30°

00 02 04 06 08 10-60°-40° 20° 0° 20° 40° 60° (dashed curve) ant,p > 30° (dash-dotted curve). During the
initial period¢ ~ 0-100, the dashed curve shows the evolution of
kB the whistler fire hose while the dash-dotted curve shows\vbkie

. . . . tion of the Alfvén fire hose. Figure 2 (right panel, dashedvel
Figure3. Simulation spectrum: (lefg B as a function ok and  gemonstrates that the whistler fire hose grows first (thélrer-
w and (right)é B as a function of,p andw. Simulations are  yrhations dominate at parallel propagation), saturapidly, and
shown for¢=0-100,7=100-200, and=200-400. All the left  go0n gecays during the initial stage, while the Alfvén ficsé is
panels use the same gray scale, and another one is used for gffj| growing (Figure 2, right panel, dash-dotted curveheTatura-
the right panels. WF, whistler fire hose; AF, Alfven fire hose  (jon of the whistler fire hose is in a quasi-linear manner asnier
from the 1-D simulation (see Figure 1 and, for details, pdpgthe
saturation level (for the two instabilities) is lower thdrat in one

imension (compare Figure 1) owing to the higher dimendigha

ffects (oblique waves driven by the whistler fire hose enhahe

proton electric charge and mass, respectively; finally,, and
o are the speed of light and the dielectric permitivity and ma

netic permeability of vacuum, respectively. The spatigbtetion ~. . . -
is da 2 dy — C/w);i‘ and there are§6 partic):lles per c?ell. The sim- pitch angle scattering of proton&frimabadi et al., 1992; Gary

ulation box is in thery plane and is assumed to be periodic in botft @- 1998]) and, naturally, owing to the presence of the other in
dimensions. The fields and moments are defined on a 2-D giid wittability. The fast decay of the waves driven by the whistier
dimensions, x n, = 256 x 128. The time step for the particle N0se is also partly due to the dimensionality effects (sesetbut
advance isit = 0.02€2; ' while the magnetic field3 is advanced mainly is due to the presence of the Alfven fire hose. The éifv
with a smaller time stepitz = dt/10. Velocities are given in units fire hose importantly heats the protons (compare left paofetsg-

of va. The same units are used in Figures 2—4. The relevant plashiras 1 and 2) and therefore disrupts the marginal stabititylition
parameters are the ratig,, /T, and plasma betas, ratios betweerfior the whistler fire hose.

particle pressures and the magnetic pressuse= BZ/(2u0): Later on, the Alfvén fire hose saturates, and the wave agtie-
The electron bet®8. = npkpTe/pnr, the proton parallel beta cays and shifts to the less oblique propagation angles Since
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the evolution of temperature anisotropy in the 1-D Alfvae fiose The results of the 2-D hybrid simulation are in good agregmen
simulation and that in the present 2-D one are similar (compawith the 1-D simulations of paper 1. The main difference s, o
left panels of Figures 1 and 2), we expect that the Alfvéniisee course, due to the interaction between the two instatsliti€he
converts to Alfvén waves (as observed in the 1-D simulatiigpa-  Alfvén fire hose during its nonlinear evolution suppresteswa-
per 1). We also expect that the generated Alfvén waves dampVes driven by whistler fire hose. Furthermore, the final cdeaaf
the protons and decay via a wave coupling to long-waveleagth Alfvén waves goes through a wider range of canals (thanksde
less oblique waves giving a rise to an increase of the fluictyat dimensionality of the simulation), and so the amount of adst
magnetic energy in waves with.s < 30° (Figure 2, right panel, €nergy is more important in 2-D simulation than it is in 1-nsi
dashed curve). Let us now verify our expectations. lation (compare paper 1). _ _ _ _

Figure 3 shows the wave spectrdiB as a function ok andw Let us now try to predlct the behavior of.anlsotroplc neaiity b
(left panels) andy, 5 andw (right panels), respectively, during theMaxwellian protons withl}, > 7}, for medium betas (compare
different time intervals (compare Figure 2):0-100,t=100-200, Paper 1) combining results @ary et al. [1998], paper 1, and this
andt=200-400. Note that there are two gray scales used in Fig2Pe"- The key parameter which determines the behavioreof th
ure 3: one for all the left panels and another one for all tigtri i Stﬁm 'SdAB = By (1 _dTPl/TPH)' I;orAﬂ .<|.1'5 the V\llhIStler
panels. Figure 3 (top panels) demonstrates the coexisteribe eltre al osizgg]mlr;%tﬁséag X%e;picéttr?eqx%\s/grllnftiaraer ﬁ\c’)gémha;g a
two instabilities: the whistler fire hose at parallel proptign and iy : : y

P X stronger growth rate, and we expect behavior similar to finat
t_he zero-frequency Alfvén fire hose at strongly obliquepaga- sente% ingthe present paper FA&% > 1.9 the Alfvéen fire Er(')se
tion. : ’

has a smaller growth rate then does the whistler fire hose. -How

inates the simulation &=100-200 and that the whistler fire hosgfxggr Ztg]gee Atlrf]\(/eegvglrﬁtiggsgf %Cgszggfe:;nv?/ﬁggeesr;;ﬁ?gd;gg t

is strongly suppressed (see Figure 2). Figure 3 (bottomIgBne,y jis presence. To check this expectation we have perfoamed
d.emons.trates.the same kind of evolution as that seen in tBe Ofiher 2-D hybrid simulation foB,; = 2.8 and T}, /T, = 0.2
dimensional simulation (paper 1): The dominating, zesmfrency (A3 — 2.24); in this case the Alfven fire hose has a smaller maxi-
Alfvén fire hose converts to finite frequency Alfvén wavbattare myum growth rate{a .. = 0.12) than does the whistler fire hose
damped (via cyclotron resonance with protons as we cheek)lat(y, ., = 0.14), but we observe an evolution similar to that for
and decay via wave-wave coupling to long-wavelength and leghe case o8, = 2.8 andT,, /T, = 0.4 studied in detail in
oblique Alfvén waves. The two-dimensionality of the préis&im-  the present paper. Therefore the Alfvén fire hose is impoeiso
ulation naturally allows a coupling between more waves,thate- for A3 > 1.9. However, we expect that for some greater values
fore the final wave spectrum is wider and more important tham t of A3 the whistler fire hose again dominates the physics; we ex-
observed in the one-dimensional simulation of paper 1 ($ge Fpect that in this case of strong proton anisotropy the gliasar
ures 1 and 2). approximation is not valid.

Finally, let us have a look at the impact of the wave-particle Let us now briefly discuss a relevance of the marginal stabil-
interactions on the proton distribution function. Figure(léft ity approach Manheimer and Boris, 1977;Gary et al., 1998] for
panel) shows the gray scale plot of the proton distributioncf a general anisotropic proton distribution wify, > 7,.. The
tion f(vy,v.) at the end of the simulation. Figure 4 (right panelprevious discussion suggests that the marginal stabiipraach
displays the contour plot ah f = f(v,v.) — fo(v,vL), where works for bi-Maxwellian protons with a small anisotropy (ain
fo(vy,v.) is the initial, bi-Maxwellian proton distribution func- AB) where the role of the Alfvén fire hose is negligible. If we
tion (solid curves denoté f > 0, dashed curves denatef < 0, assume that for small anisotropies the role of the Alfvéa fiose
and dotted curve denotesf = 0). Figure 4 (left panel) indi- IS marglr_lal_ for all (reasonable) proton distribution fun_us, then_
cates non bi-Maxwellian features: the “ears” around > 2 and the prediction ofGary et al. [1998] based on the marginal stabil-
loy| ~ 1. Figure 4 (right panel) clearly demonstrates that therdy anaIyS|s Wogld be significantly robust. However, in thesmnt
is an excess (comparing to the initial distribution funojiof pro-  Simulation we find an example of the previous assumption et b
tons with|v)| ~ 1.5 andv, ~ 1.5 — 2 and that these particles 9 valid: During the initial phase, after the stabilizatiof the
come from the regions withy| ~ 2 andv, ~ 0.5 — 1. This ef- whistler fire hose, the Alfvén fire hose continues to be ista
fect is compatible with an acceleration via the cyclotrosoreance; 'rl"h_erefore d"‘ée qonil&d?e. (t;hat the a|ma£%|ggl stability apprql[ladhni_ q
a rough estimation gives a phase veloaity, of resonant waves eimer and Boris, Gary et al., ] is not generally vali

lower thanv 4. Therefore the protons has mainly been accelerat(—g(ar anisotropic proton distributions with,) > T,... because of the

. X , existence of the Alfvéen fire hose: The Alfvén fire hose haatgpi-
via t,he qyclotron resonance with the Alfven waves generbiethe cal, non-quasi-linear evolution due to the transitory lvidreof the
Alfvén fire hose (see Figure 3 and paper 1).

unstable mode, disrupts the quasi-linear evolution of théstler

fire hose, and makes the waves driven by the whistler fire hisse d

3. Conclusion and Discussion appear. The simulation results also suggest that thewelatipor-

tance of the two instabilities is very sensitive to the dstaf the

We have studied the competition between the whistler amlistribution function [cf.Gary, 1991], since the whistler fire hose

Alfven fire hoses. We have performed a 2-D hybrid simulais generally a resonant instabilitGary et al., 1998].

tion for the following initial plasma parametergt,; = 2.8 and

Tp1 /T, = 0.4. The two instabilities have different properties as

well as nonlinear evolutions: The whistler fire hose inltialomi-

nates (grows for a wide range of wave vectors) but rapidlyrsags

in a quasi-linear manner in agreement W@hry et al. [1998] and  Gayy, s. P,, Electromagnetic ion/ion instabilities andrthensequences in

the 1-D simulation of paper 1. Meanwhile, the Alfvén fire @0S  space plasma: A reviegace Sci. Rev,, 56, 373414, 1991.

grows and continues to grow even when the whistler fire hose Gary, S. P., H. Li, S. O'Rourke, and D. Winske, Proton resofiaehose

saturated. As the Alfvén fire hose heats the plasma protbes, instability: Temperature anisotropy and fluctuating fietshstraints,J.

marginal stability condition for the whistler fire hose iscogome, Geophys. Res., 103, 14,567-14,574, 1998. N

and the waves driven by the whistler fire hose are stronglypdam Hellinger, P., and A. Mangeney, Electromagnetic ion beastabilities:

The later stage of the simulation is dominated by the Alffiem Oblique pulsations]. Geophys. Res., 104, 46694680, 1999.

. s : . p Hellinger, P., and H. Matsumoto, New kinetic instabilitybi@ue Alfvéen
hose: The Alfvén fire hose saturates via a conversion to th&A fire hose.J. Geophys. Res., 105, 10,519—10,526, 2000.

waves. The Alfven waves are strongly damped, but a partesf th karimabadi, H., D. Krauss-Varban, and T. Teresawa, Physfigstch an-
energy cascades via wave-wave coupling to long-waveletegh gle scattering and velocity diffusion, 1, Theody, Geophys. Res., 97,
oblique Alfvén waves. 13,853-13,864, 1992.
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