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New kinetic instability: Oblique Alfvén fire hose
P. Hellinger and H. Matsumoto

Radio Atmospheric Science Center, Kyoto University, Uji, Japan

Abstract. Two instabilities could take place in plasma with a bi-Maliae proton distri-
bution function with7,,; > T,., whereT,; andT,, are proton temperatures, parallel and
perpendicular, respectively, to the background magnetid.fiThe first instability is the fire
hose (or whistler fire hose), generating low-frequency tidisvaves at parallel propagation.
We found a new, second instability, the Alfvén fire hoset thenerates zero-frequency wa-
ves of the Alfvén branch at strongly oblique propagatioheTAlfvén fire hose has a linear
growth rate comparable to or even greater than that of thestighifire hose. The two insta-
bilities with the same initial plasma parameters are exanhimia one-dimensional hybrid sim-
ulations and turn out to have behavior very different froncleather. The whistler fire hose
has an overall quasi-linear evolution, while the evolutafnthe Alfvén fire hose is more com-
plicated: Initially, unstable zero-frequency waves aradyrally transformed into propagating
Alfvén waves; during this process the waves are strongiypmizd and heat protons in a per-
pendicular direction. Consequently, the Alfvén fire hosevery efficient at destroying proton
anisotropy.

1. Introduction the classical MHD-CGL fire hose; for this reason we call this i
stability the “Alfvén fire hose.” We study the linear profies and
Many processes in a collisionless plasma lead to the develdind that the Alfven fire hose is competitive with, and evemndo
ment of particle temperature anisotropy. The anisotrofésipa inates, the whistler fire hose at the linear stage. We alsfomer
generates instabilities which are often kinetic by themyweature. one-dimensional (1-D) hybrid simulations of the two inglitibs.
The instabilities reduce the anisotropy and affect theglplasma  whereas the whistler fire hose exhibits a quasi-linear hiehawe
properties; the generated waves and anisotropy deterfioinex- nonlinear evolution of the Alfvén fire hose is much more ctimp
ample, characteristic macrophysical speellarimabadi et al, cated and its final plasma state is far from the instabilitgshold.
1995] and polytropic indiceselmont and Mazellel 992]. . This paper is organized as follows: In section 2 we descebe r
An instability typically ends in a state of marginal stayili g5 of linear theory for the Alfvén fire hose (section 2a2 its
[Manheimer and Boris1977, and references therein] where gerye|ation 1o Alfven waves (section 2.1). In section 3 we eiem
erated waves are almost undamped. When the instability nas @g it of 1-D hybrid simulations for the whistler and Adfvfire

overall quasi-linear evolution (so there are no importamlim- | oo Finally, in section 4 we discuss the results and itmgili-
ear effects such as particle trapping and wave-wave cagplihe cations

marginal stability state is identical to the instabilityekhold, given

by linear theory. Many authors used the above argumentstérs-de

mine constraints on temperature anisotropy from linesothand 2. Linear Theory
numerical simulationsGary et al, 1998, and references therein].

_Recently,Gary et al.[1998] studied the properties of a plasma |n this section we show results of our dispersion solver
with the anisotropic proton distribution function witf},; > 7,1,  [Hellinger and Mangeney1999] for a homogeneous plasma with
where T}, and7,, are proton temperatures parallel and perperg;.\axwellian protons and electrons. We assume there is no
dicular, respectively, to the background magnetic fieary et rojative drift between electrons and protons and that targeh
al. [1998; see alsduest and Shapiro1996] have shown that neyrality holds. The units and parameters of the dispersio
the anisotropic protons destabilize the low-frequencyobepro-  gqyer are the following: Units of wave vectér (and its ampli-
ton cyclotron frequency) whistler branch via fire hose ib8iyy; 46 1y and frequencyw are w,i/c and Q;, respectively, where
hereinafter we call this instability the whistler fire hose feasons =~~~ (nye?/ )/ is the proton Iasrr’1a frequenc aﬁd _
which become clear belowBary et al.[1998] have studied in detail ‘”g = \Mpe thmpeo f ; P P ' th quency ahd =
the linear properties of the whistler fire hose and have shosing Zn((j)/Bmpalrse thee ?j':n(s)ir: ggfr(irrgqulzggé potor?:eare\()j(pr;e:ime of
hybrid simulations, that the instability has an overall sjtlmear 0 y ofthe p pr . g

the background magnetic fielB,, respectively, whilee andm,,

behavior. On the basis of arguments of marginal stabilitgiysis ; - g
[Manheimer and Boris1977], and on linear analysis as well as o€ the proton electric charge and mass, respectively; lyinal

the simulation resultsGary et al.[1998] gave a prediction of the @nd o are the speed of light and the permittivity of vacuum, re-
constraints of proton anisotropy. spectively. These same units are used in all our figures. &he r
In this paper we show that a plasma with, < T,, may ©vant plasma parameters are the rafjo /7,, and plasma be-
drive another, new instability that destabilizes a zeemfrency !as, ratios between particle pressures and the magnessyes
part of the Alfvén branch; we find, surprisingly, that Adflw'wa- Pz = Bg/(2p0): the electron bet@. = n,kpTe/ps, and the
ves have complex dispersive properties in higher beta mlasmproton parallel bet#, = n,kpT,| /ps, wherekp is Boltzmann
including anomalous dispersion and zero-frequency moddse constanty is permeability of vacuum, and. is electron temper-
zero-frequency waves are generally strongly damped, lplagma  ature. For isotropic protong},, = T, = 1)) we use the proton
with anisotropic protond},, < T, these waves become unstabetas, = n,ksT,/ps.
ble. The new instability has many properties similar to tho$ The anisotropic proton distribution function with,1 < T,
destabilizes the right-handed, low-frequency whistledmuia the
whistler fire hose Gary et al, 1998]. The unstable waves are gen-
erally resonant, have nonzero real frequency, and havermuami
Copyright 2000 by the American Geophysical Union. growth rate at parallel propagation with respect to the bemknd
0148-0227/05/1999JA000297%$9.00 magnetic field. However, we find that anisotropic protonsordy
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Plate 1. Linear theory: Alfvén wave dispersian = w(k) for
(left) 0 = 0° and (right)0 g = 45° for isotropic plasmas

with 8. and3, equal to 1/2 (black curve), 1 (blue curve), and 2
(red curve).

destabilize the resonant whistler fire hose but also leadrieva
instability: The Alfvén fire hose. Since the Alfvén fire fgois inti-
mately connected with the Alfvén wave dispersion in hospias,
we study in detail the properties of Alfvén waves in the neat-

tion. 4.0 ‘ ‘ T 0.20
YWFm

2.1. Alfvén Waves 3.57 /," . 0.15¢ 5 8

In homogeneous, Maxwellian plasmas, Alfvén waves are_= 30} 1 o010} ﬁpl | ]
nondispersivey o k, and almost nondamped for long wavelengths
k < wpi/c. For shorter wavelengths the proton cyclotron reso-  25f .~ 0.05F \ b
nancew — kv = ; damps Alfvén waves and leads to a dispersive \
behavior: 2.0 0.00 ‘

O*w(k,kp)/0k* <0, 1)
wheref g is the angle between the vector and the background

magnetic fieldBy. In a cold plasma the frequency of Alfvén wa-

ves monotonically increases Asncreases and approaches, ~
Q;cosbpp ask — oo for O < 80°. However, the situation
is more complicated in a hot plasma: For higliethe dispersion
becomes anomalous with

aw(k,GkB)/é)k < 0. (2

OBLIQUE ALFVEN FIRE HOSE
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Plate 2. Linear theory,(,; = 2.8, T,1 /T, = 0.6: Alfvén
wave dispersionv as a function ofk and 5 shown as a
two-dimensional (2-D) color scale plot (the color scaleduse
is displayed at right). Solid and dashed curves deitgte=

k cos 0 g that equals 0.3 and 0.15, respectively.
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Plate 3. Linear theory: (left) Blue area shows a region in
(T /Ty, Bp) SPace where the maximum growth rate of the
Alfvén fire hosevyar., is greater than the maximum growth
rate of the whistler fire hosew ... Overlain curves denote
the relationss,, (1 — T, /T,))) equal to2 (dash-dotted curve)
and 1.5 (dotted curve). (right) Maximum growth ratesy rm
(black curve) andyw .. (blue curve) as a function df,1 /T,

For parallel propagation the frequency reaches zero and evefor g, = 2.8

changes sign. For oblique propagation the dispersion is m@e
“exotic™: The two oppositely propagating Alfvén waves caaero

frequency and convert themselves to two zero-frequencyesiodplate 2 shows a 2-D color scale plot of the dispersion reiatid

for shorter wavelengths, Alfvén waves reappear with a gedrfre-
quency sign (and therefore right-handed polarization).cauify
the above statements, we show results from the dispersieerso

Alfvén waves,w, as a function of and6x.p for 3, = 2.8 and

o LTm

the so

= 0.6 (hereinafter, we use the ad hoc valfie = 0.5);
and dashed curves denbje= k cos 0 g that equals 0.3

Plate 1. Plate 1 shows three examples of Alfvén waves digper and 0.15, respectively.

w = w(k) for parallel,0,g = 0°, propagation (left panel), and

Plate 2 shows that the dispersion properties of Alfvén sare

oblique,frs = 45°, propagation (right panel), for isotropic plas-indeed complicated. There are three qualitatively difiextisper-
mas with3. andg3, equal tol /2 (black curve),l (blue curve), and sion relationso = w(k) for a fixedbr 5.

2 (red curve). Note that we assura@ositive and show modes with

1. Forfxp < 50°, w increases a% increases for long wave-

positive and negative frequencies Plate 1 (left panel, red curve) 1engths, then crosses a turning poit /0k = 0, and eventually

shows the actual crossing of two oppositely propagating&ifwa-
ves atw = 0 at aboutt = 8 for 5, = B. = 2. Plate 1 (right panel)
shows the zero-frequency modes far= 5, = 1 (blue curve) for
k > 2 and forg. = 3, = 2 (red curve) fork between 1 and 2.

Plate 1 also shows that a 2-D view of the dispersion relatic\l%
w = w(k, Orp) is necessary to have a full picture of the propertieg

changes sign.
the Alfvéen branch contains a wide region of zero-frequenwayes
(light blue region).

Fot0° < 6w < 50° and0.3 < k < 0.8,

2. For50° < Oxp < 52°, w increases ak increases for long
avelengths, then crosses a turning point, and reaches 2dro

ventually reaches zero, giving rise to the second zeifracy

of Alfvén waves. Before we proceed further we note that tlae Wregion.

ves of short wavelength (including the zero-frequency rspdee

3. Forf,p > 52°, w is always positive, increases aincreases

r the zero-frequency regiow,increases and decreases again, and

strongly damped in the isotropic plasmas. For this reasetnis  for ong wavelengths, then crosses a turning péinfdk = 0, and
concentrate on the properties of anisotropic plasmas. then decreases to another turning pa@at/dk = 0, and eventu-

As the ratioT},, /T, decreases and/dh, (3,) increases, the ally increases a increases. The abrupt change of frequency for
complicated behavior of Alfvén waves becomes more prooedn k ~ 0.83 is due to a jump between two branches, as the dispersion
The zero-frequency region approaches longer wavelengtiygp-  solver tried to continue on the first branch but failed and etbto
ical example of the dispersion properties is shown in Plate the second branch of dispersion relation G6f < g < 52°).
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70° 0.06 Fluctuating quantitieén andd B (equation (5)) are correlated
60° en
50" 4 fire hose 3 005 on = adB, (6)
0,5 o o o
kB 30° / Whistler 3 o0.04 where the coefficient is negative ifn - k x By is positive (and
20°E [ ite hose - vice versa).
10° ﬁ 0.03 The features of the Alfvén fire hose as the linear polarirasind
0° the anticorrelation betweem andd B (equation (6)) are important
1.5¢ ; : —0° -~ 3 0.02 for the recognition of the Alfvén fire hose. However, the r-
1oF Whistler fire hose 6,0 E ties are pregicted by linear theory, and whether they am
W os 3 _ 3 001 even for the nonlinear stage of the instability evolutioa {goblem
0.0F B r— 0] we investigate in section 3.
05¢ Alfven fire hose 65=53 3 .00 Letus r?ow compare the growth rates of the Alfvén and whistle
0.0 0.2 0.4 0.6 0.8 1.0 fire hoses for bi-Maxwellian plasma. Results of an explorati
k clw, for plasmas with0.1 < T,. /T, < 0.6 and2 < B, < 4 are

shown in Plate 3. Plate 3 (left panel) shows a blue area, aregi
in (Tp. /Ty, Bp) Space where the maximum growth rate of the
Alfvén fire hoseya rn, is greater than the maximum growth rate of
e whistler fire hosew ... The dash-dotted curve denotes the re-
tion 3, (1 —T,1 /) = 2 (the threshold of the MHD-CGL fire
hose), while the dotted curve denotgsg (1 — T, /T,)) = 1.5.
Plate 3 (right panel) displays growth rat@s r.,, andyar.. (blue
curve) as a function df, . /T, for 3, = 2.8. From Plate 3 we
conclude that in moderately hot plasmas with< 3, < 4, the
Alfvén fire hose dominates over the whistler fire hose forrapp

Plate 4. Linear theory,3,, = 2.8, Tp1 /T, = 0.4: (top)
Growth ratey = ~(k,0,p) of the Alfvén and whistler fire
hoses shown as a 2-D color scale plot. (the color scale use
is displayed at right). (bottom) Frequeney= w(k) of unsta-

ble waves for the whistler fire hose@&is = 0° and the Alfvén
fire hose ab g = 53°. The curvesv = w(k) are colored using
the growth-rate color scale displayed at right.

The second zero-frequency region and generall Shomately
wavelength waves are 0(13 Iowyintergst since tr?ey areystrongly 1.5 < By (1 = Tp1 /Tp)) < 1.9. )
damped. Itis interesting to note that for some plasma parameteesHtae 3,

A closer look at Plate 2 reveals that the turning poiits’ 0k =  right panel) the Alfvén fire hose is stabilized while the stfer fire
0 are near the curve satisfying the relatign = 0.15. Similarly, hose is unstable [cGary et al, 1998].
the zero-frequency region (light blue) is also mainly gosst by a Another comparison between growth rates of the instaditor
relationk; ~ const (see Plate 2, solid curve); this feature suggessge case is shown in Plate 4. Plate 4 (top panel) displays ety

that the cyclotron resonance, rate as a function of andé, 5 shown as a 2-D color scale plot (the
color scale used is displayed at right) for the Alfvén firsé@nd
ky = w £ (3) the whistler fire hose fop,| = 2.8, and7,. /T, = 0.4 (the
Ures case we study in section 3 using a hybrid code). Note that the

two islands of instability in Plate 4 (top panel) correspaadwo
€different branches with quite different frequency regimPéate 4
(bottom panel) shows the frequency = w(k) of unstable wa-
ves for the whistler fire hose @& = 0° and the Alfvén fire
: . 9 : : hose at,g = 53°. The curvesv = w(k) are colored using the
gfa Plf:ep Ei?gt)rﬁ]guvt\:g?l %Eﬁé?é%?wms| 2—3va fall to the tail region growth-rate color scale displayed at right. Both the intitids
So far the Alfvén branch (including the zero-frequency emyd 2'e unstable for a wide region &f vectors and have comparable
was stable. This is no longer true if the anisotropy getsngleg as  Mmaximum growth rate. The Alfvén fire hose has a slightly tgea

(vres denotes resonant velocity), plays an important role. ldde
for w < €; andures ~ const we havés; = £2; /vres ~ cONst. ON
the other hand, the zero-frequency waves, Wijth~ 0.3 — 0.5, are
not strongly (cyclotron) resonant with the protons, sinoe teso-

we shall see in the next section. maximum growth rate<arm = 0.059) than the whistler fire hose
(ywem = 0.056) in this case (see Plate 3).
2.2. Alfvén Fire Hose The growth rates of the two instabilities are also influenced

electrons. Electrons are nonresonant for the two inlitiabi
may significantly change the plasma dispersion praggeend
therefore the growth rate. For isotropic electrons, whemeasing
Boil(1 = Tpr /Tyy) ~ 1.4 @ the temperature the growth rate of the whistler fire hose &lpe
for 2 < B, < 4, one of the zero-frequency modes becomes uonstant but that of the Alfvéen fire hose slowly increases. féx
stable, with a maximum growth rate at .oblique propagatiothwi the electron temperature anisotropy, when the rdtio /T, in-
respect to the background magnetic field. The unstable zegeases, the maximum growth rate decreases (and vice Versa)
frequency mode shares many properties with the MHD-CGL fif¢e whistler fire hoseHennel and Scarf1968;Hollweg and Volk

b
If the anisotropy exceeds a threshold, which we find near “b%t
relation

hose: It is linearly polarized, 1970], as well as for the Alfvén fire hose, and we have fourad th
the growth rate for the two instabilities decreases at coaipa
0B =6Bn (5) speeds.

. . . Linear theory suggests that the Alfvén fire hose is impdrian
_(Wheren is a unit vector parallel t& x By), is nonresonant, and ihe context of space plasma physics, since it is competititie,
is purely growing,w = 0. Therefore we call the instability (and 54 even dominates, the whistler fire hose. The two instiiil
the mode) the Alfvén fire hose. The main difference betwéen t, their linear competition are only slightly influenced dlgc-

Avaé?n fire hosetr?ndtthetMHDl-ICIGL fire h?se is_l_trr]l.at.thg Iaititgs hatrons, and therefore a hybrid code which treats electro@srasass-
maximum growth raté at paraliel propagation. This IS beeaus ¢ f,iq s a suitable tool for a study of their nonlinear débr

MHD-CGL neglects the cyclotron kinetic effects, which amehis [Gary et al, 1998]. In the next section we perform 1-D hybrid

case important. ; : . L ;
The obliquely propagating Alfvén fire hose is compressiblg'mmat'ons of the two instabilities and compare their hessu

on # 0 with the compressibility ratio

(6n/n)/(|6B|/Bo) ~ 0.1. 3. Simulations
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Figure 1. Simulation results for initial conditions,; = 2.8 Sy
andT},, /T, = 0.4: Evolution of (left) temperature anisotropy oEE------. O+t - ---.
Ap = T,1 /Ty and (right) magnetic fluctuatiofiB? for the
whistler fire hose (solid curve) &, = 0° and the Alfvén fire 0.2
hose (dashed curve) 8tz = 53°. 04 ‘ ‘ N, ‘ ‘ ‘ ‘\‘\
0 02 04 06 08 10 02 04 06 08 1
For the numerical simulations we use the 1-D version of the hy Clo; Clo;

brid code developed bylatthewg1994]. In this code the electrons

are considered as a massless fluid, with a constant tempertte  pjate 5. Simulation results for the Alfvén fire hose @t =

ions are treated as particles and advanced by a leapfrognsche 53°: Spectrumu = w(k), as a color scale plot, at different time
which requires the fields to be known at half time steps ahéad ojntervals. The same scale was used for all four panels. Gurve
the p_article Ve|OCItIeS, th|S is obtained by adVa-nCing therent denote prediction of linear theory’ using Correspondim@et
density to this time step with only one computational passubh  ayeraged proton temperatures, and assuming that the proton
the particle data at each time step. Two interlaced gridsiseel,  have bi-Maxwellian distribution (solid curve is = w(k) and

one with nodes at cell centers for the electric field and thewot  gashed curve is = ~(k)).

one with nodes at cell vertices for all the other fields. Theigle
contribution to the current density at the relevant nodesvidu-

ated with bilinear weighting. No smoothing is performed be t
electromagnetic fields, and the resistivity is set to zer@hm’s 0.6
law. The magnetic field is advanced in time with a modified mid-
point method, which allows time substepping for the advaritee 04
field.

The units and parameters of the simulation are identical to
those of the dispersion solver (section 2): Units of spacg an
time arec/wp; and 1/);, respectively. The spatial resolution is
dr = c/wy;. There arel0, 240 particles per cell. The simulation 0.0
box is along ther axis and is assumed to be periodic. The fields [
and moments are defined on a 1-D gridl6R4 points. The time  -0.2 ™ %,
step for the particle advanceds = 0.02Q;*, while the magnetic
field B is advanced with a smaller time steftz = dt/10. Veloc- 0.4
ities are given in units of 4, and the magnetic field is in units of
By, whereuv 4 is the Alfvén velocity. The same units are used in all 06
subsequent figures. LT

We initialize the simulation with homogeneous, anisotcgpio- 200 300 400
tons, 3, = 2.8, andT},. /T, = 0.4. Electrons are isotropic and Time
have3. = 0.5. We perform two simulations: The first one for
the study of the whistler fire hose, where the initial homagRs  Figyre 2. Simulation results for the Alfven fire hose &tz =
magnetic field is along the axis, Bo = (1,0,0), and the second 530 Eyolytion of the magnetic fluctuatiofB? (solid curve)
one for the study of the Alfvén fire hose, where the initialgmetic 514 the correlation betweeiB andsn. (6B, 6n) (asterisks).
field is Bo = (cosOkp,sin bk, 0), wherefpg = 53°. Let us ' '
now look at the simulation results.

L L L B B B B
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. . curve). During the linear stage, both instabilities grow farge
3.1. Nonlinear Evolution number ofk vectors with the predicted linear growth rates. Fluc-

Quest and Shapirfl996] andGary et al.[1998] have shown tuating magnetic field energy dgnsi_@BQ grows faster for the
that the whistler fire hose evolves and saturates in a qiresisl whistler fire hose than for the Alfvén fire hose becausektinegion

manner. In agreement witQuest and Shapir§1996] andGary of unstable waves is wider for the whistler fire hose (seeePdat

et al. [1998], we observe a similar evolution. So hereinafter Wg(r)égggjaei%?wel); moreover, the initial noise dominates atlpelr

gggﬁﬁgﬁ}ﬁtﬁ ?hg;eoﬁlrf,\é e\?vrﬂglgraisree ﬁg(sjeon the comparisomsof Figure 1 illustrates the fact that the whistler fire hose hasasi-
. ) f T ) . linear evolution (right panel): Magnetic fluctuation saii@s at a

As the linear properties of the Alfvén and whistler fire h®8E- o rain level and stays at about this level after the saamafThe
fer, so do their nonlinear evolutions. Indeed, in Figure 1008)-  5nisotropy slightly decreases to a level where the degebiva-
pare the evolution of the Alfvén fire hose with that of the stfdr eg gre marginally stable.
flrg hose in the two hybrld simulations. Figure 1 shows the-evo The Alfvén fire hose presents a different evolution (Figlire
lution of temperature anisotropyt, = 7,1 /T, (left panel) and dashed curve): The waves grow, saturate, and then are rather
magnetic fluctuatiod B (right panel) during the simulations for strongly damped for time>180. The damping results in an im-
the whistler fire hose (solid curve) and the Alfvéen fire hodashed portant reduction of anisotropy as Figure 1 (left panelpences.
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The Alfvén fire hose is (in the present case) more efficiergdic-

: : ) ' Whistler fire hose
ing the anisotropy than the whistler fire hose. Let us nowysthd : ‘ ‘

Alfven fire hose

evolution of the Alfvén fire hose in detail so as to determiviey Zg 4 10 1
its evolution is so different from that of the whistler firede ’
20} 1t ]
Y
3.2. Alfvén Fire Hose and Alfvén Waves J-1_5 F 1 ]
Let us first recall that the Alfvén fire hose is a result of thene 10F 1F 1
plicated dispersion of Alfvén waves (see section 2.1); negion b 1t ]
p N - 0.5
where we usually see Alfvén waves in isotropic plasma,eler 0.0
ists an unstable, zero-frequency mode in a plasma with tojEo ) ‘
protons. This feature is the key to understanding the neatievo- 4 -2 0 2 4-4 2 0 2 4

lution of the Alfvén fire hose. v
Initially, the Alfvén fire hose grows for a wide range @&f
vectors with linearly polarized magnetic fluctuatioh® = B,;
B, By ~ const. As the amplitude of the waves becomes impor-
tant, quasi-linear effects appear, and the waves startognetons
mainly in the perpendicular direction. At this moment thepdir-
sion properties turn out to be important. As the tempereadnisot-
ropy reduces, the dispersion changes: The zero-frequegigr

displaces. As consequence, an initially unstable, zexguiency whereB, (k) andB. (k) are
mode with a giverk vector sees the gradual change of dispersion

Plate 6. Simulation results: Proton distribution function
vy f(v),vL), as color scale plot, of (left) the whistler fire hose
atf,p = 0° and (right) the Alfvén fire hose @ = 53° at

t = 400.

property and eventually converts to “standard” Alfvén wavBe- .
cause the Alfvéen fire hose is linearly polarized, the Aifwgaves By(k,t) = /By(Lt) exp(ikz)dx
inherit the linear polarization. The energy of the Alfvérefthose

is converted to a superposition of Alfvén waves propagptiaral- B.(k,t) = /Bz(m, t) exp(ikx)dz

lel and antiparallel with respect to tlkevector. The conversion is a

source of damping, and the resulting Alfvén waves are asoEed (i reglity we perform discrete Fourier transform). Angleatk-
(these two mechanisms are tightly connected, and one callyhalg(s genote the time average over the interval 200-400 (wé@tse
say which one is more important). The damping results in an adamples of3, and B.), and the asterisks denote the complex con-
ditional proton heating (mainly in the perpendicular difec) and jugates. We have found significant bicoheregk: , k2) ~0.75—
gives a positive feedback to the whole process. Finallyatiisot- 99 among waves with.4 < k < 0.8, k» < 0.15, and
ropy is strongly reduced and the wave activity is stronglgpngdad. ks = ki + k2 (see Plate 5, bottom). This result suggests that the

Let us illustrate the above described process using thel&imujayge-scale Alfvén waves are indeed generated by the wave-
tion data. Plate 5 shows the integrated spectra w(k), as a color jnteraction, but further investigation of this phenomei®heyond
scale plot, in different time intervals (the same scale weaelfor  {he scope of this paper.
all four panels); for the overall evolution see Figure 1. Tome Linear theory predicts that the Alfvén fire hose is compress
pare the simulation results with the linear theory, we haugrlain  jpje with the anticorrelation betweein ands B (see section 2.2).
w = w(k) (solid curve), andy = (k) (dashed curve), calculated\ye have seen, however, that during the nonlinear evoluien t
using the dispersion solver for the time-averaged protamp&a-  Alfven fire hose converts to Alfvén waves, so one may wonder
tures, and assuming the protons have bi-Maxwellian distioh.  \hat is happening with the phase betweenandsB. Figure 2
. Plate 5 (top left) shows the spectrum during the time 0-10@jsplays the evolution of magnetic fluctuatioi? (solid curve)
i.e., during the initial, mainly linear stage: Alfven firo$e wa- and the correlation betweeiB anddn (asterisks){5 B, 5n). Fig-
ves are generated at zero-frequency (with a finite frequeposad yre 2 shows that during the initial, linear stage the cotieta
owing to the finite growth rate) in the regiok (-0.3-0.6), where (5B sn) becomes significantly negative, which is in agreement
linear theory predicts instability. Plate 5 (top right) sfwthe spec- ith linear theory. Later on, however, the correlation syeirto
trum during the time 100200, i.e., during the period of &ttan:  the positive value and oscillates with a low amplitude acbaero.
Alfven waves (withk < 0.5) coexist with zero-frequency mode Thijs effect is a consequence of the transformation of the/hif
(with £ > 0.5). The linear prediction does not fit very well to thefire hose to Alfven waves: Let us for simplicity suppose ttat
spectrum observed in the simulation because, as we shdlltsee Alfven fire hose of givenk vector, k = (k,0,0), in a frame
the protons are far from being bi-Maxwellian, and, moreptee \where B, = (cos53°,sin 53°,0), generates two linearly polar-
plasma parameters are changing during the time interf@ssdme  jzed Alfven waves of the same amplitude, propagating feirahd
arguments also apply for the other panels, but at leastrltheary  antiparallel with respect to thie vector. The magnetic and density
shows a qualitative agreement with the simulation. fluctuations then read as follows:

The two bottom panels of Plate 5 show that Alfvén waves are
damped at time 200-400. Plate 5 (bottom right) also revéws t 53 o cos(kz — wt) + cos(kx + wt)
long-wavelength Alfvén waves (with < 0.2) appear at later times
of the simulation; they are elliptically polarized withB, >> on o< cos(ka —wt — @) + cos(kz + wt +¢),
0B.. A natural explanation of this phenomenon is that a wavi

)

Svherew is the wave frequency and is the phase difference be-

wave coupling takes place between two short-wavelengthéslf

waves and one long wavelength. The condition for this waseen

interaction is favorable since later on (Plate 5, bottonfy@éh wa-
ves driven by the Alfvén fire hose are almost dispersionless &,
for k < 0.6.

To test if there exists a three-wave interaction, we haveusal

lated the (modified) bicoherency(k1, k2) [cf. Rezeau et a11997]
of B. and B, components of magnetic field as follows:

Cky, ky) = D= (k1) By (k2) B (k1 + kz>*|>

UB-(k)By (k) Bl T o)y O

tweendn anddB. The angleg is = for the Alfvén fire hose; for
Alfvén waves we get an estimation based on bi-Maxwelliapdr
theory¢ ~ m/2, so we suppose that in the simulatigns a func-
tion of time. If we now calculate the correlation betwe®h and
on for given timet, we get

fozﬂ/k §Béndx
VIZE6B)2da [27 (5n)2da

(0B, én)

0 0

= sgn[cos ¢ + cos(2wt + ¢)]7 (10)
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wheresgn is the signum function defined as follows: Gary et al.[1998], and then both anisotropy and magnetic fluctu-
ation rest almost constant and no important wave-wavedotien
1 >0 follows. This is probably due to the low amplitude of desliabd
sgn(z) = 0z=0 (11) waves in our case [cRuest and Shapirol996]. Such an evolu-
-1 z<0. tion is largely due to the limitations of 1-D simulations;deed,

Gary et al.[1998] have shown that in 2-D there is a slow wave
Equation (10) shows that two oppositely propagating wavits w damping and proton heating even after the saturat®ary et al.
w # 0 and¢ not close tot7 naturally generate a strong oscilla-[1998] interpret these effects as a consequence of thermess#
tion of (§ B, n) betweenl and—1 with the frequencyw. In the oblique waves which enhance the pitch angle scatteringaibps
simulation, there are many modes with differént, ¢, and ampli- [Karimabadi et al, 1992]. In this article we are mainly concerned
tudes, and therefore the oscillation @tB, dn) is smooth and less with the new instability, the Alfvén fire hose, and for thisrpose
pronounced. The strongest oscillation appears just ategmhing  we perform only 1-D simulations, which allow us to study peop
of the nonlinear phase since the conversion of the strofJB&n tjes of both instabilities separately.
fire hose modes takes place at similar times and their frauen  \we have shown that the Alfvén fire hose has a more complicated
is similar, close to initial zero frequency; the first osaflbn has qnjinear evolution. Alfvén waves have a complicated elisjpn
frequency2w ~ 0.12. including a zero-frequency domain which is destabilizedpby-
3.3. Particles ton temperature anisotropy. As time goes on and the Alfvén fi
- hose instability evolves and reaches significant amplgudeasi-
Let us now explore the impact of the wave-particle intercti linear effects heat protons and reduce the anisotropy. Méud-
on the proton dis_tribution function._ Plate 6 shows simuiaie_oton ing changes the dispersion properties of the plasma, anzettoe
distribution functionsv, f(vy, v.) (integrated over all the simula- frequency domain displaces out of the region of instabilithe
tion box), as color scale plot, of the whistler fire hose (fedhel)  zero-frequency waves are forced to transform themselvem-to
and the Alfvén fire hose (right panel) at the end of the cqwes-  ginary Alfven waves, enhancing the proton heating andetioee
ing simulation. First, we look at whistler fire hose. The qua®ar  giing positive feedback to the whole mechanism. The Aifvé
fr\llglgﬂggnoijg?rlils)tllﬁir()fr;r?urrllgzgr:e(?Ddlgtteo6a Tg}?g\;ﬂgl)srﬁggggeg waves damp and heat the protons. At later times, Alfven wave
. \ ’ ) become dispersionless, and a part of the fluctuating eneagy c
panel) shows there is a small increaseli, /T, If we look o0 longer wavelengths within the Alfvén branch {@fiest

in detail at the proton distribution function (Plate 6, lefinel), . X ,
we find out the F()jistribution function has nog-bi-Maxwgl?iwa)- and Shapirg 1996]. We have seen that the evolution of the Alfvén

tures. The reduced distribution functigh{v, ) has a power-law- fire hose can hardly be described as a quasi-linear one, erfihéth
like dependencédog f o —logv, for suprathermal velocities; State of the marginal stability is far from the instabilityreshold,
f(v1) is close to thes distribution function with the fitted value and so the procedure Gfary et al.[1998] cannot be simply applied
k1 ~ 150, which is compatible with a quasi-linear evolution [cf.to this instability.
Ma and Summers1998]. However, the reduced distribution func- So far we have studied only a plasma with isotropic electrons
tion f(vy) is neither Maxwellian nok-like; f falls with v faster ~and anisotropic bi-Maxwellian protons. The influence ofcélen
than in the Maxwellian case for suprathermal velocities essalt  anisotropy and (anisotropic) minor ions (to say nothinguilymn-
of cyclotron-resonant, quasi-linear evolution. bi-Maxwellian distribution functions) changes the dispen and
The Alfvén fire hose has a more intensive wave-particlerintegrowth rates, but we expect the overall nonlinear evolutiauld
action than the whistler fire hose (see Figure 1). Therefoig i pe similar (at least for the case of low growth rates, wheegetfis
not surprising that the distribution function presentsrargy devi- g jmportant particle trapping). Another problem is the peti-
ation from a bi-Maxwellian distribution. Indeed, in Plat§r@ht  tjon petween the whistler fire hose and the Alfvén fire hosethie
panel) one can easily see protonguff ~ 1 — 1.5 which were ac- 4 instabilities have similar growth rates, the nonlinefiects on

celerated in the perpendicular direction by the Alfvén e@avThe i : ; :
reason why the heating is so localized is evident from Plgto# g}?uiarrzpﬁgﬂfn are important. These problems will be thgeat

tom panel) and Plate 6: The Alfvén fire hose is generated fomly
a narrow range ok vectors, and so the resulting Alfvén waves are Acknowledgments. P.H. thanks the Japan Society for the Promotion of
resonant with protons only in a limited range of (paralledjoci- Science and acknowledges grants-in-aid for scientificaree98047 and
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4. Discussion and Conclusion

We have shown that protons with a temperature anisotropy
T, > Tp,. do destabilize not only the well-known whistler fire
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