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Abstract. Several in situ measurements performed in the so-high-energy electron fluxes and low-frequency electrostatic
lar wind evidenced that solar type Il radio bursts were some-and electromagnetic waves (Lin et al., 1981, 1986, 1998;
times associated with locally excited Langmuir waves, high-Kellogg et al., 1992a, b; Stone et al., 1995; Reiner et al.,
energy electron fluxes and low-frequency electrostatic andl992; Thejappa et al., 1995; Ergun et al., 1998; Thejappa and
electromagnetic waves; moreover, in some cases, the simuMacDowall, 1998; Moullard et al., 1998, 2001); moreover,
taneous identification of energetic electron fluxes, Langmuirthe simultaneous identification of energetic electron fluxes,
and whistler waves was performed. This paper shows how.angmuir and whistler waves was performed by some of the
whistlers can be excited in the disturbed solar wind throughcited experiments. It is commonly believed that the impul-
the so-called “fan instability” by interacting with energetic sive solar electrons ejected from the corona develop a stream-
electrons at the anomalous Doppler resonance. This instabiing anisotropy as the faster electrons catch up to the slower
ity process, which is driven by the anisotropy in the energeticones, which results in the appearance of a bump (or beam) in
electron velocity distribution along the ambient magnetic the tail of the electron velocity distribution. Langmuir waves
field, does not require any positive slope in the supratherare then supposed to be generated by a bump-in-tail insta-
mal electron tail and thus can account for physical situationsbility which is saturated by the quasi-linear relaxation of the
where plateaued reduced electron velocity distributions werdbeam and finally leads to the flattening of the velocity distri-
observed in solar wind plasmas in association with Langmuirbution in the tail region (Ginzburg and Zheleznyakov, 1958).
and whistler waves. Owing to linear calculations of growth The Langmuir waves excited at the plasma frequengyre
rates, we show that for disturbed solar wind conditions (thatthen believed to be involved in nonlinear wave-wave inter-
is, when suprathermal particle fluxes propagate along thection processes and to be converted in escaping radiation
ambient magnetic field), the fan instability can excite VLF at the plasma frequency and its harmonig,2giving rise to
waves (whistlers and lower hybrid waves) with characteris-strong radio emissions (e.g. Papadopoulos et al., 1974; Bard-
tics close to those observed in space experiments. well and Goldman, 1976; Smith et al., 1979). Even if several

Key words. Space plasma physics (waves and instabilities)'n situ obseryatlons confirm part of this scenario, many fea-
tures governing the mechanisms of the appearance of these

— Radio Science (waves in plasma) — Solar physics, astro-" ~ . .
physics and astronomy (radio emissions) radio bursts remain, up until now, to be understood. Indeed,

many questions remain to be solved concerning the gener-
ation mechanisms of each type of wave which participates
in the production of the bursts, the processes that govern the
1 Introduction high-energy fluxes’ evolution and the role of nonlinear wave-

) . wave interactions. In this paper, our attention will be focused
Solar type Ill radio bursts are generated by energetic electron ., iha role of low-frequency waves as whistlers and lower

peams — sometimes associated with solar flares — which Ori%ybrid waves in the solar wind and more specifically, in the
inate from the solar corona and travel along open mag”et'(generation of type 11l solar radio bursts.

lines toward the interplanetary space (Zaitsev et al., 1972, Whistl b din th | ind v believed
1974; Melrose, 1974; Gurnett and Anderson, 1976). Several b IS ersc: (siebrve In the ?Obe}lr.twm aredubsuiyd'etle\{['e
in situ measurements evidenced that these radio bursts wefg P€ generated by some instability caused by the distortion

sometimes associated with locally excited Langmuir waves 2 the electron velocity distribution from the maxwellian one.
‘Most probable instabilities are due to the anisotropy between
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1999b), to the anisotropy of the parallel velocity distribution these whistlers may be driven by a non-maxwellian feature
which appears through heat transfer (Forslund et al., 1972¢f the solar wind velocity distribution (pear-shaped structure)
Gary et al., 1975; Jie Zhao et al., 1996), or to the presencén disturbed times and may grow via Landau resonance with
of suprathermal electron fluxes or beams (Kennel and Wongthis free source. Such type of distribution is closely asso-
1967; Tokar et al., 1984; Ergun et al., 1993; Omelchenko eftciated with the presence of obliquely propagating whistlers
al., 1994). Whistlers can also be excited by nonlinear wave-with a frequency of around 1 Hz, which were often observed
wave processes; let us cite, for example, the decay of a Langwithin the electron foreshock (Hoppe et al., 1982). Ex-
muir wave into another Langmuir wave with the participation tremely intense parallel-propagating whistlers were also evi-
of whistlers and lower hybrid waves, as considered by Kuodenced recently near the bow shock by the Geotail satellite,
and Lee (1989), Leyser (1991), Sawhney et al. (1996) andand were believed to be excited by electron beams with tem-
Sharma et al. (1998) for ionospheric and laboratory experiperature anisotropy (Zhang et al., 1999b). The same mecha-
ment conditions, and only by Abalde et al. (1998), Chian andnism of excitation is proposed to explain the observation of
Abalde (1999) and Luo et al. (2000) for solar wind plasma quasi-parallel propagating whistlers in the Earth’'s magneto-
conditions. tail (Zhang et al., 1999a) or the correlation which was evi-
During the solar 11l radio bursts observed by the Wind denced in the plasma sheet boundary layer between broad-
spacecraft (Ergun et al., 1998), locally enhanced Langmuitband electrostatic noise around 10 kHz, energetic electrons
waves were observed in the solar wind in association witharound 1 keV to tens of keV and whistler mode magnetic
fluxes of high-energy solar impulsive electrons ranging fromnoise bursts below 178 Hz (Parks et al., 1984).
2 to 12keV, as well as with low-frequency electromagnetic  After this brief list of examples showing the presence of
and electrostatic emissions (whistlers, lower hybrid waveswhistlers in the solar wind in various regions of the inter-
and ion acoustic waves). However, the measured electroplanetary space and of the near-Earth’s environment, one
reduced velocity distributions (that is, the total electron ve-can ask the fundamental following questions: what is the
locity distributions integrated on the perpendicular velocity) source of the whistlers observed in the solar wind and, more
were rarely exhibiting bump-in-tail features and for most specifically, what is the source of the whistlers observed
of the recorded data the distributions were marginally sta-in association with solar bursts? Are whistlers and Lang-
ble or plateaued during the appearance of the strong Langmuir waves coupled through nonlinear wave-wave interac-
muir emissions. Nevertheless, in the case of the ISEE-3ions (Kennel et al., 1980) or are they excited simultane-
experiment (Lin et al., 1981), very clear and long-living ously by the electron fluxes (Thejappa et al., 1995)? What
bumps in the reduced electron distributions were detectedinfluence do whistlers produce on the Langmuir turbulence,
that is, strong positive slopes persisting for periods greatekvhich is believed to be the main agent of the radio bursts? Do
than 10 min. This discrepancy between both experimentsthe whistlers play a role in the fact that the electron fluxes can
maybe partly due to the solar activity during measurementspropagate along very long distances from the solar corona to
allow one to suppose that not only one, but several variousl AU before being plateaued, as shown by observations? In-
physical phenomena should play and interfere together. deed, one can suppose that Langmuir excitation will lead to
Moreover, such kinds of observations were also performedstrong particle diffusion in velocity space and will not allow
in other regions of the solar wind where the electron veloc-for the propagation of a coherent stream of electrons far from
ity distributions exhibit various peculiarities. Indeed, locally the Sun, but only along a few kilometers. Thus, in order to
enhanced Langmuir waves were observed in the solar winexplain the observations, one has to find which mechanisms
in association with high-energy electron fluxes and whistlerscan stabilize the Langmuir instability so that waves will not
in the auroral ionosphere above 500 km altitude (Ergun efgrow enough to interact with the beam and destroy the bump;
al., 1993; Muschietti et al., 1997). The following mecha- for example, it was proposed that nonlinear processes — as
nism was proposed to describe one possible source of growtimduced scattering, Langmuir backscatter, modulational in-
for VLF waves: after the reduced electron velocity distribu- stability, strong turbulence, electrostatic decay (Kaplan and
tion is plateaued by the Langmuir oscillations, it can how- Tsytovich, 1973; Papadopoulos et al., 1974; Smith et al.,
ever remain unstable to electrostatic whistlers with a finite1979) — could scatter the Langmuir waves out of the reso-
perpendicular wave number that can interact at the Landamance with the beam in a time scale much shorter than the
resonance with field-aligned electrons of energies rangingjuasi-linear relaxation process and thus suppress it. More-
from 100eV to 3keV. On another hand, reporting on low- over, during the quasi-linear relaxation process, what is the
frequency magnetic field fluctuations that are enhanced beinfluence of the parallel heating of the plasma bulk, as well
hind interplanetary shocks, Corotini et al. (1982) presentedas the modification of the temperature in the beam region, on
indirect evidence that whistlers propagating at very largethe temperature anisotropy of the velocity distribution which
normal angles (above 70 degrees) and with wavelengths af supposed to drive important instabilities? Clear answers to
the order ofc/w, may be generated in the solar wind dur- these various questions remain, up until now, to be provided.
ing disturbed times. Owing to some theoretical study, au- In the physical scenario that we propose here, one as-
thors argue that these oblique whistlers may be excited bysumes that after the quasi-linear relaxation of the bump in
electron free energy, although no measurements of particléhe electron parallel velocity distribution due to Langmuir
fluxes were available. Sentman et al. (1983) suggest thaturbulence, whistlers can be excited through the so-called
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“fan instability” by interacting with the energetic electrons at frequencies as those observed in the space experiments.

the anomalous Doppler resonance. This instability does not

require any positive slope in the suprathermal electron tail _ o _

and thus can account for physical situations where plateaued Fan instability of sheared whistlers

reduced electron velocity distributions were observed in as- )

sociation with Langmuir and whistler waves; in this case, 2-1 Linear growth rate

whistlers can use the free energy from the beam that is nog

available for Langmuir waves. This instability process is

driven by the anisotropy in the energetic electron velocity

o : o : w are much lower than the electron gyrofrequeneyg w.,

distribution along the ambient magnetic field (Shapiro and .
. ' . and whose parallel wave numbers are much less than their

Shevchenko, 1968; Haber et al., 1978). It was first dis- erpendicular oneé? < k2 ~ k2. Their dispersion relation

cussed in the frame of thermonuclear fusion by Kadomtse\{)S P £ - P

and Pogutse (1967) and was namely shown to generate elec-

heared whistlers, or so-called electromagnetic lower hybrid
waves, are oblique propagating whistlers whose frequencies

tron Bernstein modes in the magnetosphere (Volokitin and,2 2 w}% “)1291' kz2

Lizunov, 1995) or lower hybrid waves in the ionosphere with 5 + 5 |1+ 55 | =5+ 53 —53: (1)
. 1) c%k 1) ke + w%/c

electron currents (Atamanyuk and Volokitin, 2001). The 7 ¢ P P

threshold of this instability is overcome if the number of \hich can be written for most of the typical solar wind con-
electrons giving energy to the wave interacting at the anomagitions whereo, > o, as

lous Doppler resonance exceeds the number of electrons tak-

ing energy from the wave at the Cherenkov and the normalg,?2 wf) wfn. kz2

Doppler resonances (Mikhailovskii, 1974; Omelchenko et > + 212 = 02 + m (2)
al., 1994). Considering the nonlinear stage, this fan insta- ¢ P P
bility can be shown to saturate, owing to particle trapping wherew, andw,; are the electron and ion plasma frequen-
and exchanges of energy between waves and particles, prejes, respectivelyk is the modulus of the wave number

ducing a bump in the tail of the parallel velocity distribution gk, k,). This relation can be easily obtained using the
(Volokitin and Krafft, 2003). This bump can, in turn, excite paxwell equations in thé-space

waves through various mechanisms and influence noticeably

the electron suprathermal tail evolution. ( 25, _ k-k-) E:— (2)23~-E- -0 )
However, one could argue that such an instability process. /"’ v

cannot excite waves easily due to the fact that the parallel (a§vhereEj is the j-component of the electric field, as well as

well as the perpendicular) velocity distribution function of 4, components;; of the dielectric tensor in the cold plasma
the solar wind hot electronic population has been shown toapproximation

decrease as a power law and, thus, that the amount of parti-

cles at Landau resonance is many orders of magnitude larger @2 wzi
than the particle flux present at the anomalous cyclotron reséxx = &yy = €1 >~ 1— rpwz - w—l;»
onant velocity, making it hard for the hot electrons in anoma- 5 ¢ 5
lous cyclotron resonance with waves to overcome the stabi- _ e DeWp Y @“p
= —gy =iq = cEz =g =1-—. (4)

lizing effect of the more cold Landau resonant electrons. But w (w? — w?)
we consider here suprathermal tails produced by any distur-
bances which can enhance the hot tail population. For examhere the small components, ande,. can be neglected.

ple, as we explained above, after the rapidly growing Lang-1"€n Ed. (3) can be presented &5 € 0)

muir waves lead to a flatter distribution function in the region ,, » 5 1 K224
of the positive slope, the particles diffuse to lower velocity 2 > — &L — = 2q ~ x Z , (5)
according to quasi-linear relaxation, feeding the suprather- ¢ kw—cz — €L k;; —g @

mal tail of the parallel distribution function with electrons
which can interact at the anomalous cyclotron resonance witiand, neglecting the small terms pr0p0rti0nahi%/w§ and

VLF waves. w?/w?, one obtains
Owing to linear calculations of growth rates, we demon-
strate in this paper that, for disturbed solar wind conditionsk2c2 w3, 3\ of/o? k2k2c*
; - St 51+ 5| - ~ z (6)
(that is, when suprathermal particles fluxes propagate along,,2 w2 w2 1202 2( 2 2 2)’
. L . - . c w (ki + w
the ambient magnetic field), the fan instability can excite * p

VLF waves (whistlers and lower hybrid waves) with char-
( y ) which leads to Eq. (1) when assuming that k2.

acteristics close to those observed in the solar wind. Con- h | | ic fioldE of the <h 4 Whistl
sidering two of the examples cited above, that is the casef) The comp exe ectng el O the sheared whistler can
e expressed in a Fourier series as

of auroral solar wind and type Ill solar radio burst plasma
conditions, calculations show that oblique whistlers can be . .

. ! ) . o E = Epexp(—iwt+ik-r), Ex =E +zE;x, (7
excited through the mechanism of fan instability at the same Xk: ke X ) k L e (D)
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with (Volokitin et al., 1995) After some calculations, Eq. (15) can be written as
E ;,=-V = —ik ¢, d k;v, — k
1k 1Pk 1K1 ¢k —Sf+i s + L cosh 8fx
. RO) . c2k? a0 W, W,
Exx = —ikzpr +i1— Az = _lkzﬁokz—zkza (8) . 2,2
c wy +c _ —legx | c“k%k; %
and T mew, a)% + c2k2 Jv,
2
Ap ~ zAk, A ~0. (9) +k,| cosf % _ L&Afo , (18)
_ v a)lz, + %2 w
¢r and Ay are the scalar and the vector potentials corre-
sponding to the waveu(, k) andz is the unit vector along where
the ambient magnetic fiel®y. The energy density of the o of
sheared whistlers is Afo(vz,vy) = vz_o - UJ_—O. (19)
X vy v,
BZ E2 2 min: v- )
Wi = o 4 = 4 MeltePe | THTT; ) (10)  Solving Eq. (18) leads to
8t 8w 2 2
0
wheren, andn; are the electronic and ionic densities, ~ _ _ N ooy
n; >~ no; B is the magnetic wave field, andv; are the elec- 3 = exp g1k (6)do
tron and ion velocities. After some calculations, one obtains
6 0’
210,12 o2 2 2
W K10 C 1y @ ] 1) f 2ok (6) exp / cw@ae” o'+l o)
27 w? ZwE, c2k?

The total instability growth rate can be calculated consid- |\ here the constarnt vanishes, owing to the periodicity con-
ering the exchange of wave energy with ions and electrons dition 8, (8) = 8 (0 + 27) . Then, one obtains

a
—Wi=—{j.-E)—{ji-E . 6
ar k (Je-E)—{ji ) 55, — —iegp /de/

=2Ye +vi) Wk = 2y Wi, (12) L
wherej; andj . are the ionic and eIectronic_ current densities. : kv, —o  kivi N,
The average work produced by the wave fiEI¢E,, Ey, E;) exp| ¢ / - + - cosp” | do
on the electrons is b ¢ ¢
(e E) [Li

w2 + c2k2 Jv
= —ene/// (vxE;‘ + vy EY + vZE;‘> 8f.d% + c.c., (13) ‘
- - tkocos (2o _ @b ks, (1)
where ¢y, vy, v;) are the cartesian coordinates of the elec- L . @2+ c2k2 w o) I’
tron velocity v, anddf, is the perturbation of the electron r
distribution functionf, and, defining
fe=fo+of., ck?
. . 0= >, B=1l-aq,
8fe =" 8fk vz, v, 0) exp(—iwt + ik - 1), (14) w2 + c2%k?2
k

oy nee (20 %) | @2
v, vl ®

where 6 is the azimuthal anglep, and v, are the par- v,
allel and the perpendicular velocities, respectivaly =

vi COSO, vy = v, sind). Then, the Vlasov equation leads ©One obtains

to the expression y ek i G vy, v)) el =m?
= —
%sfk + g (O)3fic = 82x(6). (15) ]’:’;jm——w k’i; C e
where Jn( o )an< o ) (23)
g (0) = il <k_” — 1) , (16)  whereJ, is the Bessel function of order. Then, the work
We \ @ (Eq. 13) can be expressed as follows

k- Ey - d
g (0) = meec [(1— Tv) E; + ( l;) v> kj| . g-(:w) (je-E)= —ene/ (vEX + vJ_Ej‘_) 8f.d%v + c.c. (24)
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2 o0 00
:—iene/ dG/ dvzf vidv|
0 —00 0

(ovzk; + kv €cOSH) idfk + c.c. (25)
_ g ECnelonl® i /°° /°° dv:vidvy
me w0 Jo kv — @+ no
kiv
Jf( ZL) (avzkz+na)c)G(vZ,vJ_)}. (26)
C

Using the Plemelj formula with = w, + iy

. 1
lim / -
y—ot+tJ) o, — kv, —nw.+iy
1
=P (—) —iné(wr — kv, — nw.), (27)
wr — kv, — nw,

we obtain the growth rate associated with the electrons

<je E) _ |<pk|2 2r%e*n
Ye =
k
Z / / dvva_dvl12< J'vl)
n=—00 W
(vzk; +nwe) G(vz, v1)8(wr — kv, — nw). (28)

Then, notingw instead ofw,, one finally obtains

Ve mlww.sign(k;) S

2
—~ " . Z <a+n(1—a)&>
@c k2 (1+ 2‘:;% :”_P) n=—00 w

o0 k ) )
/ UJ_dUJ_Jn2< J_UJ_> |: fO e £i| ) (29)
0 We v,  kyvy dvg Vo =Uon
where the resonant velocity is
T (30)
k;

The growth rate associated with the unmagnetized ions can
be calculated by taking into account the damping of the wavef0 (Vzn)

at the Landau resonance

Ime
g~ 31
Y= T Res /ow (31)

wheree (w, k) is the dielectric function. For a maxwellian

ion velocity distribution

1\%% _, 2,2 2 2T,
filvz,vy) = (;) Ur. exp(_v /UT,-> > U, = m_z’(32)

The normalized ion growth rate for sheared whistlers is then

given by
Vi _ﬁw 0w, w,z,,
~ 2 >
2
()
exp ——2>. (34)
( k2v7,

2.2 Expressions with reduced distribution functions

Let us define the functioh), (v,) as the reduced electron ve-

locity distribution

o0 k
Fy (v) = 27 / qu( LUL)fo (vo,v1)dvy.  (35)
0 ,

C

so that
o0 k d
ZJT/ vldean (L—M> [ﬁ +
0 We v,
2

2wk, k

Then one can write using Eq. (29) that

kaJ_ 8UJ_

no %}
V=V,

( Vzn) — [ n—1(Vzn) — n+l(Uzn)] (36)

o0

Z (oc+n(1—

21 k2 1+ wL2-+ P n=—00
22 T A2

Ye m2ww.sign (k;)

oy

we

k2
( (zn) ok a [ n—1(Vzn) — n+l(vzn)]> (37)

Supposing further thafp (v,,v1) = f; (v;) f1 (vy) and
kiv) /o, <1, we have

k k k k
J0< J_UJ_> ~1 Jl( ¢v¢> LI J2< 1 J_> (38)
We Wc 2w, Wc

and, then, using the normalization 6f (v, ), one obtains

~2nf; (vzn)/o vy frwp)dvy = f; (), (39)
and

F1(vzn) = F_1 (vg) = 210 f; (Uzn)/

kivi)? k2 (v
UJ_fJ_(UJ_)( Z:j) dvy = 4((02 )

Jz (Wzn). (40)

Thus, taking into account only the main resonanees-

0, £1, one obtains the total normalized growth rate of the

whereT; andvr, are the temperature and the thermal velocity sheared whistlers in the form

of the ions, one can use the electrostatic limit where

4nge? Jrw w?
£~ exp| — ,

k2v2

T;

K2T; vr, |k

W IRes |E|?
= w— —.
k dw 8m

af: (0 — o
@) {iavz< 2 )

y Twwsign(k;) 2 0f; < 1))
— a-f—= | —
, 2 w? av

< %2 (1+ 7z + —Cz,’jz> ’

k2 (v2
)42
k;
2 0fz (©+ o
2 B

v, k;

1397
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k2 w — We w + we . .- . .
1 [anrfz( )—a%fz( )] 3 Fan instability in the solar wind

2wk, k. k.

2 2 Let us now estimate if sheared whistler waves or lower hybrid

il Pe ©pi @ be excited in the solar wind by th hanism of
_ < ] .(41)  waves can be excited in the solar wind by the mechanism o
4 [1+ ‘U_22 + ]wz vy, k| k k#vg, fan instability, considering, for example, typical solar wind

2, P parameters recorded in situ by space experiments during the
observations of solar type Ill radio bursts (Thejappa et al.,

2
w5
c2k?

with 1995; Thejappa and MacDowall, 1998; Ergun et al., 1998)
wc\2 5 wc\2 5 or of dispersive bursts of field-aligned electron fluxes in the
(a * ﬂ;) =% (a B ﬂ;) =% 42)  Earthvs auroral region (Ergun et al., 1993). For the first case,

one chooses measurements from Ergun et al. (1998) and The-

If the parallel velocity distribution function is a maxwellian jappa and MacDowall (1998)

(with no suprathermal tail), that ig, = fa, it is well
known that no instability can develop and that the corre-®p _ 167, “r ~ o5 kHz P 150 Hz

sponding electron growth ratg, = y.u is thus nega- o,

tive (even if some terms in the expression (41) are posi- 23w < wp < @c

tive). Let us now superpose to this maxwellian a suprather- ~T e

mal tail with a negative_or c.onstan.t. slope in the region E, ~2-12keV. T, ~ 10 eV Q ~ 2,

where the parallel velocity, is positive. The electron T;

growth ratey, of the resulting distributionfy; + fr is the 103 <k, <2103%mL, (45)

sum of the growth rateg,, andy.r due to each distri-
bution. The terms contributing to the growth ratg- for and from Ergun et al. (1998) and Thejappa et al. (1995)
the tail distribution (with no maxwellian) are the follow-

2 ®p @p De
ing: sign(kz)%aﬁfz(%) is obviously a positive term, 5 130 o7 13kHz o 100 Hz
sign(ky)a? 3= (%) is negative or zero (tail with negative 23w S or S %
21,2
or constant slope), the termﬁgn(kz)kﬁg)aig—ﬁ (w;‘”) T,

Ep ~2-12keV 7, ~15€V, = ~4,
i

104<k, <510%m™?! 46
<k S . (46)

2
and —sign(kz)%aifz(w;f"c) give no contributions be-

causefr = O for negative velocities (we have supposed
thatk, > 0 and thus we cton3|der a"a}t‘ae)\ range of posi- \yhereqw, is the lower hybrid frequency anB, is the beam
tive and negative velocities; here; = “3= < 0), and  gnpergy domain resonant with the Langmuir waves detected
sign(kz)ozz% (kg is negative or zero. Thus, the only pos- along with the whistlers7, and7; are the electron and ion

itive contribution to the growth rate when the distribution (€MmPeraturest, andw, are the perpendicular wave vector

function is constituted by a maxwellian bulk and a suprather-2d the frequency of the waves identified as whistlers, re-
ot spectively. Note that the two chosen samples of parameters

| tai from the termign (k;) 5 b—a? o -

mal tail comes from the termign(k:) 5, o f2(==) > (45)—(46) are rather similar, but the corresponding perpen-
0. This means that a necessary condition for the fan instabilyicylar wave numbers are different by one order of magni-
ity to develop is that the amount of particles in the velocity {,qe.

region of the anomalous Doppler resonance is enough to bal- o another hand, the auroral events discussed in Ergun et

ance the negative contributions provided by the other terms.5 (1993) are typical of the following physical conditions:
In the limit of lower hybrid waves, one has= 1 and

, % ~08, 2 ~09MHz, 2 ~1.15MHz
k2 hpk|2 cop 0)2 [OR 2 2
Wy >~ - 1'+'—%% , (43) W
2r w2 w? 23w Swp < > T, ~0.2¢eV,
so that the normalized growth rate associated with the elec- 0.025<k; <0.1m™L (47)

trons in Eq. (41) can be simplified as In the three cases (45)—(47), "oblique propagating” whistlers

Ve _ mowcsign(k,) { af. <w> ki (Ui) have been identified and thus one can suppose that their par-

allel wave vectors verifyk,| <« |k1|. However, let us men-

we w2\ | v, \k, 42 : ) . .
2k2 (1 + ) ¢ tion that for Eq. (47), the whistler emissions did not appear
d to have been directly correlated with enhanced fluxes of low-
y [3fz <w - wc) n fz (a) + o )} energy electrons observed between 100 eV and 3 keV.

av; k; v, k; The physical conditions (45)—(47) have been used to

ki ® — w, ® + w, cal_culate numeri_cally the Iin(_ear growth re_ttes o_f.sheared
ok [fz( Z ) — fz( X )] } (44) whistlers excited in the solar wind by the fan instability. Note

ez z z that our aim here is not to consider very complex electron
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Fig. 1. Numerical calculations for solar wind plasma conditions: contour lines of constant le(a) thfe electron velocity distribution
fo(v,vy) (in arbitrary units) as a function of the normalized parallel and perpendicular velogities and v, /v, (b) the normalized
frequencyw, /w. as a function of the normalized parallel and perpendicular wave nurkperso. andk | vy /w., and(c) the normalized
growth ratey /. as a function of;v./w, andk | v« /w.. The solar wind parameters are, /o, ~ 167, w./2m ~ 150Hz,w, /21 ~
25kHz,T, ~ 10eV,T,/T; >~ 2. For (c), the values of the calculated growth rates are indicated on the picture.
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velocity distributions but to show that oblique propagating @ o /o
whistlers can be excited through the fan instability when a ©
suprathermal population of solar wind electrons is presen
along the magnetic field lines. Thus, we simply model the
total electronic population by a maxwellian with a tempera- 0.«
tureT, for the cold core and by a suprathermal tail decreasing
as a power law for the hot population; indeed, the most im-
portant point here is to take into account the existence of ari o1
anisotropy of the electron velocity distribution in the parallel ;N
direction. The exponent of the power law of the suprathermal oo
electrons and the fraction of them are typically of the order of
2+ 3 and 5-10%, respectively (let us stress that we conside
here suprathermal tails produced by any solar wind distur- o0
bances which can enhance the hot tail population, as alread
discussed in the Introduction). No anisotropy between the
parallel and the perpendicular temperatures of the electron
of the bulk is introduced. The only anisotropy considered
here is due to the existence of the suprathermal tail extendin
in one direction only. We assume that the ions are describe:
by a maxwellian with a temperatufg, as discussed in the
previous section.

Figure 1 shows the results of the numerical calculations
performed with the values ab,, w., T, and T; given by 012
Eq. (45). The electron velocity distributiofp(v,, v1) is 3
represented (see the Fig. 1a) by contour lines of constar > *'f
level, as a function of the normalized parallel and perpen-x', |
dicular velocitiesv, /v, andv, /v, showing the suprather-
mal electron tail extending in the parallel velocity direction  °%f
for v, > 0. The normalization factov, is the thermal ve- ooal

Iocit¥ corresponding tof, =1eV, that isv, ~ 5.9 1P // 0-03?124 ""%% \ @ / 012

ms . Figures 1b and 1c present the contour lines of con- oozr / S"\ °

stant level of the normalized real frequensy/w. and the @0\3 > T o
normalized growth rater/w., as a function of the normal- kv, /o (b)
ized parallel and perpendicular wave numbkrs, /o, and

k1 vy /w., respectively. One can see that oblique propagat-ig. 2. Numerical calculations for solar wind plasma conditions:
ing whistlers are excited through the fan instability £ 0) contour lines of constant level qf) the normalized frequency
over a large domain of, which covers the region where o;/wc as a function of the normalized parallel and perpendicu-
such waves were observed (Eq. (45); indeed, valugs of lar wave numberg; vy /wc andk | v«/oc, and(b) the normalized
given in Eq. (45) correspond ta®< kv, /w. < 1.2, that growth .ratey/wc as a function ofk;vi/w. and k| vy/w.. The

is to normalized growth rate values of the ordergiy, ~5  Solar wind parameters arav,/w. = 130 wc/2r = 100Hz,
10-3 (see the Fig. 1c). The lower frequency whistlers are®r/27 = 13kHz, 7o >~ 15eV, T,/T; ~ 4. For (b), the values
excited by the highest energy electrons and inversely (Segf the calculated growth rates are indicated on the picture.

the Figs. 1b and c). At givek,, the growth rate increases
whenk, decreases, that is when the electrons in anomalous

Doppler resonance with the waves become more and mor#! Ergun et al. (1998) and Thejappa and MacDowall (1998)

0.3

0.16

0.25

0.12

0.06

0.02

@)

0002325,

-0.02

—-0.04

-0.06

0.0023. 1

-0.08

energetic. One estimates that faf0 < k,vy/w. < 0.1, is the free energy of the suprathermal electron tail which can
what corresponds to electron normalized resonant velocitie§Xcite waves through the fan instability.
10 < Vpes/vx = @c/kve S 100 (@ <K ), the waves Another example can be provided by using the data

are driven unstable by electrons with energies ranging from(Eq. (46) from Thejappa et al. (1995) and Ergun et al. (1998)
100eV to 10keV. This range of energy corresponds well towhich are very close to the previous ones; however, in
the region where the hot suprathermal tail of electrons carthis case, whistlers of larger perpendicular wavelengths have
be formed after the quasi-linear relaxation of the beam (ob-been observed, corresponding to domains of wave numbers
served to have energies up to 12keV; Eq. 45). Note that bywhere the fan instability is also stronger. Comparing the
taking the contribution of the resonancees- 0 andn = —1 calculated values of the frequencies/w. and the growth

off the expression of the growth rate, one has checked thatatesy /w. of the waves (see Figs. 2a and b) with the mea-
the instability is due to the anomalous cyclotron resonancesurements of Thejappa et al. (1995), where whistlers with
In conclusion, one possible source of the whistlers observed; ~ 5.3 10*m~1 (k v./w. ~ 0.5) andw,/w. ~ 0.38
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@ o /o vious onesThe observed range of wave numbers (Eg. (47)
— corresponds to the domaindQ < kjv./w. < 0.05, where
Y the calculations show that sheared whistlers can be driven un-
stable, as one can see on Figs. 3a and b which represent the
contour lines of the constant level ef /v, andy /o, as a
function ofk, v, /w. andk, v, /w.. Whistlers are destabilized

by the fan instability only fok, v, /w. = 0.004, which corre-
sponds to resonant electrons wiith /v, >~ w./k;v. < 250,

that is to electrons with energies ranging up to 60 keV; such
electrons were not observed in Ergun et al. (1993) but are
known to exist in the disturbed auroral magnetosphere. How-
ever, whistlers with higher frequencies than those observed,
that is with 01 < w,/w, < 0.2, can be excited through the
fan instability by low energy electrons, as those considered
by Ergun et al. (1993), but higher energy electrons are needed
to excite sheared whistlers in the same ranges of wave num-
bers and frequencies, as indicated in Eq. (47).

In conclusion, the possibility to excite oblique propagating

whistlers or lower hybrid waves by the fan instability in solar
wind plasmas has been demonstrated. As during the linear
-05 and the nonlinear stages of its evolution, this instability can
H

10.6

105

/w

10.4

*

k_v

@)

12F

10 give rise to characteristic peculiarities in the parallel velocity
distribution of the electrons (as bumps in the suprathermal
tail, for example), it can indirectly drive other instabilities
(as bump-in-tail instabilities generating Langmuir waves)
15 and thus eventually play a fundamental role in the nonlin-
ear wave-wave and wave-particle interaction processes ob-
o —— served in the solar wind in various regions of the interplan-
g, _— etary space and of the near-Earth’s environment. Moreover,
s e the nonlinear stage of the fan instability, which will be stud-
2t s — s ied in detail in a forthcoming paper, could influence signifi-
L cantly the nonlinear physical mechanisms and, more specif-
e o o 0w 0w o ically, on the Langmuir turbulence processes which govern

k v,/ (b) the solar type Il radio bursts generation.
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