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Abstract. It is argued that anisotropic electron pitch angle in the Earth’s ionosphere, especially in the auroral regions
distributions in the closed magnetic field regions of the Mar- (Gurnett, 1974). Now significant attention is devoted to the
tian ionosphere gives rise to excitation of plasma instabili-exploration of the environment of Mars where an ionosphere
ties. We discuss two types of instabilities that are excitedsimilar to the Earth’s ionosphere exists. In the present work
by two different populations of electrons. First, the genera-we explore theoretically the possibility for wave activity in
tion of Langmuir waves by photoelectrons with energies ofthe closed magnetic field regions observed in the ionosphere
the order of 10eV is investigated. It is predicted that the of Mars.

measured anisotropy of their pitch angle distribution at the On board the ESA spacecraft Mars Express the MARSIS
heightsz~400 km causes excitation of waves with frequen- experiment will probe the Martian plasma environment for
ciesf~30kHz and wavelengths~30m. Near the termina- plasma wave activity (Nielsen, 2004). These predictions of
tors the instability of the electrostatic waves with frequenciesplasma wave activity in the Martian plasma environment are,
of the order of or less than the electron gyrofrequency exitedtherefore, to be experimentally tested in the near future.

by thermal electrons is predicted. The typical frequencies of Recently, it was discovered that strong local crustal mag-
these waves depend on the local magnitude of the magnetigetic fields exist on the surface of Mars, especially in the
field and can achieve valués3—5kHz above strong crustal - Southern Hemisphere (A et al., 1998). These fields ex-
magnetic fields. tend with significant amplitudes for hundreds of kilometers

Keywords. lonosphere (Planetary ionospheres; Plasma@bove the surface, forming mini-magnetospheres with closed

waves and instabilities) — Magnetospheric physics (Energetién@gnetic field lines. At the footpoints the magnetic field
particles) can exceed large values B~1000 nT. Even at the heights

z~400 km these fields are strong enough to significantly to
withstand the dynamical pressure of the solar wind.

Below the heights 0£<200-250 km collisions between
electrons and neutral particles are frequent, while above such

It is well-known that many different types of plasma instabil- heights the plasma can b? considered as a'”FOSt collision-
less. Thus, electrons moving along a magnetic loop suffer

ities are excited in planetary plasmas (Treumann, 2000). Ra-"""" . ) . .
ollisions at low altuitudes while they are nearly collision-

dio waves are emitted in the plasma environment of planet?C th K of the | Req ¢ tic |
whenever electrons are accelerated. In a plasma with a IarggSS near the peak ot the loop. Regions of magnetic joops

number of free electrons accelerated in unison strong sources © surroundgd by cusp-llke_reglons of magljetlc fleld. lines
of wave radiation result. Waves may be excited owing to Spa_whlch_extend into _th? solar wind. The_propertles of the iono-
tial anisotropies or spectral anomalies. The energy of the ra—spherIC plasma within closed magnetic flux tubes, therefore,

diation may be taken from bulk flows or from energetic par- deviate significantly from the surrounding plasma. Accord-

ticle fluxes. The excited plasma waves propagate from théng to Krymskii et al. (2003), in the closed tubes neu?ral par-
source region under control of the spatial variations in thetlcles are cooler and electrons are hotter than outside. One

background plasma and magnetic field. Space-borne plasm'ggy speculs;te lthat electoqstare ?eateqtrt])y some S%rctf] n-
wave detectors have been used in the investigations of the' eh magneflc oops (€.g. |tnherac lon t\'NIf' IV(;'?VGS)'. Sd ed
complicated phenomena connected with plasma instabilitie$X¢1aNge Of energy across the magnetic eld ines 1S reduce
significantly in strong magnetic fields electrons are hotter in
the loop than outside. Photoelectrons created and trapped

on such crustal magnetic field loops were detected by the

1 Introduction

Correspondence tdE. Nielsen
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U the measured electron fluxes were on magnetic loops with
both ends of the magnetic field lines entering the neutral at-
mosphere. It was found that the pitch angle distribution of
electrons with the energies from 10 eV to 300 eV was char-
acterized by a minimum at 90 deg, while at higher energies,
up to 700 eV, the distribution became nearly isotropic. This
latter observation was suggested to indicate increased effi-
ciency of scattering with growing energy, with the effect of
filling in the minimum at 90 deg at high energies. The energy
. - spectrum of the fluxes averaged over p_i'Fch_ angle had a power
o 20 50 100 200 500 € law dependence. In the case of equilibrium a spectrum is
typically Maxwellian. The power law dependence indicates
Fig. 1. Source-cone distribution function of photoelectron fluxes on & lack of equilibrium, suggesting that the collision frequency
closed magnetic field lines in the Martian ionosphere. Shown ardbetween electrons is too small to support the total thermal
the differential directional fluxes averaged over pitch angle (solid equilibrium.
curve) and transverse fluxes (dashed) as functions of electron en- These observations are indicative of the following sce-
ergy. The curves are based on Egs. (7) and (13). Both axes are ifario. Photoelectrons are generated by solar UV radiation
logarithmic scale. interacting by scattering with the neutral atmosphere at low
altitudes. This interaction results in a flow of photoelectrons

electron reflectometer (ER) on board Mars Global Surveyorfrom the top of the neutral atmosphere into the upward hemi-
. S ) sphere. These electrons now propagate along the magnetic
(Mitchell et al., 2003). The distribution function of these hot P W propag 9 ghetl

. . . _field lines conserving their magnetic momentum, such that
electrons were investigated by Liemohn et al. (2003) and it 9 9

was shown that itis characterized b itch anale anisor a concentration of electrons with increased parallel veloci-

Ei:S oV t atitis (iha af:t eh € | y;pt (;’) f.‘ 9 efa hso 0Syties to the magnetic field will occur. This process will take

N anisotropy in the piich ange distribution of chargec place for electrons originating in both hemispheres (north
particles leads to various plasma instabilities (Mikhailovskii,

1974). The aim of thi Kis to attract attention to th and south). As a result, a pitch angle distribution near the
; ..)' € aim ot this work s fo aftract attention to the Io(?S'top of the magnetic field lines with a minimum at 90 deg is
sibility of wave excitation on closed magnetic field lines in

the i h M TWo t f instabilii th produced. Such a pitch angle distribution is referred to as a
€ lonosphere ot Viars. Two types ol Instabllities are tN€o-g . -o_cone distribution. While there is strong enough scat-

retically investigated. These instabilities are associated Witr}ering of electrons at low altitudes, at the top of the magnetic
two distinctly different electron pitch angle distributions and loops, according to our estimatés the scattering is weak

electror_l energy ranges. We show that the observ_ed SOUrCG,jg prevents the 90 deg minimum from filling-in, and also
cone pitch angle distribution of photoelectrons with mini- accounts for the observed power law energy spectrum. In

mum flux at S0deg pitch angle (Liemohn et al., 2003) €aNhis work it is shown that the pitch angle anisotropy of low

be the source of Langmuir waves. According to our analysis
: L . 7= ~ener hotoelectron¥(<10 eV ) at the top of closed mag-
the instability is strong enough that the excited waves migh 9P = ) P g

fetic field li lead t itati fL ir pl
be detected by the MARSIS wave detector. Then we con-vvz\llzsle Nes can fead o excriation of Lahgmuir prasma

sider the excitation of electrostatic waves with the frequen- . . .
In the following section an analytical model of electron

cies of the prder of.t.he. electroq cyclot_ron frequency. Thedistribution functions is intoduced to allow a quantitative de-
source of .thls instability is the an_|sotrop|c loss-cone dIStr'bu_scription of the energy spectra and pitch angle distribution.
:Ir(;:s(me\l/clem:rmufelu;(hg': 28&? % Ft"tcg 3?2288;?6”22;3:3% Figure 1 shows a typical pitch angle averaged (solid) and

' gue t ch a yp otropy %he transverse (dashed) electron fluxes versus energy asso-
more pronounced in the vicinity of the terminator, where theciated with the model distribution function. The presented

population of transit electrons (i.e. electrons with small pitch o . .

: . ._curves qualitatively reproduce the real pitch angle anisotropy
angle) quickly decreases in the absence of solar UV radia- - . .
. . : ._of photoelectrons measured inside magnetic loops and their
tion. The two different electron populations are presented in

the next two sections, and finally summerized and discussed, 197 d_lstrlk?utlon. More de_\talled 'C.‘”"_’"VS'S of the probl_em
Will be given in the next section. This is followed by a dis-

cussion of excitation of Langmuir waves, including numeri-
2 Unstable photoelectron population cal estimates.

2.1 Conceptual model of photoelectron distribution on2.2 Distribution of photoelectrons in crustal magnetic
closed magnetic field lines loops

Recently, observations of the pitch angle distribution andSuppose a magnetic loop is symmetric with respect to the
energy spectra of photoelectrons in the Martian ionosphergoint where the magnetic field is horizontal. With “s” being
were discussed by Liemohn et al. (2003). The observathe coordinate along the field line let the coordinate of the
tions were made in regions of closed magnetic fields, i.e.horizontal point bes=0 while the two feet (the boundaries
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where plasma is still collisionless) have coordinaes-L. U
As photoelectrons are created at both ends of the magnetic
field line and travel upward their distribution is presented as

| g
Fon = Fo)) + Fp) (1)

WhereF(jhE) is the distribution of photoelectrons penetrating
into the upper part of the loop from the two ends of the field 4

line. The distributiorFéJg) contains electrons with positive

W,eVv
longitudinal velocityv;>0 while F{,” describes electrons . 2 3 4 S

with negative longitudinal velocities. The distribution func-

tions F(ﬁ) are found as the stationary solutions of the Boltz- Fig. 2. Loss-cone distribution function of thermal electrons on

mann Einetic equation closed magnetic field lines in the Martian ionosphere. Shown are
the differential directional fluxes averaged over pitch angle (dashed
curve) and transverse fluxes (solid) as a function of electron energy.

F(f) o e 3F(3}f) aF(ih) The curves are based on Eq. (26). Both axes are in logarithmic
TI;+VVF[(,h)——E p —wye[V x h]TI;:O (2) scale.
m

with the boundary conditions energies. It is possible to find several analytical solutions of

Eq. (2) with such a component. The most simple of them is

G _ () (=) _ (=)
th (=L)=F, (v, ), Fp, (L) =F, "(V, ). ) the Maxwellian distribution function:

ph
Herev, —e, m are the velocity, the charge and the mass 2
of electron,E is electric field,wqe=€H/mc s the gyrofre-

1
= exp—
. L . (‘/Evph)3 : 2”122}:
quency of elecronsH is the magnetic field, ¢ is the speed
of light, h is a unit vector along the magnetic field line, The flux of electrons described by this function is isotropic

u=cosh, 6 is a pitch angle. in pitch angles. Hence, it does not correspond to the existing
Taking into account that the magnetic field changes Signif_data. Another function is the so-called loss-cone distribution,
icantly along the field line we rewrite Eq. (2) for the station- HI(0)(v3(1 — u?))/ v2
ary distribution of electrons in the upper (collisionless) part ©2 = 12 H(s) (v 2v,,)%+3 A= 202 l
of the loop in the form (Lejeune and Wormser, 1976) r P

1. (®)

1

ji=12. (6)

It describes the electrons trapped in a magnetic “bottle”.
g F® 1— 24H OFP The peculiarity of this distribution is the lack of electrons
ph 2 ph i . . . .

s voq PR 0. (4) with large longitudinal velocities. Hence the corresponding
§ (s) ds op flux has maximum at pitch angles close&e-90° instead
HereH(s) is the absolute value of the magnetic field. The of & minimum . At last we present the function in which
stationary electric field is assumed to be so weak that it doeghe amount of electrons with large longitudinal velocities is

not influence the motion of photoelectrons and therefore ittnhanced:

o

has been neglected in Eq. (4). (v2(1 —(A—pu? H(O)))j
The functionsFé:,f)(:;L):Féi)(v, w) describing the distri-  , — 4, ) pa?), j=12 ., (7)
bution of photoelectrons at the ends of the crustal loops in the (\/évph)2]+3

Mars’ ionosphere are not known. At the same time there is aQNhereF(vz) is a decreasing function of energy. For small

indication based on the experimental data that the pitch angl%nergiesw~10ev we take it in the form of the Maxwellian
distribution of photoelectrons in the upper part of the loop isdistribution Eq. (5). We consider Eq. (7) as a model dis-

imSOtLOp'Ct(LI'er;ggg ?:] atl.., 2003). Itis Sefhn from llzllglj-ﬂZ ('nftribution function of photoelectrons in the crustal loops. It
iémonn et al., ) that in some cases the parallel flux o is more convenient to use invariant variable$, instead of

photoelectrons is larger than the flux in the transverse plang, 1, where

Such an anisotropic distribution is called a source-cone dis-

tribution. » H(0)
Let us now discuss possible analytical approximations fors =%/ (1 =19 H(s) (®)

the distribution of photoelectrons in the upper part of crustal o .
magnetic tubes. Taking into accout that the pitch angle av/t 1S _clear that & changes within the interval
eraged flux is observed to quickly decrease with increasing—‘/% <&< 1/%. The longitudinal and the trans-
energy (as presented in Fig. 3, Liemohn et al. (2003)) we exverse velocities in coordinatesé take the form:

pect that the differential flux should have a power law spec-

trum at high energies or even to contain an exponential com- ~_ [, _ H(S)((52 o= H(s) €| ©)
ponent (Maxwellian) with some effective energyn at low = HO® - WH©O""
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K Note that in the central part of the loop the parallel flux ex-
ceeds the transverse one several times bedd(ses>H (0),
while at the bottom of the loop the two fluxes are close to
each other. Also, it should be mentioned that the ratio of the
fluxes according to Eq. (10) does not depend on energy.

To calculate the differential flux versus energy we need
00 to specify the functionF(v?) in Eq. (7). It should be
chosen in such a way that the pitch angle averaged flux
d<J>/dW reproduces the real dependence on energy mea-
100 sured by Liemohn et al. (2003). With the help of Eq. (7) such
flux can be presented in the form:

500

400

20

0.3 0.4 0.5 0.6 0.7 r
d<J HO A
=92 e | 2O A3 oy (11)
K dW H(L)vS,
35K whereW is the energyW=m\2/2 and Az is determined by
200 the concentration of photoelectrons:
A3 / 4102 / &
250 Npypy~11l— [ v'F(v9)dv | —————dE¢. 12
ph U?h ( ) m g ( )
H(0)
200
We suggest the following approximation fiefW)
r

0. 0.4 < 0.6 0.7 ;
\//{ W W[(jl) a+j
F(W) = exp ~ @ +q . (13)

@
ph W + th

Fig. 3. (a) The real part (K) of the dispersion relation for thermal
electron on closed magnetic field lines (Eq. (28)) at Mars shown ver-
sus frequency below the electron gyrofrequeneyw/wy,. This where W‘gﬁ), W,g%) are two characteristic energies,
curve is for a ratio of 0.25 between the_copcentratlons of the tran ’gﬁ)>wﬁ), q and « are two more unknown param-
sient cor_nponeTt and of_the Ioss’,’-cone dlstrlbutlon_ (the e_Igctr_on fluxeters which should be chosen to fit the experimental
trapped in the “magnetic bottle”). The real part is positive in the . a .

whole frequency interval, indicating transparencgb) Same as data.  For small energieSV~W’ the function F(W)

Fig. 3a, but here for a ratio of 0.4 between the concentration of thedecreases exponentialf(W)~ exp(—%), while for large
transient component and the component trapped in the “magnetic Woh

bottle”. The real part is negative for3<r<0.5, indicating that energiesW>W’§ﬁ) it decreases according to power law

waves within that range can not propagate. Thus, for increasin — @ ati . . .
concentration in the magnetic bottle, (decreasing ration) the Wholgz(w) (th /W)*™1. " Taking into account the behaviour

frequency range below the electron gyrofrequency becomes transQf the real pitch angle averaged_ elgctron flux presented
parent (Fig. 3a). by Liemohn et al. (2003) (see their Fig. 3) we are able to

estimate the main parameters of the distribution function

_ Npp~2.8A3~1.6 cm ™3 Wi)~d.4eV,
Note that at the foot of a strong magnetic loop, where
H(0)/H(9<1, the distribution presented in Eq. (7)isalmost @ ~25,v, 4~0.1, a~5.3 (14)
isotropic. At the same time, near the top of the loop, the pitch P

angle anisotropy is clearly seen. Now we are in a position to Two fluxes (pitch angle averaged and transverse) for this
calculate with the help of Eq. (7) the pitch angle anisotropy of chosen distribution function are presented in Fig. 1.

electron fluxes. Let us designag&, and%JV—{, the differential o .

fluxes of electrons that correspond to pitch-anged and 2.3 Excitation of Langmuir waves

0=90°, correspondingly. The ratio of such fluxes depends
on the parametdrwhich is unknown. Taking for example
j=1, we find for this ratio in the equatorial pgd=0) and at
the bottom of the loofgs==L):

High frequency electrostatic waves are described by the Pois-
son equation:

AP =4men. (15)

Hereg is the potential of the electric fielH=—V¢, nis the
M| ~0.75 H(L) MI ~0.8 (10) perturbation of plasma concentration. The link between the
dj, "= H©) dJ, =L two unknown functions) and¢ is given by the Boltzmann
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equation (Eq. (2)) for the distribution function of electrons. the dispersion relation. This resonance corresponds to the

The total distribution function is presented as well-known Landau damping, if the derivativd=pn/dv is
negative at the resonance poiptEw/k; and describes the
Fe=Fo+ fe, (16)  growth rate if the derivative is positive. Taking into account

the above mentioned resonance we find the perturbation of

whereF is the stationary distribution of electrons within the the plasma concentration has the form (compare to Eq. (21))

crustal magnetic loop anf} is a small perturbation. The

main part of the stationary distributidfg is given by the ¢ kﬁq; kﬁvﬁ

distribution of thermal electrors, while a small additional 7 = - / (1 + 3—2> Fi,(v) a3

contribution is produced by photolelectrons with the distri- mnw @

bution functionFp, (Eq. (1)). -
Assuming that the perturbation of the electrons’ distribu- — ifk”_¢ aF_I’h

tion fe and the electric potentiad has small spacial scales m o v

(compared with the longitudinal variation of the magnetic It ¢ Eq. (22) that i | f the derivati
field and undisturbed plasma concentration) we use the ge- is seen from Eq. (22) that positive values of the derivative

ometric optics approximation: dFpn/dv| give rise to plasma instability with the growth rate

) v
Je = fe(v,s)exp—i(wt — k”S —kiry)l

5 _Ame® wpe(Nip) [ 0Fpn . 23

¢ = P(s) exp—i(wt — kys — Ko r )] 1 vr @ . lo, v (23)

S(w—k”U”)ng. (22)

m

Herefe, ¢ are the amplitudes slowly varying with®,is the It is clear that the peculiarities of the photoelectrons’ distri-

g:?suzlg%y (gntdhzcer)éz;et?]gvri\;eﬂétikclfiglrde ?ﬁe";ﬁ\k’;tﬂﬁ;ﬁ;n OItI)ution function in the magnetic tube influences the growth
9 9 ’ ate of the instability.

Eq. (16) into Eq. (2) allows us to find the perturbatfgn

3 fe

) . 9Fo 2.4 Typical parameters of the excited waves
—i(w — k) fe + opelVv x hl— = —i—kj¢—, (18)
m v

v Let us now find the derivativ%'f,—‘"lh that enters the growth rate

wherev; is the longitudinal velocity of electrons. For the of instability. Note that the distribution of photoelectrons in
frequencies much higher than the Larmor frequency we carthe upper part of the loop consists of two paFﬁ) (see
neglect the term containing the magnetic field. In this case itEqg. (1)). Suppose for certainty that we investigate the excita-

follows from Eq. (18) that tion of the Langmuir waves witlb>0, k;>0. The resonance
. velocity for these waves is also positive-0. It means that
f, = Ek“_‘p@ ) (19) only one part E,(;)) of the distribution contains photoelec-
mw — kjvj v trons that can be in resonance with such waves. For the waves

propagating in the opposite direction (negative resonance ve-
locity), another partl{,g;) ) in the distribution should be taken
into account. Since we are interested in electrons with the

Thermal electrons that give the main input to plasma per-
turbation have rather small characteristic (thermal) velocity

V kj. This is why they do not contribute to the reso- ) .
Te<w/K| y Tey energiesN~Wj, the part that contributes to the power law

nancew=Kk; v, (the pole in Eq. (19)). As a result we arrive X
at the following approximate expression for the perturbedSpeCtrum in Eq. (13) can be neglected. For the Ce?,ﬁ;?l part

plasma concentration: of the loop, whereH(s)=H(0), the required derivativeav—”
takes the form

i=——a_ [ (1431} Frew)dd. 20)  4p v2 5 2
m o? w? Pk 04N, (1— ” ) U expg———1. (24)
o . _ _ dv) 203, | (V2v,1)5 203,
The substitution of Eq. (20) into the Poisson equation al-
lows us to find the frequency of perturbations It is seen that the derivative is positive for small parallel
) 5 5 velocitiesy <ﬁvph. At the same time, according to Eq. (7),
WP — 4re f 14 3M Fup () d% 1) the amount of photoelectrons decreases wjth 0. It means
w? th ' that the maximal growth rate is expected for resonance ve-

locities close tovph. The integration with respect to, in

The dispersion relation Eq. (21) describes Langmuir waveseq. (23) is easily fulfilled. As a result we arrive at the final
with thermal correctionsc kjv,/w?. Note that/ Find®vis  expression for the growth rate of the instability:
equal toNy, — the concentration of thermal electrons. In de-
riving Eq. (21) we have neglected the contribution of photo-
electrons. Such electrons have large velocities and due to wpe(Nin)ws,(Npp) vy v? v?

) . . 7= 1- exp| — . (25)
this they determine the input of the resonanreek;v to Varkiva, N 2up 23,

2
2vph
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It can be proved that the maximal growth rate is achieved3.2 Excitation of waves with the frequencies of the order of
at vy=1.2 \pn. After the substitution |n Eqg. (25) the main electron cyclotron frequency

parameterdNin=20 cm =3, Nph=1.6 cm =3, vph=9.10" cm/s

we estimate the maX|maI growth rate of the instability asIn the previous sections the instability excited by photoelec-
Ymacl, 2.10% s~1 and the characteristic wave number as trons that have anisotropy with respect to their parallel ve-

kj=wpe(Nth) /v ~2, 4. 103 em~1. Itis seen that the growth locity was investigated. In this case thermal electrons play
rate is large enough to prowde significant amplitudes of thea passive role and contribute only to the real part of the fre-
Langmuir waves. qguency. Now we discuss the instability excited by thermal

electrons. Thermal electrons penetrate into the upper part of

the loop from below where they have a Maxwellian distribu-

tion. But in the upper part of the loop another population of
3 Unstable thermal electrons population thermal electrons appears. Due to rare collisions some elec-
trons become trapped in the inhomogeneous magnetic field
(magnetic “bottle”). As a result their distribution takes the
form of the loss-cone type (see Eq. (6)). Under stationary
conditions the concentration of trapped electrons is smaller
or of the order of the concentration of transit electrons. But
Not only photoelectrons but also thermal electrons will hear the terminator it is quite probable that the concentration
spread along the closed magnetic field lines. Note that theyf trapped electrons becomes larger than the transit ones. In-
concentration of thermal electrons is much Iarger than ttheed, without UV radiation electrons begin to disappear due
concentration of photoelectrons. The scattering of thermatg recombination, attachment, transverse drift, diffusion. In
electrons due to their low energies is stronger than for phothe lower part of the loop, where the concentration of ions
toelectrons. This is consistent with the general trend thaﬁs |arge the recombination W|t@+ |Ons accord|ng to our
the particle scattering cross section increases with decreagstimates, is a main mechamsm of loss for transit electrons.
ing energy for Coulomb collisions. Like the photoelectrons Chemical reaction rates in the Mars’ ionosphere can be found
the thermal electrons stream along the magnetic field lines tgn Krasnopolsky (2002). As for the trapped electrons they
form a source-cone distribution at hlgh altitudes. Note in thiSosci"ate in the upper part of the |Oop where the concentra-
scenario that the electrons are lost in the OppOSite hemisphel‘[ﬂ)ns of neutrals and ions are small. The main mechanism
after one bounce. One may refer to the source-cone partipf |osses for them is the scattering into the loss-cone due to
cles as “transient particles”. However, owing to scattering, collisions. But it is known that the characteristic time of such
electrons are transferred (mainly) towards larger pitch anglegcattering in the magnetic “bottle” is much larger than the in-
such that some electrons become trapped. The trapped popyerse collision frequency of electrons (Pastukhov, 1987). So
lation will sum-up over time to produce a flux around 90 deg it js possible to expect that trapped electrons disappear more
pitch angle which will be equal to or less than the transientsjowly than transit ones. As a result the distribution function

flux. However, near the terminator, for example, recombi- of thermal electrons near the terminator can be modelled by
nation at low altitudes may reduce the transient fluxes. AsSthe combination of the loss-cone distribution

a result, the trapped fluxes may exceed the transient fluxes ‘
. N . . 2j 21,2
to form a loss-cone pitch angle distribution with maximum L p{— <UJ_+ I )} (26)

3.1 Conceptual model of thermal electron distribution on
closed magnetic field lines

(e)
flux at 90 deg. Figure 2 shows the pitch angle averaged ﬂux ;oL v")_NBn3/2j!(\f2um)2j+3 & 202
(dashed) and transverse flux (solid) of thermal electrons ver-
sus energy that corresponds to the loss-cone distribution. &nd a small admixture of the Maxwellian distribution
will be shown that the pitch angle anisotropy of these low
energy thermal electron8<1 eV) can lead to excitation of Nu v?

. . M= —FrF———=6Xp| ——5
plasma waves with frequencies of the order of or less than 732(/2v1)3 ( thzh)

the electron cyclotron frequency.

The electrostatic waves with frequencies below the elecwhereNg, Ny are the concentrations of the trapped elec-
tron gyrofrequency is often called electrostatic whistlers.trons in the magnetic “bottle” and transit electrojrdl,, 2, ...
They are converted into electromagnetic whistler mode
waves by the scattering on plasma irregularities. Such lin- The theory predicts that due to loss-cone distribution
ear mechanism of wave transformation is well-known for plasma becomes unstable (Mikhailovskii, 1974) and differ-
different types of waves (see e.g. Erokhin and Moiseev,ent types of waves (electomagnetic and electrostatic) can be
1979). The observed isotropy of the energetic electron fluxegxcited. In the Earth’s magnetosphere such distribution is
(W>300eV) can be explained by the interaction of suchresponsible for the excitation of Alen waves and whistler
electrons with electromagnetic whistler mode waves. In-mode waves in the radiation belts (Bespalov and Trakht-
deed, such interaction is quite efficient because the longitudiengerts, 1986) and also electrostatic waves with frequencies
nal phase speed of waves is of the order of the characteristiof the order of the electron cyclotron frequency in the equa-
velocity of fast electrons. torial part of the magnetosphere (Kennel et al., 1970).

(27)
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The procedure of obtaining the frequency and the growthdiscussed approximation we can also find the transwgyse
rate of instability is the same as described in Sect. 2.3. Firstgroup velocity of the excited wave:
we need to find the perturbation of the distribution func- 5
tion in the magnetic field. The corresponding solution of WHe 5 o %)2
the Boltzmann equation, Eq. (2), as an infinite sum with Vel = vre == Df (B) ki +2 w2 : (31)
respect to different gyroharmonics is well-known (see, e.g. He
Mikhailovskii, 1974). After the substitution of the concen-  The presented above results allow us to estimate the exci-
trationn(¢) into Eq. (1) we arrive at the dispersion relation. tation of the electrostatic waves with the frequencies of the
In the general case the real and the imaginary parts exist ilwrder of electron gyrofrequency within the closed magnetic
this equation. Assuming that the imaginary part of the fre-field lines in the ionosphere of Mars.
guency (the growth rate) is small compared with the real one, Two obvious requirements have to be fulfilled simultane-
we are able to split the dispersion relation into two different ously for the excitation of waves. First, the right-hand side of
equations. It allows us to use the results presented by KarpEq. (28) should be positive and large enough (as according
man et al. (1974) with a small modification. Let us considerto our assumptiork; pe>>1). Second, the growth rate (see
the most simple case when the transverse k-number of peiEg. (29)), should also be positive. In this case the amplitude
turbations is large enouglkﬁp§>>1 while the longitudinal  of the wave packet localized in some region within the closed
k-number is smalby=2"%He 5,1 . Here,oezwiHee isthe Lar- magnetic field line starts to grow in time. At the same time

K L .
mor radius of electrorls”rl;vl—QO, 41,42, ... In this case the the packet moves along and across the magnetic field line
real part of the dispersion relation reduces to with the group velocities/g), Vg1, correspondingly. This

motion provides the linear mechanism of the amplification
. because the parameters of plasma and magnetic field change
Pe Pe
(k1pe)*+2 wH kipe=—v/m w% 2 in space. The energy density of the wave packet with the cen-
¢ ¢ tral Fourier harmonig calculated by Karpman et al. (1975)
can be presented in the form:

aj NM> 72r cotrr aj nU;
R ————— ) | rcotmr+ -5 28
[(2,1 Ng < 2a?sinfnr | 2j—12a2sirPwr (28) I V|Eko|2D
ko =
8r

The propagation of the wave packet in the geometric optics
pprOX|mat|0n is described by equation

(M)2 (M)2

(32)

Herer=w/wne is the reduced frequencyly’, o5 are

the plasma frequencies that correspond to the concentratlon

Nm, Na,
; 0
. 2j— ! - —
UJZZJ,O[J':( J _ ) a= WHe . o1 ko T Vel Vi + Vg V)i
2! Ikj Ve
Further, we consider the case when the loss-cone is not too  2g; wp Ix,+ Z P (ko, k1) Ixg—ky Ity - (33)
strong and sef=1, U=2. As a result, the imaginary part k1

of the dispersion relation that determines the growth rate of

instability takes the form: The last term in Eqg. (33) corresponds to the nonlinear in-

teraction between waves that contributes to the stabilization

a " Ny and the formation of the stationary spectrum of waves. Be-
8= /7D Z UGr—n)—(1=—")r low only linear effects are taken into account. Let us intro-
=T duce the typical scalds; andL for the inhomogeneities of
b the medium across and along the magnetic field lines. As-
exp—a’(r—n)?]———, (29)  suming that the inhomogeneity across the magnetic field line
@WHe is stronger than along the field line, we are able to estimate
Whereg_—H is the reduced growth rate. Herg is the col- Fhe amplificatiorQ of the excited wave in the linear approx-
lision frequency of electrons with ions, imation:
L
(1 2NM> cot 1+—7T2 szw ' (39
=|1-2— Tr 1
Np 242 sirf r ¢

2 If @>1 we expect strong amplification of waves. The ratio
Tr 1_|_72(3 cof r+1) cotrrr . (30) Oko/ VgL f[hat_ enters Eq. (34) can be presented in the explicit
siftar 2sj n27rr form taking into account Egs. (28) and (30). As a result, we

. . , find the amplificatiorQ as the following:
In the case if the Maxwellian component is absent P Q g

(Np=0), the above obtained results coinCide with the re-
sults presented in Karpman et al. (1974). Note that the pos- )
itive signg>0 corresponds to the instability while the neg- ,, _ 2@p.(NB)LL AWHe

ative signg<0 determines the attenuation of waves. In the 3 VTe kiv% + Zw%e(NM)
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g detailed analysis. This is why only rather crude estimates are
given below. We use the data that correspond to the sunlight

0.15 side and the height=~400 km. For our calculations we need
to specify several main parameteaswpe(Ng), Nm/Ng, Vre,
0.1 ®WHe, Vei. Let us takea=5, wpe/wHe=25, wHe=10" 571,

Vre=10" em/s, v6i=0.03 s~1. Our aim is twofold. First,

to investigate how the ratio of concentratiadNg /Ng influ-

0.0 ences the growth rate of the instability. It is clear that when
this ratio becomes large enough the instability should disap-
pear. Second, to find out at what frequendygr a given ratio
0.35 0.45 o 0.55 0.6 Nm/Ng the strongest amplification is expected. In this pa-
per we discuss only the frequency ranger&1 where the
largest growth rate for the given parameters is expected.

g First, we calculate the right-hand side of Eq. (28) as a func-
‘ ‘ ‘ ‘ ‘ _r tion of r to find at what frequencies the plasma is transpar-
0.12 0.14 0.16 0.18 0.2 0.22 ent. In Figs. 3a and b the right-hand side of Eq. (28) is pre-
sented for the lowest frequency ranger@:1 for two ratios
-0.5 Nm/Ng=0.25 andNy/Ng=0.4. It is seen that for a small

reduced concentration of the Maxwellian plasma the whole
region O<r <1 is transparent, while for a larger concentration
Nm/Ng=0.4 there are no propagating waves in the region

0.3<r<0.52.
-1.5 The reduced growth ratg=y/wne as a function ofr
for the same low range of frequencies and small ratio
-3 Nm/Ne=0.25 is presented in Fig. 4a. We see that there is a

restricted range of frequencies0.47 within which the posi-
Fig. 4. (a) The imaginary part (g) of the dispersion relation of ther- {ive growth rate exists. Note that a rather narrow region in the
mal electron on closed magnetic field lines (Eq. (29)) of Mars shownVicinity of r~0.28—0.33 cannot be investigated in the chosen
versus frequency. Both the frequency and imaginary part (or growthapproximation. The denominator in Eq. (29) in this region
rate) are normalized to the electron gyrofrequencyw/wy.,. tends to zero. The calculations of the growth rate for the sec-
Only frequencies less than the gyrofrequency are considered. Thignd and larger ratio of concentrations is presented in Fig. 4b.
curve is for a ratio of 0.25 between the concentration of the tran-|t is clear from this figure that the instability dissapears. This
sient distribution and of the loss-cone distribution. Fet0.47 the result represents one of two regions where plasma is transpar-
growth rate is positive, indicting wave growtiib) Same as Fig-  gnt ¢ <0.3). For the other regiom,>0.56, calculations also

ure 4a, but more for a ratio of 0.4 between the concentrations OfShOW that there is no instability. It means that the instabil-

the transient component_ and the trapped component. For this Casi;y disappears for too little admixture of Maxwellian plasma
the trapped component is reduced compared to the case shown | . e
Fig. 4a. There is no growth of waves in the rangb<©-<0.22. Cal- too Iarge ratiovy /Ns). The amplification factor Q calcu-
culation also shows that for-0.56 there is negative growth. Fora lated with the help of Eq. (34p~200 shows that the waves
ratio of 0.4 there are no unstable waves. Only for fairly large trappedWith the reduced frequencies-0.33—0.4 should have large
thermal electron population (ratie0.25) are waves excited. amplitudes. To estimate them correctly nonlinear processes
should be taken into account. This problem will be investi-
oo gated elsewhere.
Z [r (1 + M) _ Zn] exr{—az(r —n)?. (35) Note that in the same manner the excitation of electrostatic
B waves with higher frequencies>wne can be investigated.
It can be shown that the growth rate of the instability for
Parameteki V2 that enters the denominator of Eq. (35) such waves decreases to compare with the lowest frequency
can be found from Eq. (28). In the next section we presenandw<wie. This is why we discussed only the excitation
some numerical estimates for the amplification (35) on theof waves with the frequencies below the gyrofrequency of

n=—0oo

closed magnetic field lines in the ionosphereof Mars. electrons. . _
In our analysis we have discussed the case when the
3.3 Numerical estimates for the waves excitation plasma frequency is much larger than the gyrofrequency of

electrons. It allowed us to use rather simple formulas appli-
Our estimates are based on the available experimental datable for large transverse wave numblkrge>1. We pre-
concerning the distribution of plasma concentration anddict excitation of waves near the terminator where the plasma
magnetic fields in the ionosphere of Mars (see ideet al., frequency is still not too small. Hence, we expect that the
1998; Krymskii et al. 2003; Mitchell et al., 2001; Shina- restrictionwp.>wg. is still valid near the terminator. Dur-
gawa, 2004). Unfortunately, these data are not sufficient foiing nighttime conditions (far from terminator), it is hardly
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possible to expect the excitation of waves. Therefore, wepitch angle distributions were not measured (Verigin et al.,
didn’t discuss the case that corresponds to small plasma fret991).

quenciesvp, <wge- We have also discussed the excitation of electrostatic
waves with the frequencies of the order of the electron gy-
rofrequency. We expect these waves to be generated, first
of all, near the terminator, where the loss-cone ditribution of
thermal electrons can be formed. While we concentrated on
the waves with the frequencies below the electron gyrofre-
We have suggested a model distribution function for phot-qencyw <wpe, waves with higher frequencies>wpe can
electrons in the closed magnetic field regions, source-congsg he excited. But the maximum growth rate of the instabil-
distribution_, !Eq. (7). It corresponds_to the case when therqty is achieved for the lowest frequency rangeswpe, that

are no collisions of photoelectrons in the upper part of thecorresponds to the electrostatic whistlers. Such electrostatic
magnetic flux tubes. For such a distribution the flux of elec-\yhistlers in the presence of plasma irregularities transform
trons along the field line is larger than the particle flux acrossj,iq ordinary whistler mode waves that can escape far away
the magnetic field. Since the instability is easier excited forfom the region of generation.

an increased anisotropy, the analysis corresponds, therefore,At the present time there are two indications that plasma

to a conservative estimate. At the same time, for the Chose(haves are excited in the closed magnetic loop regions. First,

distribution this flux ratio does not depend on the energy (Seg, .. qing to Krymskii et al. (2003), the electrons inside such
Eq. (10)). According to Fig. 11 in Liemohn et al. (2003), the |, ¢ are hotter than outside. It can be caused, at least partly,

observed qu.x.ratio fluctuates siglnific':arjtly with energy but., by the interaction with waves. Second, the peculiar near-
on average, it is almost constant, justifying the suggested d'SFsotropic pitch angle distribution of the high energy photo-

tribution. With the help of this distribution function we have electrons W>100eV) can be explained by the interaction

: ) = 3 ) _ { _
est_ln‘!ated the concentratioNg,=1.6 cm™) and the charac- 5 scattering of electrons by whistler mode waves (Liemohn
teristic energy \(\; ~4.4 eV) of photoelectrons on the closed etal., 2003)

magnetic field lines. The introduced model pitch angle distri-
bution of photoelectrons allows us to investigate the possiblei)iI

o : ities which might be excited in particular regions of the
excitation of Langmuir waves and the growth rate of the in- ionosphere of Mars. We didn't discuss physical processes in
stability. We expect the growth rate to be large enough for P : Phy P

.~ the vicinity of the cusp-type magnetic configurations or close

significant amplification of the Langmuir waves. The typi- o )

. . to the magnetic pile-up boundary where the acceleration of
cal parameters of the excited waves are the following. At theelectrons can take olace. It is known that fast electrons can
height z=400 km on the sunlit side the frequency is of the b |

. be the source of wave excitation. We have not investigated
order ofwpe~2.10° s~ 1. It becomes larger on the inner mag- g

netic field lines where the ionosphere is more dense. At theIOW frequency gradient-drift instabilities caused by inhomo-

. L geneities of plasma distribution and magnetic fields. Such
same time the range of the characteristic wavelengths of th i, A . .

: . instabilities play a significant role in the Earth’s ionosphere
excited perturbations decreases frams2, 7.10°cm at the and can also be expected in the ionosphere of Mars
heightz=~400 km up to,~6.107 cm at the heights~300 km. P P '

While the frequencies»>6.10° s~ can be easily detected
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