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Abstract. It is argued that anisotropic electron pitch angle
distributions in the closed magnetic field regions of the Mar-
tian ionosphere gives rise to excitation of plasma instabili-
ties. We discuss two types of instabilities that are excited
by two different populations of electrons. First, the genera-
tion of Langmuir waves by photoelectrons with energies of
the order of 10 eV is investigated. It is predicted that the
measured anisotropy of their pitch angle distribution at the
heightsz≈400 km causes excitation of waves with frequen-
ciesf∼30 kHz and wavelengthsλ∼30 m. Near the termina-
tors the instability of the electrostatic waves with frequencies
of the order of or less than the electron gyrofrequency exited
by thermal electrons is predicted. The typical frequencies of
these waves depend on the local magnitude of the magnetic
field and can achieve valuesf∼3−5 kHz above strong crustal
magnetic fields.

Keywords. Ionosphere (Planetary ionospheres; Plasma
waves and instabilities) – Magnetospheric physics (Energetic
particles)

1 Introduction

It is well-known that many different types of plasma instabil-
ities are excited in planetary plasmas (Treumann, 2000). Ra-
dio waves are emitted in the plasma environment of planets
whenever electrons are accelerated. In a plasma with a large
number of free electrons accelerated in unison strong sources
of wave radiation result. Waves may be excited owing to spa-
tial anisotropies or spectral anomalies. The energy of the ra-
diation may be taken from bulk flows or from energetic par-
ticle fluxes. The excited plasma waves propagate from the
source region under control of the spatial variations in the
background plasma and magnetic field. Space-borne plasma
wave detectors have been used in the investigations of the
complicated phenomena connected with plasma instabilities
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in the Earth’s ionosphere, especially in the auroral regions
(Gurnett, 1974). Now significant attention is devoted to the
exploration of the environment of Mars where an ionosphere
similar to the Earth’s ionosphere exists. In the present work
we explore theoretically the possibility for wave activity in
the closed magnetic field regions observed in the ionosphere
of Mars.

On board the ESA spacecraft Mars Express the MARSIS
experiment will probe the Martian plasma environment for
plasma wave activity (Nielsen, 2004). These predictions of
plasma wave activity in the Martian plasma environment are,
therefore, to be experimentally tested in the near future.

Recently, it was discovered that strong local crustal mag-
netic fields exist on the surface of Mars, especially in the
Southern Hemisphere (Acuña et al., 1998). These fields ex-
tend with significant amplitudes for hundreds of kilometers
above the surface, forming mini-magnetospheres with closed
magnetic field lines. At the footpoints the magnetic field
can exceed large values ofH≈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 ofz≤200−250 km collisions between
electrons and neutral particles are frequent, while above such
heights the plasma can be considered as almost collision-
less. Thus, electrons moving along a magnetic loop suffer
collisions at low altuitudes while they are nearly collision-
less near the peak of the loop. Regions of magnetic loops
are surrounded by cusp-like regions of magnetic field lines
which extend into the solar wind. The properties of the iono-
spheric plasma within closed magnetic flux tubes, therefore,
deviate significantly from the surrounding plasma. Accord-
ing to Krymskii et al. (2003), in the closed tubes neutral par-
ticles are cooler and electrons are hotter than outside. One
may speculate that electons are heated by some source in-
side magnetic loops (e.g. interaction with waves). As the
exchange of energy across the magnetic field lines is reduced
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
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Fig. 1. Source-cone distribution function of photoelectron fluxes on
closed magnetic field lines in the Martian ionosphere. Shown are
the differential directional fluxes averaged over pitch angle (solid
curve) and transverse fluxes (dashed) as functions of electron en-
ergy. The curves are based on Eqs. (7) and (13). Both axes are in
logarithmic scale.

electron reflectometer (ER) on board Mars Global Surveyor
(Mitchell et al., 2003). The distribution function of these hot
electrons were investigated by Liemohn et al. (2003) and it
was shown that it is characterized by a pitch angle anisotropy.

An anisotropy in the pitch angle distribution of charged
particles leads to various plasma instabilities (Mikhailovskii,
1974). The aim of this work is to attract attention to the pos-
sibility of wave excitation on closed magnetic field lines in
the ionosphere of Mars. Two types of instabilities are theo-
retically investigated. These instabilities are associated with
two distinctly different electron pitch angle distributions and
electron energy ranges. We show that the observed source-
cone pitch angle distribution of photoelectrons with mini-
mum flux at 90 deg pitch angle (Liemohn et al., 2003) can
be the source of Langmuir waves. According to our analysis
the instability is strong enough that the excited waves might
be detected by the MARSIS wave detector. Then we con-
sider the excitation of electrostatic waves with the frequen-
cies of the order of the electron cyclotron frequency. The
source of this instability is the anisotropic loss-cone distribu-
tion (maximum flux at 90 deg pitch angle) of thermal elec-
trons. We argue that such a type of anisotropy should be
more pronounced in the vicinity of the terminator, where the
population of transit electrons (i.e. electrons with small pitch
angle) quickly decreases in the absence of solar UV radia-
tion. The two different electron populations are presented in
the next two sections, and finally summerized and discussed.

2 Unstable photoelectron population

2.1 Conceptual model of photoelectron distribution on
closed magnetic field lines

Recently, observations of the pitch angle distribution and
energy spectra of photoelectrons in the Martian ionosphere
were discussed by Liemohn et al. (2003). The observa-
tions were made in regions of closed magnetic fields, i.e.

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 pitch angle had a power
law dependence. In the case of equilibrium a spectrum is
typically Maxwellian. The power law dependence indicates
a lack of equilibrium, suggesting that the collision frequency
between electrons is too small to support the total thermal
equilibrium.

These observations are indicative of the following sce-
nario. Photoelectrons are generated by solar UV radiation
interacting by scattering with the neutral atmosphere at low
altitudes. This interaction results in a flow of photoelectrons
from the top of the neutral atmosphere into the upward hemi-
sphere. These electrons now propagate along the magnetic
field lines conserving their magnetic momentum, such that
a concentration of electrons with increased parallel veloci-
ties to the magnetic field will occur. This process will take
place for electrons originating in both hemispheres (north
and south). As a result, a pitch angle distribution near the
top of the magnetic field lines with a minimum at 90 deg is
produced. Such a pitch angle distribution is referred to as a
source-cone distribution. While there is strong enough scat-
tering of electrons at low altitudes, at the top of the magnetic
loops, according to our estimates, the scattering is weak.
This prevents the 90 deg minimum from filling-in, and also
accounts for the observed power law energy spectrum. In
this work it is shown that the pitch angle anisotropy of low
energy photoelectrons (W≤10 eV ) at the top of closed mag-
netic field lines can lead to excitation of Langmuir plasma
waves.

In the following section an analytical model of electron
distribution functions is intoduced to allow a quantitative de-
scription of the energy spectra and pitch angle distribution.
Figure 1 shows a typical pitch angle averaged (solid) and
the transverse (dashed) electron fluxes versus energy asso-
ciated with the model distribution function. The presented
curves qualitatively reproduce the real pitch angle anisotropy
of photoelectrons measured inside magnetic loops and their
energy distribution. More detailed analysis of the problem
will be given in the next section. This is followed by a dis-
cussion of excitation of Langmuir waves, including numeri-
cal estimates.

2.2 Distribution of photoelectrons in crustal magnetic
loops

Suppose a magnetic loop is symmetric with respect to the
point where the magnetic field is horizontal. With “s” being
the coordinate along the field line let the coordinate of the
horizontal point bes=0 while the two feet (the boundaries
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where plasma is still collisionless) have coordinatess=±L.
As photoelectrons are created at both ends of the magnetic
field line and travel upward their distribution is presented as

Fph = F
(+)
ph + F

(−)
ph , (1)

whereF(±)
ph is the distribution of photoelectrons penetrating

into the upper part of the loop from the two ends of the field
line. The distributionF(+)

ph contains electrons with positive

longitudinal velocityv‖>0 while F(−)
ph describes electrons

with negative longitudinal velocities. The distribution func-
tionsF(±)

ph are found as the stationary solutions of the Boltz-
mann kinetic equation

∂F
(±)
ph

∂t
+v∇F

(±)
ph −

e

m
E

∂F
(±)
ph

∂v
−ωHe[v × h]

∂F±

(ph)

∂v
=0 (2)

with the boundary conditions

F
(+)
ph (−L) = F

(+)
b (v, µ), F

(−)
ph (L) = F

(−)
b (v, µ) . (3)

Herev, −e, m are the velocity, the charge and the mass
of electron,E is electric field,ωHe=eH/mc is the gyrofre-
quency of elecrons,H is the magnetic field, c is the speed
of light, h is a unit vector along the magnetic field line,
µ= cosθ, θ is a pitch angle.

Taking into account that the magnetic field changes signif-
icantly along the field line we rewrite Eq. (2) for the station-
ary distribution of electrons in the upper (collisionless) part
of the loop in the form (Lejeune and Wormser, 1976)

vµ
∂F

(±)
ph

∂s
− v

1 − µ2

2H(s)

dH

ds

∂F
(±)
ph

∂µ
= 0 . (4)

HereH(s) is the absolute value of the magnetic field. The
stationary electric field is assumed to be so weak that it does
not influence the motion of photoelectrons and therefore it
has been neglected in Eq. (4).

The functionsF(±)
ph (∓L)=F(±)

b (v, µ) describing the distri-
bution of photoelectrons at the ends of the crustal loops in the
Mars’ ionosphere are not known. At the same time there is an
indication based on the experimental data that the pitch angle
distribution of photoelectrons in the upper part of the loop is
anisotropic (Liemohn et al., 2003). It is seen from Fig. 2 (in
Liemohn et al., 2003) that in some cases the parallel flux of
photoelectrons is larger than the flux in the transverse plane.
Such an anisotropic distribution is called a source-cone dis-
tribution.

Let us now discuss possible analytical approximations for
the distribution of photoelectrons in the upper part of crustal
magnetic tubes. Taking into accout that the pitch angle av-
eraged flux is observed to quickly decrease with increasing
energy (as presented in Fig. 3, Liemohn et al. (2003)) we ex-
pect that the differential flux should have a power law spec-
trum at high energies or even to contain an exponential com-
ponent (Maxwellian) with some effective energyWph at low
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Fig. 2. Loss-cone distribution function of thermal electrons on
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.
The curves are based on Eq. (26). Both axes are in logarithmic
scale.

energies. It is possible to find several analytical solutions of
Eq. (2) with such a component. The most simple of them is
the Maxwellian distribution function:

F1 =
A1

(
√

2vph)3
exp[−

v2

2v2
ph

] . (5)

The flux of electrons described by this function is isotropic
in pitch angles. Hence, it does not correspond to the existing
data. Another function is the so-called loss-cone distribution,

F2 = A2
H j (0)(v2(1 − µ2))j

H j (s)(
√

2vph)2j+3
exp[−

v2

2v2
ph

], j = 1, 2, ... (6)

It describes the electrons trapped in a magnetic “bottle”.
The peculiarity of this distribution is the lack of electrons
with large longitudinal velocities. Hence the corresponding
flux has maximum at pitch angles close toθ=90◦ instead
of a minimum . At last we present the function in which
the amount of electrons with large longitudinal velocities is
enhanced:

F3 = A3

(
v2(1 − (1 − µ2)

H(0))
H(s)

)j

(
√

2vph)2j+3
F(v2), j = 1, 2, .. , (7)

whereF(v2) is a decreasing function of energy. For small
energiesW∼10eV we take it in the form of the Maxwellian
distribution Eq. (5). We consider Eq. (7) as a model dis-
tribution function of photoelectrons in the crustal loops. It
is more convenient to use invariant variablesv, ξ , instead of
v, µ, where

ξ=±

√
(1 − µ2)

H(0)

H(s)
. (8)

It is clear that ξ changes within the interval

−

√
H(0)
H(L)

≤ ξ ≤

√
H(0)
H(L)

. The longitudinal and the trans-
verse velocities in coordinatesv, ξ take the form:

v‖ = ±v

√
1 −

H(s)

H(0)
ξ2, v⊥ = v

√
H(s)

H(0)
|ξ | . (9)
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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 gyrofrequency,r=ω/ωHe. This
curve is for a ratio of 0.25 between the concentrations of the tran-
sient component and of the loss-cone distribution (the electron flux
trapped in the “magnetic bottle”). The real part is positive in the
whole frequency interval, indicating transparency.(b) Same as
Fig. 3a, but here for a ratio of 0.4 between the concentration of the
transient component and the component trapped in the “magnetic
bottle”. The real part is negative for 0.3<r<0.5, indicating that
waves within that range can not propagate. Thus, for increasing
concentration in the magnetic bottle, (decreasing ration) the whole
frequency range below the electron gyrofrequency becomes trans-
parent (Fig. 3a).

Note that at the foot of a strong magnetic loop, where
H(0)/H(s)�1, the distribution presented in Eq. (7) is almost
isotropic. At the same time, near the top of the loop, the pitch
angle anisotropy is clearly seen. Now we are in a position to
calculate with the help of Eq. (7) the pitch angle anisotropy of
electron fluxes. Let us designatedJ‖

dW and dJ⊥
dW the differential

fluxes of electrons that correspond to pitch-angleθ=0 and
θ=90◦, correspondingly. The ratio of such fluxes depends
on the parameterj which is unknown. Taking for example
j=1, we find for this ratio in the equatorial part(s=0) and at
the bottom of the loop(s=±L):

dJ‖

dJ⊥

|s=0≈0.75

√
H(L)

H(0)
,

dJ‖

dJ⊥

|s=L≈0.8 . (10)

Note that in the central part of the loop the parallel flux ex-
ceeds the transverse one several times becauseH(L)�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
to specify the functionF(v2) 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-
sured by Liemohn et al. (2003). With the help of Eq. (7) such
flux can be presented in the form:

d < J >

dW
≈5.5

√
H(0)

H(L)

A3

v5
ph

W2F(W), (11)

whereW is the energyW=mv2/2 andA3 is determined by
the concentration of photoelectrons:

Nph≈1.1
A3

v5
ph

∫
v4F(v2) dv

∫
ξ2√

1 −
H(s)
H(0)

ξ2
dξ . (12)

We suggest the following approximation forF(W)

F (W) = exp

(
−

W

W
(1)
ph

)
+ q

(
W

(2)
ph

W + W
(2)
ph

)α+j

, (13)

where W(1)
ph , W(2)

ph are two characteristic energies,

W(2)
ph >W(1)

ph , q and α are two more unknown param-
eters which should be chosen to fit the experimental
data. For small energiesW∼W(1)

ph the function F(W)

decreases exponentiallyF(W)≈ exp(− W
W(1)

ph

), while for large

energiesW>W(2)
ph it decreases according to power law

F(W)∼(W(2)
ph /W)α+j . Taking into account the behaviour

of the real pitch angle averaged electron flux presented
by Liemohn et al. (2003) (see their Fig. 3) we are able to
estimate the main parameters of the distribution function

Nph≈2.8A3≈1.6 cm−3 W
(1)
ph ≈4.4eV,

W
(2)
ph ≈25eV, q≈0.1, α≈5.3 (14)

Two fluxes (pitch angle averaged and transverse) for this
chosen distribution function are presented in Fig. 1.

2.3 Excitation of Langmuir waves

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

1φ = 4πen . (15)

Hereφ is the potential of the electric fieldE=−∇φ, n is the
perturbation of plasma concentration. The link between the
two unknown functionsn andφ is given by the Boltzmann
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equation (Eq. (2)) for the distribution function of electrons.
The total distribution function is presented as

Fe = F0 + fe , (16)

whereF0 is the stationary distribution of electrons within the
crustal magnetic loop andfe is a small perturbation. The
main part of the stationary distributionF0 is given by the
distribution of thermal electronsFth while a small additional
contribution is produced by photolelectrons with the distri-
bution functionFph (Eq. (1)).

Assuming that the perturbation of the electrons’ distribu-
tion fe and the electric potentialφ has small spacial scales
(compared with the longitudinal variation of the magnetic
field and undisturbed plasma concentration) we use the ge-
ometric optics approximation:

fe = f̃e(v, s) exp[−i(ωt − k‖s − k⊥r⊥)]

φ = φ̃(s) exp[−i(ωt − k‖s − k⊥r⊥)] . (17)

Here f̃e, φ̃ are the amplitudes slowly varying with s,ω is the
frequency of the excited waves,k‖, k⊥ are the wave num-
bers along and across the magnetic field. The substitution of
Eq. (16) into Eq. (2) allows us to find the perturbationf̃e

− i(ω − k‖v‖)f̃e + ωHe[v × h]
∂f̃e

∂v
= −i

e

m
k‖φ̃

∂F0

∂v‖

, (18)

wherev‖ is the longitudinal velocity of electrons. For the
frequencies much higher than the Larmor frequency we can
neglect the term containing the magnetic field. In this case it
follows from Eq. (18) that

f̃e =
e

m

k‖φ̃

ω − k‖v‖

∂F0

∂v‖

. (19)

Thermal electrons that give the main input to plasma per-
turbation have rather small characteristic (thermal) velocity
vTe�ω/k‖. This is why they do not contribute to the reso-
nanceω=k‖v‖, (the pole in Eq. (19)). As a result we arrive
at the following approximate expression for the perturbed
plasma concentration:

ñ = −
e

m

k2
‖
φ̃

ω2

∫ (
1 + 3

k2
‖
v2
‖

ω2

)
Fth(v) d3v . (20)

The substitution of Eq. (20) into the Poisson equation al-
lows us to find the frequency of perturbations

ω2
=

4πe2

m

∫ (
1 + 3

k2
‖
v2
‖

ω2

)
Fth(v) d3v . (21)

The dispersion relation Eq. (21) describes Langmuir waves
with thermal corrections∝ k2

‖
v2

Te/ω
2. Note that

∫
Fth d3v is

equal toNth – 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
this they determine the input of the resonanceω=k‖v‖ to

the dispersion relation. This resonance corresponds to the
well-known Landau damping, if the derivative∂Fph/∂v‖ is
negative at the resonance pointvr=ω/k‖ and describes the
growth rate if the derivative is positive. Taking into account
the above mentioned resonance we find the perturbation of
the plasma concentration has the form (compare to Eq. (21))

ñ = −
e

m

k2
‖
φ̃

ω2

∫ (
1 + 3

k2
‖
v2
‖

ω2

)
Fth(v) d3v

− i
e

m

k‖φ̃

ω

∫
∂Fph

∂v‖

δ(ω − k‖v‖) d3v . (22)

It is seen from Eq. (22) that positive values of the derivative
∂Fph/∂v‖ give rise to plasma instability with the growth rate
γ

γ ≈
4πe2

m

ωPe(Nth)

k2
‖

∫
∂Fph

∂v‖

|vr d2v⊥ . (23)

It is clear that the peculiarities of the photoelectrons’ distri-
bution function in the magnetic tube influences the growth
rate of the instability.

2.4 Typical parameters of the excited waves

Let us now find the derivative
∂Fph
∂v‖

that enters the growth rate
of instability. Note that the distribution of photoelectrons in
the upper part of the loop consists of two partsF(±)

ph (see
Eq. (1)). Suppose for certainty that we investigate the excita-
tion of the Langmuir waves withω>0, k‖>0. The resonance
velocity for these waves is also positivevr>0. It means that
only one part (F(+)

ph ) of the distribution contains photoelec-
trons that can be in resonance with such waves. For the waves
propagating in the opposite direction (negative resonance ve-
locity), another part (F(−)

ph ) in the distribution should be taken
into account. Since we are interested in electrons with the
energiesW≈Wph, the part that contributes to the power law
spectrum in Eq. (13) can be neglected. For the central part

of the loop, whereH(s)=H(0), the required derivative
∂Fph
∂v‖

takes the form

∂Fph

∂v‖

=0.4Nph

(
1−

v2
‖

2v2
ph

)
2v‖

(
√

2vph)5
exp[−

v2

2v2
ph

] . (24)

It is seen that the derivative is positive for small parallel
velocitiesv‖<

√
2vph. At the same time, according to Eq. (7),

the amount of photoelectrons decreases withv‖→0. It means
that the maximal growth rate is expected for resonance ve-
locities close tovph. The integration with respect tov⊥ in
Eq. (23) is easily fulfilled. As a result we arrive at the final
expression for the growth rate of the instability:

γ=
ωPe(Nth)ω

2
Pe(Nph)

√
2πk2

‖
v2
ph

vr
√

2vph

(
1−

v2
r

2v2
ph

)
exp

[
−

v2
r

2v2
ph

]
. (25)
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It can be proved that the maximal growth rate is achieved
at vr≈1.2 vph. After the substitution in Eq. (25) the main
parametersNth=20 cm−3, Nph=1.6 cm−3, vph=9.107 cm/s
we estimate the maximal growth rate of the instability as
γmax≈1, 2.103 s−1 and the characteristic wave number as
k‖=ωPe(Nth)/vr≈2, 4.10−3 cm−1. It is seen that the growth
rate is large enough to provide significant amplitudes of the
Langmuir waves.

3 Unstable thermal electrons population

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

Not only photoelectrons but also thermal electrons will
spread along the closed magnetic field lines. Note that the
concentration of thermal electrons is much larger than the
concentration of photoelectrons. The scattering of thermal
electrons due to their low energies is stronger than for pho-
toelectrons. This is consistent with the general trend that
the particle scattering cross section increases with decreas-
ing energy for Coulomb collisions. Like the photoelectrons
the thermal electrons stream along the magnetic field lines to
form a source-cone distribution at high altitudes. Note in this
scenario that the electrons are lost in the opposite hemisphere
after one bounce. One may refer to the source-cone parti-
cles as “transient particles”. However, owing to scattering,
electrons are transferred (mainly) towards larger pitch angles
such that some electrons become trapped. The trapped popu-
lation will sum-up over time to produce a flux around 90 deg
pitch angle which will be equal to or less than the transient
flux. However, near the terminator, for example, recombi-
nation at low altitudes may reduce the transient fluxes. As
a result, the trapped fluxes may exceed the transient fluxes
to form a loss-cone pitch angle distribution with maximum
flux at 90 deg. Figure 2 shows the pitch angle averaged flux
(dashed) and transverse flux (solid) of thermal electrons ver-
sus energy that corresponds to the loss-cone distribution. It
will be shown that the pitch angle anisotropy of these low
energy thermal electrons (W<1 eV) can lead to excitation of
plasma waves with frequencies of the order of or less than
the electron cyclotron frequency.

The electrostatic waves with frequencies below the elec-
tron gyrofrequency is often called electrostatic whistlers.
They are converted into electromagnetic whistler mode
waves by the scattering on plasma irregularities. Such lin-
ear mechanism of wave transformation is well-known for
different types of waves (see e.g. Erokhin and Moiseev,
1979). The observed isotropy of the energetic electron fluxes
(W>300 eV) can be explained by the interaction of such
electrons with electromagnetic whistler mode waves. In-
deed, such interaction is quite efficient because the longitudi-
nal phase speed of waves is of the order of the characteristic
velocity of fast electrons.

3.2 Excitation of waves with the frequencies of the order of
electron cyclotron frequency

In the previous sections the instability excited by photoelec-
trons that have anisotropy with respect to their parallel ve-
locity was investigated. In this case thermal electrons play
a passive role and contribute only to the real part of the fre-
quency. 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
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
near the terminator it is quite probable that the concentration
of trapped electrons becomes larger than the transit ones. In-
deed, without UV radiation electrons begin to disappear due
to recombination, attachment, transverse drift, diffusion. In
the lower part of the loop, where the concentration of ions
is large, the recombination withO+

2 ions, according to our
estimates, is a main mechanism of loss for transit electrons.
Chemical reaction rates in the Mars’ ionosphere can be found
in Krasnopolsky (2002). As for the trapped electrons they
oscillate in the upper part of the loop where the concentra-
tions of neutrals and ions are small. The main mechanism
of losses for them is the scattering into the loss-cone due to
collisions. But it is known that the characteristic time of such
scattering in the magnetic “bottle” is much larger than the in-
verse collision frequency of electrons (Pastukhov, 1987). So
it is possible to expect that trapped electrons disappear more
slowly than transit ones. As a result the distribution function
of thermal electrons near the terminator can be modelled by
the combination of the loss-cone distribution

F
(e)
j (v⊥, v‖)=NB

v
2j
⊥

π3/2j !(
√

2vth)2j+3
exp

[
−

(
v2
⊥
+v2

‖
√

2v2
th

)]
(26)

and a small admixture of the Maxwellian distribution

FM =
NM

π3/2(
√

2vth)3
exp

(
−

v2

2v2
th

)
, (27)

whereNB, NM are the concentrations of the trapped elec-
trons in the magnetic “bottle” and transit electrons,j=1, 2, ...

The theory predicts that due to loss-cone distribution
plasma becomes unstable (Mikhailovskii, 1974) and differ-
ent types of waves (electomagnetic and electrostatic) can be
excited. In the Earth’s magnetosphere such distribution is
responsible for the excitation of Alfvén waves and whistler
mode waves in the radiation belts (Bespalov and Trakht-
engerts, 1986) and also electrostatic waves with frequencies
of the order of the electron cyclotron frequency in the equa-
torial part of the magnetosphere (Kennel et al., 1970).
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The procedure of obtaining the frequency and the growth
rate of instability is the same as described in Sect. 2.3. First,
we need to find the perturbation of the distribution func-
tion in the magnetic field. The corresponding solution of
the Boltzmann equation, Eq. (2), as an infinite sum with
respect to different gyroharmonics is well-known (see, e.g.
Mikhailovskii, 1974). After the substitution of the concen-
trationn(φ) into Eq. (1) we arrive at the dispersion relation.
In the general case the real and the imaginary parts exist in
this equation. Assuming that the imaginary part of the fre-
quency (the growth rate) is small compared with the real one,
we are able to split the dispersion relation into two different
equations. It allows us to use the results presented by Karp-
man et al. (1974) with a small modification. Let us consider
the most simple case when the transverse k-number of per-
turbations is large enoughk2

⊥
ρ2

e�1 while the longitudinal
k-number is smallan=

ω−nωHe
|k‖|v‖e

�1. Hereρe=
vTe
ωHe

is the Lar-
mor radius of electrons.,n=0, ±1, ±2, ... In this case the
real part of the dispersion relation reduces to

(k⊥ρe)
3
+2

ω
(M)2
Pe

ω2
He

k⊥ρe=−
√

π
ω

(M)2
Pe

ω2
He

2

[(
αj

2j−1
−

NM

NB

)(
r cotπr+

π2r cotπr

2a2 sin2 πr

)
−

αj

2j−1

πUj

2a2 sin2 πr

]
. (28)

Here r=ω/ωHe is the reduced frequency,ω(M)
Pe , ω

(B)
Pe are

the plasma frequencies that correspond to the concentrations
NM, NB,

Uj=2j, αj=
(2j − 1)!!

2j j!
, a=

ωHe

|k‖|ve
.

Further, we consider the case when the loss-cone is not too
strong and setj=1, U=2. As a result, the imaginary part
of the dispersion relation that determines the growth rate of
instability takes the form:

g=−
a

√
πD

n=∞∑
n=−∞

(
U(r−n)−(1−

NM

NB

)r

)

exp[−a2(r−n)2
]−

νei

ωHe

, (29)

whereg=
γ

ωHe
is the reduced growth rate. Hereνei is the col-

lision frequency of electrons with ions,
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(
1−2

NM

NB

)[
cotπr

(
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π2

2a2 sin2 πr

)

−
πr

sin2 πr
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π2
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(3 cot2 πr+1)
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π2U1

a2 sin2 πr
cotπr . (30)

In the case if the Maxwellian component is absent
(NM=0), the above obtained results coinCide with the re-
sults presented in Karpman et al. (1974). Note that the pos-
itive sign g>0 corresponds to the instability while the neg-
ative signg<0 determines the attenuation of waves. In the

discussed approximation we can also find the transverseVg⊥

group velocity of the excited wave:

Vg⊥≈ − vT e

3

D
√

π

(
ωHe

ω
(B)
P e

)2(
k2
⊥
ρ2

e + 2
ω

(M)2
Pe

ω2
He

)
. (31)

The presented above results allow us to estimate the exci-
tation of the electrostatic waves with the frequencies of the
order of electron gyrofrequency within the closed magnetic
field lines in the ionosphere of Mars.

Two obvious requirements have to be fulfilled simultane-
ously for the excitation of waves. First, the right-hand side of
Eq. (28) should be positive and large enough (as according
to our assumptionk⊥ρe�1). Second, the growth rate (see
Eq. (29)), should also be positive. In this case the amplitude
of the wave packet localized in some region within the closed
magnetic field line starts to grow in time. At the same time
the packet moves along and across the magnetic field line
with the group velocitiesVg‖, Vg⊥, correspondingly. This
motion provides the linear mechanism of the amplification
because the parameters of plasma and magnetic field change
in space. The energy density of the wave packet with the cen-
tral Fourier harmonick0 calculated by Karpman et al. (1975)
can be presented in the form:

Ik0 =
r|Ek0|

2

8π
D . (32)

The propagation of the wave packet in the geometric optics
approximation is described by equation

∂

∂t
Ik0 + (Vg⊥∇⊥ + Vg‖∇‖)Ik0 =

2gk0ωHeIk0+

∑
k1

P(k0, k1)Ik0−k1Ik1 . (33)

The last term in Eq. (33) corresponds to the nonlinear in-
teraction between waves that contributes to the stabilization
and the formation of the stationary spectrum of waves. Be-
low only linear effects are taken into account. Let us intro-
duce the typical scalesL⊥ andL‖ for the inhomogeneities of
the medium across and along the magnetic field lines. As-
suming that the inhomogeneity across the magnetic field line
is stronger than along the field line, we are able to estimate
the amplificationQ of the excited wave in the linear approx-
imation:

Q≈2
gk0L⊥ωHe

Vg⊥

. (34)

If Q�1 we expect strong amplification of waves. The ratio
gk0/Vg⊥ that enters Eq. (34) can be presented in the explicit
form taking into account Eqs. (28) and (30). As a result, we
find the amplificationQ as the following:

Q =
2

3

ω2
Pe(NB)L⊥

vT e

aωHe

k2
⊥
v2
Te

+ 2ω2
Pe(NM)
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Fig. 4. (a) The imaginary part (g) of the dispersion relation of ther-
mal electron on closed magnetic field lines (Eq. (29)) of Mars shown
versus frequency. Both the frequency and imaginary part (or growth
rate) are normalized to the electron gyrofrequency,r=ω/ωHe.
Only frequencies less than the gyrofrequency are considered. This
curve is for a ratio of 0.25 between the concentration of the tran-
sient distribution and of the loss-cone distribution. Forr<0.47 the
growth rate is positive, indicting wave growth.(b) Same as Fig-
ure 4a, but more for a ratio of 0.4 between the concentrations of
the transient component and the trapped component. For this case
the trapped component is reduced compared to the case shown in
Fig. 4a. There is no growth of waves in the range 0.1<r<0.22. Cal-
culation also shows that forr>0.56 there is negative growth. For a
ratio of 0.4 there are no unstable waves. Only for fairly large trapped
thermal electron population (ratio∼0.25) are waves excited.

n=∞∑
n=−∞

[
r

(
1 +

NM

NB

)
− 2n

]
exp[−a2(r − n)2

] . (35)

Parameterk2
⊥

v2
Te

that enters the denominator of Eq. (35)
can be found from Eq. (28). In the next section we present
some numerical estimates for the amplification (35) on the
closed magnetic field lines in the ionosphereof Mars.

3.3 Numerical estimates for the waves excitation

Our estimates are based on the available experimental data
concerning the distribution of plasma concentration and
magnetic fields in the ionosphere of Mars (see Acuña et al.,
1998; Krymskii et al. 2003; Mitchell et al., 2001; Shina-
gawa, 2004). Unfortunately, these data are not sufficient for

detailed analysis. This is why only rather crude estimates are
given below. We use the data that correspond to the sunlight
side and the heightz≈400 km. For our calculations we need
to specify several main parameters:a, ωPe(NB), NM/NB, vTe,
ωHe, νei. Let us takea=5, ωPe/ωHe=25, ωHe=104 s−1,

vTe=107 cm/s, νei=0.03 s−1. Our aim is twofold. First,
to investigate how the ratio of concentrationsNM/NB influ-
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 frequencyr for a given ratio
NM/NB the strongest amplification is expected. In this pa-
per we discuss only the frequency range 0<r<1 where the
largest growth rate for the given parameters is expected.

First, we calculate the right-hand side of Eq. (28) as a func-
tion of r to find at what frequencies the plasma is transpar-
ent. In Figs. 3a and b the right-hand side of Eq. (28) is pre-
sented for the lowest frequency range 0<r<1 for two ratios
NM/NB=0.25 andNM/NB=0.4. It is seen that for a small
reduced concentration of the Maxwellian plasma the whole
region 0<r<1 is transparent, while for a larger concentration
NM/NB=0.4 there are no propagating waves in the region
0.3<r<0.52.

The reduced growth rateg=γ /ωHe as a function ofr
for the same low range of frequencies and small ratio
NM/NB=0.25 is presented in Fig. 4a. We see that there is a
restricted range of frequenciesr<0.47 within which the posi-
tive growth rate exists. Note that a rather narrow region in the
vicinity of r∼0.28−0.33 cannot be investigated in the chosen
approximation. The denominator in Eq. (29) in this region
tends to zero. The calculations of the growth rate for the sec-
ond and larger ratio of concentrations is presented in Fig. 4b.
It is clear from this figure that the instability dissapears. This
result represents one of two regions where plasma is transpar-
ent (r<0.3). For the other region,r>0.56, calculations also
show that there is no instability. It means that the instabil-
ity disappears for too little admixture of Maxwellian plasma
(too large ratioNM/NB ). The amplification factor Q calcu-
lated with the help of Eq. (34)Q∼200 shows that the waves
with the reduced frequenciesr∼0.33−0.4 should have large
amplitudes. To estimate them correctly nonlinear processes
should be taken into account. This problem will be investi-
gated elsewhere.

Note that in the same manner the excitation of electrostatic
waves with higher frequenciesω>ωHe can be investigated.
It can be shown that the growth rate of the instability for
such waves decreases to compare with the lowest frequency
bandω<ωHe. This is why we discussed only the excitation
of waves with the frequencies below the gyrofrequency of
electrons.

In our analysis we have discussed the case when the
plasma frequency is much larger than the gyrofrequency of
electrons. It allowed us to use rather simple formulas appli-
cable for large transverse wave numbersk⊥ρe�1. We pre-
dict excitation of waves near the terminator where the plasma
frequency is still not too small. Hence, we expect that the
restrictionωPe�ωHe is still valid near the terminator. Dur-
ing nighttime conditions (far from terminator), it is hardly
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possible to expect the excitation of waves. Therefore, we
didn’t discuss the case that corresponds to small plasma fre-
quenciesωPe≤ωHe.

4 Discussion and conclusion

We have suggested a model distribution function for phot-
electrons in the closed magnetic field regions, source-cone
distribution, Eq. (7). It corresponds to the case when there
are no collisions of photoelectrons in the upper part of the
magnetic flux tubes. For such a distribution the flux of elec-
trons along the field line is larger than the particle flux across
the magnetic field. Since the instability is easier excited for
an increased anisotropy, the analysis corresponds, therefore,
to a conservative estimate. At the same time, for the chosen
distribution this flux ratio does not depend on the energy (see
Eq. (10)). According to Fig. 11 in Liemohn et al. (2003), the
observed flux ratio fluctuates significantly with energy but,
on average, it is almost constant, justifying the suggested dis-
tribution. With the help of this distribution function we have
estimated the concentration (Nph=1.6 cm−3) and the charac-
teristic energy (Wr≈4.4 eV) of photoelectrons on the closed
magnetic field lines. The introduced model pitch angle distri-
bution of photoelectrons allows us to investigate the possible
excitation of Langmuir waves and the growth rate of the in-
stability. We expect the growth rate to be large enough for
significant amplification of the Langmuir waves. The typi-
cal parameters of the excited waves are the following. At the
heightz≈400 km on the sunlit side the frequency is of the
order ofωPe≈2.105 s−1. It becomes larger on the inner mag-
netic field lines where the ionosphere is more dense. At the
same time the range of the characteristic wavelengths of the
excited perturbations decreases fromλ≈2, 7.103 cm at the
heightz≈400 km up toλ≈6.102 cm at the heightsz≈300 km.
While the frequenciesω>6.105 s−1 can be easily detected
by the MARSIS radar on board the Mars Express the cor-
responding wavelengths are too small for a 40-m antenna.
Nevertheless, we expect that nonlinear processes can change
the spectrum significantly, thus allowing the registration of
the waves by the MARSIS radar.

The details of the pitch angle distribution function of phot-
electrons can give important information about the interac-
tion of the electrons with these waves. Our estimates show
that the resonance electrons have energiesWr≈5−6 eV. Due
to the interaction of these low energy electrons with the
excited waves, the distribution of photoelectrons along the
magnetic field line should become more or less flat within
this energy range, to diminish the growth rate of the instabil-
ity. This is in contrast to the observed source-cone distribu-
tion at larger energies. So it would be interesting to measure
the pitch angle distribution of photoelectrons at such small
energies. Unfortunately, due to positive charging of MGS,
only electrons with the energiesW>10eV were detected by
Liemohn et al. (2003). Observations of>3 eV electron fluxes
were made on board the Phobos-2 spacecraft, but the detailed

pitch angle distributions were not measured (Verigin et al.,
1991).

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-
quencyω<ωHe, waves with higher frequenciesω>ωHe can
also be excited. But the maximum growth rate of the instabil-
ity is achieved for the lowest frequency range,ω<ωHe, that
corresponds to the electrostatic whistlers. Such electrostatic
whistlers in the presence of plasma irregularities transform
into ordinary whistler mode waves that can escape far away
from the region of generation.

At the present time there are two indications that plasma
waves are excited in the closed magnetic loop regions. First,
according to Krymskii et al. (2003), the electrons inside such
loops are hotter than outside. It can be caused, at least partly,
by the interaction with waves. Second, the peculiar near-
isotropic pitch angle distribution of the high energy photo-
electrons (W>100 eV) can be explained by the interaction
and scattering of electrons by whistler mode waves (Liemohn
et al., 2003).

In our paper we have analysed only two types of insta-
bilities which might be excited in particular regions of the
ionosphere of Mars. We didn’t discuss physical processes in
the vicinity of the cusp-type magnetic configurations or close
to the magnetic pile-up boundary where the acceleration of
electrons can take place. It is known that fast electrons can
be the source of wave excitation. We have not investigated
low frequency gradient-drift instabilities caused by inhomo-
geneities of plasma distribution and magnetic fields. Such
instabilities play a significant role in the Earth’s ionosphere
and can also be expected in the ionosphere of Mars.
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