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Abstract

The MARSIS ionospheric sounder and the charged particle instrument package
ASPERA-3 are bothexperiments on board the Mars Express spacecraft. Joint
observations have shown that events of intense ionospheric electron density
enhancements occur in the lower ionosphere of magnetic cusp regions, and that these
enhancements are not associated with precipitation of charged particles above a few
hundred electron Volts (< 300 eV). To account for the enhancement by particle
precipitation, electron fluxes are required with mean energy between 1 and 10 keV. No
ionizing radiation, neither energetic particles nor X-rays, could be identified, which could
produce the observed density enhancement only in the spatially limited cusp regions.
Actually no increase in ionizing radiation, localized or not, was observed during these
events. It is argued that the process causing the increase in density is controlled mainly by
convection of ionosphere plasma driven by the interaction between the solar wind and
crustal magnetic field lines leading to excitation of two-stream plasma waves in the cusp
ionosphere. The result is to heat the plasma, reduce the electron-ion recombination
coefficient and thereby increase the equilibrium electron density.



Introduction

The topside radio wave sounder MARSIS (=Mars Advanced Radar for Subsurface and
lonosphere Sounding) (Picardi et al., 2004) on board the Mars Express spacecraft
(Chicarro et al., 2004) measures reflections from electron densities in the Martian
ionosphere as a function of frequency and radio wave propagation time (Gurnett et al.,
2005). Several different kinds of targets giving rise to reflections have been identified,
and a variety of them are poorly understood. Single and double peaks in the vertical
profile of electron density have been observed, oblique echoes from upward bulging
ionosphere in cusp regions (see Duru et al., 2006; Nielsen et al., 2006a), diffuse echoes
from off nadir directions, and possible holes in the ionosphere are indicated. The most
common observation is vertical reflections from nadir. Electron densities in the Martian
ionosphere are generally horizontally stratified and the dominating observation by the
sounder is vertical reflections from these layers. Techniques have been developed
whereby the observations are inverted to the vertical profile of electron densities (Nielsen
et al., 2006b). The primary density peak in the profile conforms to the predictions of
photochemical equilibrium between ionization and recombination in a plasma. For
example, the peak density conforms to a predicted spatial variation controlled by the solar
zenith angle (Chapman, 1931; Gurnett et al., 2005; Nielsen et al., 2006b). However, at
times sudden short lasting strong increases are observed in the maximum electron density
in the primary density peak. This separates the events from the overall behavior of the
background ionosphere observed along the spacecraft trajectory. Such intense events
have been mentioned before (Gurnett et al., 2006) and are analyzed in this work invoking
charged particle measurements by the particle detector ASPERA-3 (= Analyzer of Space
Plasmas and Energetic Atoms) on board Mars Express (Barabash et al., 2006; Lundin et
al., 2004). An absence of extra ionizing radiation during these events points to local
processes in the ionosphere as the cause for the increase in electron density.

Observations

During ionosphere soundings with MARSIS echoes are observed for a series of discrete
frequencies (160). The sweep through frequencies last ~1.2 s and the measurements are
repeated with ~7.5 s intervals. The maximum signal frequency for which an echo is
recorded (before the radar signal passes through the ionosphere without reflection) is here
taken as a measure of the peak plasma frequency ( ~ electron density) in the ionosphere
primary layer. In Figure 1 observations during three different orbits are displayed in three
vertical stacks of panels. The top panel in each stack is the peak density versus Universal
Time. During each orbit there is a component of the maximum density slowly varying
with time along the trajectory. This slow variation is occasionally interrupted by short
lasting strong increases of the density. Electron density enhancement occurred during one
time interval of orbit #2304, on October 29, 2005. In both orbits #2359 from November
14, 2005, and #2491 from December 21, 2005, there are three intervals with strong
deviations. The mean increase in the excursions is on average about 50% over
background. The altitude of the peak density in the excursions is < 125 km. The time
duration of the strong increases was less than one minute. During these measurements the



spacecraft was at low altitudes near 300 km where the spacecraft is moving rapidly with a
speed of ~5 km/s.

An event lasting a short time when observed from a moving spacecraft can be either an
impulsive event in time or indicate a small scale spatial structure rapidly crossed by the
spacecraft. It has been shown before that impulsive solar X-ray bursts are causing sudden
increases in the Marian electron densities (Mendillo et al., 2006; Nielsen et al., 2006b). In
the midle panels of Figure 1 the solar X-ray flux from one to eight angstroms observed on
the GOES (= Geostationary Operational Environmental Satellite) spacecraft are shown
for the times of MARSIS events. Clearly no solar X-ray activity was detected during
these times. Solar cosmic rays are also known to influence the ionosphere densities
(Morgan et al., 2006). Examination of charged particle fluxes observations on board ACE
(= Advanced Composition Spacecraft) and on board SOHO (=SOlar and Heliospheric
Observatory) during the times of the events, revealed no enhanced energetic charged
particle activity. Both GOES, SOHO and ACE are located near the Earth, which was
separated from Mars by an azimuth angle of 29.4° (#2491), 6.2 ° (#2359), and 7.9°
(#2304) (with the orbit number in parenthesis). Neither at the time of the events, nor
when taking into account co-rotation time and radial distance differences from the Earth
to Mars, could large scale sporadic energetic precipitation be found to account for the
measurements. It follows that the events are more likely associated with spatially limited
processes.

In the lowest panels in Figure 1 the peak densities are shown as function of solar zenith
angle. The background densities are smoothly varying and well fitted by a curve
reflecting the theoretical variation of the peak density versus zenith angle in a Chapman
layer. The events are observed between 20 ° and 60 ° zenith angle, i. e. well into the
dayside ionosphere. The duration of the events and the speed of the spacecraft combines
to indicate that the spatial scale of the enhancements was < 300 km. This corresponds to
about 5° in latitude. The only structures on Mars, which may have effects in the
ionosphere with such a scale, are the crustal magnetic fields. Crustal magnetic fields on
Mars were observed by MGS (= Mars Global Surveyor); they maximize in the southern
hemisphere in the region bounded by 130° to 250 ° in east longitude and -85° to -10°
latitude (Acuna et al.; 1998, 1999; Connerney et al., 1999). Magnetic field measurements
in 400 + 30 km (Connerney et al., 2001) were used to determine the global variations of
magnetic field inclination and magnitude. The result in the region of strong fields is
shown in Figure 2. The top panel in Figure 2 shows the magnetic inclination. ‘Blue’ color
is upward pointing vertical field, and ‘red’ demarks downward pointing fields. There is a
strong spatial variation, especially in latitude, with oppositely directed fields alternating
with each other, separated by regions of closed magnetic field lines (‘green’). In the
lower panel the magnitude of the magnetic field shows a single strong maximum.
Superposed on this are the ground tracks for the three orbits under investigation, with the
locations marked at which events with strong density enhancement were observed. It
reveals a clear pattern in which the events occur in magnetic cusp regions with vertical
magnetic field lines (with upward or downward pointing magnetic fields). Further, the
events were observed in the region of strongest crustal magnetic fields.



With the location of enhanced densities limited to the cusp regions, local acceleration of
charged particles somewhere along the magnetic field lines may be a possible cause of
the density increase (Lundin et al., 2004). Fortunately, the ASPERA-3 particle
experiment was in operation during these events. The ASPERA-3 instrument is described
in Barabash et al. (2006). The instrument consists of an electron spectrometer (ELS), an
ion spectrometer (IMA) and three neutral particle sensors. Figure 3 (top panel) shows a
spectrogram from the electron spectrometer observed during orbit #2359. The energy
range of the sensor is 0.4 eV — 20 keV, but at this time electrons with energies below 5eV
are reflected to avoid saturation of the counters. Shown are counts obtained during 4s
sampling intervals by all 16 anodes of the sensor. After 0629 UT the spacecraft enters the
magnetosheath, and before that the spacecraft is inside the photo electron boundary. We
observe that there are no significant fluxes of electrons above 300 eV. Specifically no
energetic electron flux coincided with the ionosphere electron density increases observed
by MARSIS (Figure 1). The ELS sensor can roughly estimate electron bulk velocities
using 16 anodes mounted in a plane. This estimate indicates radially outward flows for all
flux enhancements. The IMA sensor observes no ions with energies above 300eV
specifically no protons. For periods of less than 12s heavy ion flows with energies of less
than 200eV/charge are observed. The flow speed of these ions is lower than 10km/s and
directed outward. The middle panel shows similar electron data for orbit #2491. Also for
this orbit there are no electrons above 300eV and only low energy ions associated with
the electron flux increases at 10-300eV. The bulk velocities were directed outward. The
crucial observation in our context is that there were no energetic electron or ion fluxes
observed during the entire time interval including the time when electron density
enhancements were observed in the lower ionosphere. Furthermore, the bulk velocity of
the observed electrons and ions were directed outward, i. e. there was no precipitation of
higher energy charged particles into the ionosphere. The spatial locations, where these
excursions of electron fluxes into higher energies up to 300 eV occurred, are shown in the
lower panel on top of a map of crustal magnetic field inclination. The spatial locations,
where the more energetic electrons were observed, are only marked where the magnetic
field magnitude is large (>100 nT; so as to minimize solar wind effects) and the
spacecraft altitude is below 500 km (near the altitude for the Connerney-model magnetic
fields). The low energy electron fluxes tend to be located in the cusp regions. However,
the correlation is not as clear as for the density enhancements. This indicates that low
energy electron fluxes tend to be more smeared out across the magnetic field. The exact
spatial coincidence of 300eV electrons and cusp regions remains tentative. The main
reason for this ‘smearing” may be that the spatial variations of the crustal magnetic field
is modified during these events (occurring on the dayside) by a magnetic field component
induced from the interaction of the solar wind with the ionosphere. This would directly
influence the spatial distribution of the low energy electrons.

Detrick et al. (1997) determined the minimum altitude an electron can penetrate into the
Martian atmosphere before being stopped. With peak density enhancement located below
125 km precipitating electrons with energies > 1 keV are required. Thus, no energetic
charged particle precipitation was observed, which could possibly account for the
increase of the density maximum. The near vertical magnetic field lines which connect to
the nadir region where the sounder measurements were made, did not carry any energetic



particles which could conceivably increase the ionization rate in the lower ionosphere to
the point of accounting for the observed density enhancement.

Figure 4 shows two MARSIS spectrograms taken on November 14, 2005 (orbit #2359):
panel ‘a’ the observed echoes outside the cusp regions and in panel ‘b’ observations in
the cusp. The outstanding difference between observations in the two magnetically
different regions is the increase of the maximum frequency in the cusp: from 3.2 MHz to
~5 MHz., an increase of a factor 1.5. This is one of the largest increases observed and
corresponds to an increase in the maximum electron density by a factor ~2.2. The mean
value of the density increase (Figure 1) is close to a factor 1.5. The observations are
inverted to yield the vertical electron density profiles following the procedure outlined in
Nielsen et al.. (2006b). The result is shown in Figure 5. The solid curves (marked 141 and
132 respectively) are the inverted profiles corresponding to the data in the left hand and
right hand panels in Figure 4. The two dashed curves are Chapman layer fits to the
density profiles around the density maximum, and the dotted curve is the difference
between the cusp and outside-cups profiles. The largest density increase for this event
was near the peak altitude of 110 km.

Discussion

The density profile around the density peak is determined by photochemical equilibrium
between ionizing radiation and recombination of electrons and ions. In an equilibrium
situation the electron density is proportional to the square root of the ratio of electron-ion
production (by ionizing radiation) and ion-electron recombination coefficient.

One way to increase the equilibrium density would be to enhance the intensity of the
ionizing radiation keeping everything else constant. However, no enhancement of solar
activity in the form of solar energetic radiation or precipitation of solar cosmic rays
occurred, and no local accelerations of charged particles were observed which could
produce the enhanced densities. . The particle detector observed only an increase in the
very low energy electron flux directed away from the planet.. Thus, neither large scale
‘global’ nor small scale ‘local” enhanced precipitation of energy into the Martian
ionosphere can account for the events. The ionization production term appears to be
constant.

Another possibility for enhanced electron density is a reduction of the recombination
coefficient, .. A doubling of the equilibrium density would require a fourfold decrease of
the recombination coefficient. The dominant ion at the altitudes near the density
maximum is O," . For electron temperatures below 1200 K the dissociative
recombination rate for that ion is o= 1.9%1077 *(300/T¢)*” (Schunk and

Nagy, 2000). Thus, an increase of the density by a factor between 1.5 and 2 imply an
increase of the electron temperature by a factor between 3.2 and 7.2. If the electron
temperature outside the cusp was 200 K then in the cusp ionosphere it would have to
increase to between 600 and 1500 K. This considerable heating does not come from



energetic precipitation from the sun or from acceleration processes along the magnetic
field lines, but must be produced by local plasma processes.

In the Earth’s ionosphere considerable heating of the electron gas by plasma wave
activity is a well known phenomenon (Dimant and Milikh, 2003; St.-Maurice, 1990; St.
Maurice et al., 1990). Charged particle motion in the ionosphere is basically governed by
an imposed electric field (E), by gyro motion in a magnetic field (B) and by collisions
with other particles. Above ~130 km in the Earth’s ionosphere both electrons and ions are
ExB drifting, suffering few collisions. Below ~80 km the motion of both species are
controlled by collisions. In the altitude range from 80 to 130 km electrons are ExB
drifting while ion motion is controlled by collisions. When the relative bulk speed of
electrons and ions exceeds the ion acoustic velocity, plasma waves appear as the two-
stream instability is excited (or Farley-Buneman plasma instability; Fejer and Kelly,
1981) . In the auroral zone, where strong convection electric fields often occur, the
relative electron-ion speed and electron density peak maximize in the E-region., where
the ion-acoustic velocity is about 400 m/s. Typically, plasma waves are observed when
the ionospheric electric field exceeds 20 mV/m (corresponding to an ExB speed of ~400
m/s) when electrons are driven with super-sonic speed through the collision dominated
ions. Radar observations have demonstrated strong enhancements of electron
temperature in the E-region during strong electric field events. It was concluded that the
temperature of the electron gas is enhanced when the convection electric field is strong
enough to drive the electrons trough the ion gas at supersonic speed. St.-Maurice et al.
(1981) reported increases of electron temperatures from 300 to 1500 K. The
conventional frictional (Joule) heating caused by the DC electric field cannot account for
the observed high electron temperatures. It is now generally accepted that the strong
electron temperature increase is anomalous and caused by the turbulent electric fields in
Farley-Buneman plasma waves. That enhanced electron temperatures are associated with
excitation of the two-stream instability is well documented (Foster and Erickson, 2000;
Nielsen and Schlegel, 1985). Nielsen and Schlegel (1985) examined the relationship
between coherent phase velocity measurements in the E-region with electron drift
velocities in the F-region (~electric field) and found the phase velocity to be limited to a
value near the ion acoustic velocity. They also found this limiting phase velocity to be a
strongly increasing function of the electric field. This increase of the ion acoustic velocity
with electric field magnitude was interpreted as heating of the E-region electron gas by
the unstable two-stream plasma waves. Robinson (1986) has shown that there is an
ample source of energy in unstable waves resulting from excitation of the two-stream
instability, and found that the anomalous electron temperatures in the disturbed high
latitude E-region can be quantitatively explained in terms of heating by plasma waves.
The predicted variation of ion acoustic velocity and electric field showed a weak
dependence on DC Joule heating but a strong dependence on heating of the gas by
unstable waves. Sudan et al.( 1973) proposed to describe the anomalous heating of the
electron gas by replacing the electron-neutral collision frequency with an anomalous
collision frequency. Nielsen (1986) found the anomalous frequency to be a factor
between four and six larger than the normal frequency. Since plasma heating is
proportional to the collision frequency this increase is associated with strongly enhanced
heating.



Heating of the electron gas leads to a decrease of the recombination coefficient and an
increase of the electron density. While the heating is well established, the density
increase is less well established. But recently Milikh et al. (2006) reported electron
density and temperature observations in the Earth’s high latitude ionosphere during
heating events. They found anomalous electron heating to be localized between 100 and
120 km, where the magnetized electron bulk speed exceeds the acoustic speed of the
unmagnetized ions leading to the Farley-Buneman instability. Because the electric fields
were strong (>100 mV/m, corresponding to >2000 m/s ExB drift speed) the instability
resulted in strong anomalous heating. Heating from a background electron temperature of
500 K up to 2500 K was observed. The associated enhancements in the electron density
were observed to be up to a factor two, or near a doubling of the electron density between
100 and 120 km. The electron density perturbations showed a good agreement with the
model that accounts for suppression of the electron/ion recombination rate due to
anomalous electron heating.

The conditions for particle motion and excitation of the two-stream instability near the
primary electron density peak in the Martian ionosphere are quite similar to the
conditions in the Earth’s E-region. For a magnetic field amplitude of 1000 nT, the
electron gyro frequency is 28.4 kHz, which equals the electron collision frequency in ~90
km altitude. Thus, electrons are magnetized above 90 km height. Similarly, the ions are
unmagnetized below an altitude of ~150 km where the gyro frequency of the dominating
ion and its collision frequency have the same magnitude (~ 0.5 Hz). In this altitude range
there is a relative motion between electrons and ions. For a sufficiently large electric field
the speed of the electrons will exceed the ion acoustic speed and excite the two-stream
instability resulting in heating of the electron gas.

The driving force in this scenario is the electric field. It is suggested that the electric field
arises owing to the flow of the solar wind plasma past the crustal magnetic field cusp
structures. The magnetic field lines in the cusps extend into the solar wind, and the flow
of a conducting medium over the field lines induces an electric field, such that the
magnetic field is frozen into the plasma and carried along by plasma motion. The density
enhancement events were observed in cusp regions located near the largest crustal
magnetic fields on Mars. These strong magnetic fields can reach further into the solar
wind than field lines from other regions, an indication that the solar wind interaction with
the crustal fields plays a role in forming the events. For a solar wind speed of 200 km/s
and a magnetic field magnitude of 1 nT, the induced electric field in the solar wind is
200*1000*10°*1000 mV/m = 0.2 mV/m.

Assuming the magnetic field lines are electric equipotentials, the electric field in the
ionosphere is increased owing to convergence of the field lines with decreasing altitude:
assume an increase of a factor 20 to 4 mV/m. Let the ionosphere magnetic field be ~500
nT and the ExB drift speed of the electrons is then 4*10°%/(5*10” Ym/s = 8000 m/s. The
ion acoustic velocity in an O," ion gas with  Ti~T~200 K is ~450 m/s. The electron
speed exceeds the ion acoustic velocity by a large factor. Thus, excitation of the two-
stream plasma instability in the Martian ionosphere is a realistic possibility.



Heating of the electron gas is controlled by the electric field magnitude and by the
Pedersen conductivity, which is mainly determined by the electron density and the
collision frequency (Withers et al., 2005). The electron density typically peaks at
altitudes between 90 and 150 km in a region where the electrons are magnetized and the
ions unmagnetized. There is a DC component from the applied electric field and an AC
component from the turbulent wave electric field. The DC energy deposit in the
ionosphere is partly controlled by the DC electric field and the height integrated Pedersen
conductivity, = ~ 2*N*e*H/B. For a density of N~2*10° el/cm?, a scale height H~12 km
and a magnetic field as above, we find the conductivity to be 1540 S. For a4 mV/m
electric field the heating is ~25 mW/m?. This is compatible with typical values for the
Earth high latitude ionosphere; with £ ~10 S and E~50 mV/m the heating is ~25 mW/m?.
Even though the electric field we have inferred for Mars is small compared to the fields
in the Earth’s high latitude ionosphere the DC Joule heating at Mars is compatible to the
heating in the Earth ionosphere. The reason for this is the large (height integrated)
Pedersen conductivity, or equivalently the large electron-neutral collision frequency in
the Martian CO, atmosphere; the frequency is ~100 times larger than in the Earth’s
nitrogen atmosphere. However, at the Earth (and presumably at Mars) this conventional
frictional heating can not account for the electron heating. The increase in electron
temperature is widely accepted to be caused by the turbulent (AC) electric field generated
by the two-stream plasma instability. The influence of the turbulent electric fields is to
increase the effective electron collision frequency by a factor of 4 to 6. Since the
Pedersen conductivity is proportional to the collision frequency we also expect the wave
heating to increase by such a factor 5 to further raise the electron temperature.

It appears that the cusp ionosphere with a solar wind imposed electric field of a few
mV/m is unstable to the two-stream instability. Owing to the large collision frequency of
electrons with a neutral CO; gas even a modest electric field imposed by the solar wind
can cause heating comparable to heating at the Earth, where the Pedersen conductivity is
smaller but the electric field is stronger. The Pedersen conductivity is proportional to the
electron collision frequency which is increased to an anomalous level by the turbulent
wave electric fields. This may result in energy deposits of the order of 1200 mW/m? and
result in enhancement of the electron gas temperature.

If the temperature enhancement is taken to be proportional to the energy deposition, then
the density is expected to increase by a factor between 1.6 and 1.9 (for an energy deposit
of a factor five larger than the DC deposit, the recombination coefficient decreases by a
factor 5°7 and the density increases by (5%)2 = 1.7). It is realistic to expect density
enhancements by a factor up to 1.5 to 2.0. If the electron gas temperature changes
suddenly from T, to T it will take some time for the densities to change to the
corresponding equilibrium values. Milikh et al. (2006) determined the time constant to
be t = 1/(2*(0™* o o)*2No) . For a five fold temperature increase and an initial electron
density of 10° el/cm® we find © = 44 s. Thus, within a few minutes the system has reached
more than 90% of its equilibrium value.



To suggest that heating of a plasma in a flux tube leads to a density increase may seem
counter intuitive. To preserve pressure balance one would expect the heating to be
associated with an (upward) expansion of the heated plasma. This is actually what
ASPERA-3 observed. We suggest the upwelling is inhibited and limited by ion-neutral
collisions. This may reduce the upwelling so effectively as to lead to an increased
density. A condition for the density increase is that the recombination coefficient is
strong enough that it overwhelms the upwelling process. A simulation of the heated
plasma in a flux tube is planed to check this model.

The predicted quite high electron drift velocities in the ionosphere may give rise to
ionization effects if they exceed the Critical lonization Velocity, i. e. if the electron
kinetic energy,0.5*me*ven? , exceeds the CO, ionization energy of ~ 35 eV. However, in
this case the CIV is much larger (> 3.6*10° m/s) than realistic drift speeds. The
magnetized ions do not take part in this process.

In magnetic cusp regions where crustal magnetic field lines extend far into the solar wind
it appears that an electric field is induced so that the magnetic field lines are carried along
with (“frozen into”) the plasma. Mapping of the induced convection electric field along
equipotential magnetic field lines results in an electric field of a few mV/m impressed on
the ionosphere. An electric field of such strength is sufficient to drive electrons through
the collisional ions at super sonic speed in the altitude range from 90 to 150 km. This
results in excitation of the two-stream instability at those altitudes. With reference to
observations in the Earth’s ionosphere, where similar conditions typically occur in the E-
region, it is suggested that the turbulent electric fields in the two-stream plasma waves
heat the electron gas significantly. Recent observations have shown that simultaneous to
the temperature enhancement an increase of the electron density in the E-region occurred,
which can be understood as a result of lowering of the electron-ion recombination
coefficient owing to the temperature increase. It is argued that conditions in the Martian
crustal magnetic cusp regions allow similar processes to take place there, to produce the
electron density enhancements observed with MARSIS.
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Figure captions

Figure 1 Strong peak electron density enhancement events observed during three
orbits. The maximum density shown as function of Universal Time (top panels) and solar
zenith angle (lower panels). X-ray flux at GOES versus time showing absence of solar
activity during the observations (center panels).

Figure 2 Spatial maps of the inclination (top panel) and magnitude (lower panel) of
the Martian crustal magnetic fields (Connerney et al., 2001). Superposed on both maps
are the ground tracks of the relevant orbits with locations marked where peak density
enhancements were observed. There is a clear relation of the enhanced density events
with vertical magnetic field and with the magnitude of the field.

Figure 3 ASPERA-3 electron flux observations during two of the relevant orbits are
in the two upper panels. Note the occasional flux enhancements of electron energies
<300 eV. The locations of flux enhancements are plotted on the map of magnetic
inclination shown in the lower panel. The enhancements tend to occur in cusp regions of
vertical crustal magnetic fields coinciding with enhanced densities.

Figure 4 Spectrograms of MARSIS observations outside (left panel) and inside
(right panel) a cusp region. Note the increase of the largest reflected frequency (~
maximum peak density) on entering the cusp.

Figure 5 Vertical electron density profiles corresponding to the observations shown
in Figure 4. The dashed curves are fits of a Chapman function to the low altitude
measurements. The dotted curve is the difference between the two density profiles.and
represents the enhancement of electron densities in the cusp region.
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