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Abstract

The plasma environment of Mars is highly influenced by crustal remnant magnetism in the
planet. In this work, we do statistical analyses of MAVEN and MGS data to study whether the
ionospheric plasma flow can move crustal magnetic field lines, by advection. Due to the day-tonight
flow of the plasma, the magnetic field lines are expected to be dragged away in anti-solar
direction, causing a shift between observed and modeled field. The results show that a small shift
can be observed above weak anomalies on the Northern hemisphere, where the ionospheric
plasma flow is less perturbed by strong magnetic fields. To investigate the relative forces
between the moving plasma and the crustal field, we also calculated dynamic, magnetic and
thermal pressures, since they are involved in the advection process. In general, the dynamic
pressure is lower than the other two, but this does not mean advection cannot occur, because the
process is not simply a pressure balance, but a diffusive process. The calculation shows that, if
advection occurs on Mars, the speed at which the crustal field lines are displaced is much smaller

than the speed of the ionospheric plasma flow.
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Abstract

The plasma environment of Mars is highly influenced by crustal remnant magnetism in the
planet. In this work, we do statistical analyses of MAVEN and MGS data to study whether the
ionospheric plasma flow can move crustal magnetic field lines, by advection. Due to the day-to-
night flow of the plasma, the magnetic field lines are expected to be dragged away in anti-solar
direction, causing a shift between observed and modeled field. The results show that a small shift
can be observed above weak anomalies on the Northern hemisphere, where the ionospheric
plasma flow is less perturbed by strong magnetic fields. To investigate the relative forces
between the moving plasma and the crustal field, we also calculated dynamic, magnetic and
thermal pressures, since they are involved in the advection process. In general, the dynamic
pressure is lower than the other two, but this does not mean advection cannot occur, because the
process is not simply a pressure balance, but a diffusive process. The calculation shows that, if
advection occurs on Mars, the speed at which the crustal field lines are displaced is much smaller
than the speed of the ionospheric plasma flow.

1 Introduction

In our Solar System, the interaction between the solar wind and the planetary bodies
creates a region called the magnetosphere. Around planets that have an atmosphere, but do not
present an active magnetic field, like Mars and Venus, an induced magnetosphere is generated
(Kivelson & Bagenal, 1997; Luhmann, 1995; Luhmann et al., 1992, 2004; Podgorny et al.,
1980). The solar wind interacts with the planet’s ionosphere, a conductive layer which is ionized
by solar radiation, especially by the extreme ultraviolet and X-rays.

Unlike Venus, the plasma environment of Mars is highly influenced by the existence of
crustal remnant magnetism in the planet (Acufia et al., 1998). Above regions of intense magnetic
moment, mainly located in the Southern hemisphere, mini-magnetospheres with extensions up to
~1000 km can be formed (Mitchell et al., 2001). These magnetic fields rotate with the planet,
making its influence quite complicated (Brain, 2006).

It is known that the crustal magnetic fields can interfere with the processes involving
atmosphere ionization and ionospheric current systems (Brain et al., 2003; Ma et al., 2002).
However, we do not know whether or not the ionospheric parameters, as velocity and density,
could also cause changes in the mini-magnetospheres.

In this work, we study whether the ionospheric plasma flow can move crustal magnetic
field lines, by advection. The process of advection is defined as the movement of some material
or field by the velocity of a fluid (Gresho & Sani, 2000). According to this hypothesis, the
magnetic field lines are dragged away in the anti-solar direction, westward at dawn-side and
eastward at dusk-side, as shown in Figure 1, due to the day-to-night flow of the ionospheric
plasma.

The plasma flow is generally tail-ward across the complete terminator, but since crustal
fields are usually mapped in latitude and longitude, we illustrate the possible effect in dawn-side
and dusk-side hemispheres. The altitude range of interest is between 200 km and 1000 km. A
related process is the detachment of magnetic flux ropes created by the deformation of crustal
field structures, discussed by Brain et al. (2010). However, this process is beyond the scope of
this paper.
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Figure 1. Schematic drawing of Mars in the XY plane (MSO coordinates), illustrating the
advection process in the terminator region. The red area shows the local time (LT) coverage from
MAVEN data used in this work (see Section 2).

The present work is organized as follows. In section 2, we present the data and the
instruments used in the study. Section 3 contemplates the techniques used to address the problem
and their respective results. In section 4, we discuss the obtained results and, in section 5, the
major conclusions of this study are summarized.

2 Data and Instruments

The data used in this work were obtained by the NASA spacecrafts Mars Global
Surveyor (MGS) and Mars Atmosphere and Volatile Evolution (MAVEN). We used MGS
magnetic field data from the magnetometer and electron reflectometer instruments (MAG/ER)
from June 1999 to November 2006, when the mission was in its Mapping Phase Orbit, which
means the spacecraft was flying at a nearly constant altitude of 400 km (Acufia et al., 1992;
Albee et al., 2001). MGS data sets have a high spatial coverage in areographic coordinates,
although they mostly only cover the local times (LT) 02:00 LT and 14:00 LT, due to the
spacecraft Sun-synchronous orbit.

MAVEN data from October 2014 to November 2018 were also used in this study.
MAVEN has a sparser spatial coverage than MGS. However, the data are well distributed in
local time and have an altitude range of 150 km up to 6200 km (Jakosky et al., 2015).

Magnetic field data is provided by the magnetometer (MAG) onboard MAVEN
(Connerney et al., 2015). Density, temperature and velocity data of ionospheric ions are provided
by the SupraThermal And Thermal Ion Composition (STATIC) instrument (McFadden et al.,
2015). Here, we use the same data processing as described in Dubinin et al. (2017). Density and
temperature of ionospheric electrons are obtained by Langmuir Probe and Waves (LPW)
instrument (Andersson et al., 2015).
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3 Techniques for Observation of the Advection Process

In this work, we investigate the hypothesis of the advection of Mars crustal fields by
ionospheric plasma flow using two different methods. These are the shifting technique and the
analysis of pressures, explained in the next subsections.

Another approach would be to solve the transport equation, derived by the theory of
magneto-hydrodynamics (e.g., Bittencourt, 1995):

%—?:Vx(va)mVZB , (1)
where B is the magnetic field vector, v is the plasma horizontal velocity and n is the magnetic
diffusivity.

In physical terms, this equation means that the changes of magnetic field lines in time
occur due to its advection by the plasma velocity (first term on the right-side) and its diffusion

through the plasma (second term on the right-side), which is intimately related to the electric
conductivity of the plasma, by:

_ 1
=0, (2)

where | is the permeability of free space and o, is the magnetic conductivity of the plasma. The
conductivity of the Martian ionosphere cannot be directly measured and its derivation is not
straightforward. Thus, the equation of motion of magnetic field lines has a higher degree of
complexity to solve and it was not applied here.

3.1. Shifting Technique

The first technique is a direct comparison between magnetic field data and a crustal
magnetic field model. The difference between the observed and the model field at each point of
the grid, which we will refer to as AB, is a measure of the sum of the induced day magnetic field
and the possible displacement of the crustal field lines. The radial magnetic field component, Br,
was chosen for this approach, as it is less affected by external fields (Arkani-Hamed, 2004),
providing the steadiest and least noisy data.

For the modeled field, we use the model developed by Morschhauser et al. (2014), which
is a best fit of the observed lithospheric magnetic field of Mars, represented by an expansion of
spherical harmonic functions up to degree and order 110. We chose this model because it has the
highest spatial resolution among Martian crustal magnetic field models and it encompasses the
whole MGS data set.

3.1.1. MAVEN Data Analysis

MAVEN data were selected for dawn and dusk regions only. As illustrated in Figure 1,
dawn data cover the region between 04:00 LT and 12:00 LT, while dusk data lie between 12:00
LT and 20:00 LT. The median of the data every 4 seconds is displayed on grids of IAU
(International Astronomical Union) areographic coordinates, with latitude and longitude bin-
sizes of 0.5°. Each bin contains between 3 and 10 data points. Because the number of data points
per bin is small, the external field contributions are not completely averaged out. However, we
consider that these contributions do not affect the movement of the field lines, but only its
magnitude. At an altitude range of 200-400 km, for example, the strongest values of the external
field are in the order of ~40 nT, above areas of intense magnetic field, which corresponds to
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~15% of the observed magnitude. We disregard further effects caused by the external induced
field for our next analysis.

We plotted Br for the crustal model, dawn-side and dusk-side magnetic fields, each in
four ranges of altitude, every 200 km between 200-1000 km. Figure 2 shows an example of these
maps at dawn-side and dusk-side, between 200-400 km.

In order to better understand the magnitude and direction of the flow over crustal
magnetic field structures, arrows representing the average direction and magnitude of horizontal
velocity of ions were calculated with bin-size of 5°. We considered only the species of the
ionospheric plasma which dominates the mass flux at this altitude, which is O," (Benna et al.,
2015). The ion velocity vectors are obtained from an average over all observations by the
MAVEN STATIC instrument between 1st December 2014 and 14th May 2018 in the altitude
range of 200-400 km and energy range of 0-30 eV. Velocities have been corrected for spacecraft
velocity and potential. The vector orientation is defined through the azimuthal and polar vector
components in areographic coordinates. The vector length represents the magnitude where
longest vectors have a magnitude of 3 km/s.

For a better visualization, Figure 2 shows those results with bin-size of 1° for the
magnetic field and 15° for the velocity vectors. The blue and the red hatched bins represent
values which are below the minimum value and above the maximum value of the color scale,
respectively.
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Figure 2. Maps of the radial component of the magnetic field obtained by MAVEN, at 200-400
km range, overplotted by arrows of O," horizontal velocity, at dawn-side (a) and dusk-side (b).
A1-A7 correspond to the anomalous regions selected for MGS data analysis.

We first investigated whether there is a shift between observations and model on a global
scale. Each crustal model grid was shifted between -5.0° (westward) and +5.0° (eastward), with
steps of 0.5° in the longitudinal direction, and a new parameter AByvaven Was calculated, where j
is the number of points in the grid, as:

i
A BMAVEN:% " |Model Br,—Observed Br| (3)
i=1
If advection is present, a minimum value of ABwaven is expected at some shift value. This
optimum ABwmaven should be coherent with the direction of dragging of the magnetic field.
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Table 1 presents the minimum ABwmaven values for each altitude range. The errors were
estimated by calculating the average deviation of ABmaven values from a fitted Gaussian
function, with a confidence interval of 95%. As we see from the table, we only observe a shift
value different from 0.0° for the high altitude dusk side observations.

Table 1. Minimum ABwmaven and their respective shift values, according to the altitude range.

Aticude Gam) | MU | Value ok
200-400 0.0° £ 0.5° 0.0° £ 0.5°
400-600 0.0°+1.0° 0.0° £ 0.5°
600-800 0.0°+1.0° 0.0° + 3.5°
800-1000 0.0° £ 3.5° 2.0° £ 1.5°

3.1.2. MGS Data Analysis

Since the results on global scale were not conclusive, we also did a higher resolution
analysis, using MGS data. The crustal model developed by Morschhauser et al. (2014) is based
on MGS data. In order to prevent misleading results due to the way the model was built, we
decided to directly compare day-side (~02:00 LT) to night-side (~14:00 LT) observational data.
We calculate ABys as:

J
A B, o= % Y |Nighttime Br,— Daytime Br | (4)
i=1

As for low latitudes an azimuthal motion is expected, we made grids with latitude and
longitude bin-sizes of 1.0° and 0.1°, respectively, also averaged every 4 seconds. In each bin,
there are between 20 and 80 data points, which means that external field contributions are
averaged out in this analysis. MGS data present a strong orbital bias, so a latitudinal smoothing
was performed for every 10 bins. The technique was applied for a global map and for selected
magnetic anomalous regions, indicated by the labels A1-A7 in Figure 2. An example of the maps
at day-side and night-side data for anomalies A2, A4 and A6 is shown in Figure 3.
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Figure 3. Maps of the radial component of the magnetic field obtained by MGS, for A2 at day-
side (a) and night-side (b), for A4 at day-side (c) and night-side (d) and for A6 at day-side (e)

and night-side (f).

Nighttime grids were shifted in longitudinal steps of 0.1°, between -1.0° and +1.0°. Table
2 presents the shift value of the lowest ABygs for each grid, and the respective errors.

Table 2. Minimum ABygs and their respective shift values.

Position Min ABygs Shift
Value
Global Map -0.1° + 0.4°
Al 0.0° + 0.3°
A2 0.8° + 0.4°
A3 1.0° £0.3°
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A4 0.3°+0.3°
A5 -0.1° £ 0.4°
A6 -0.5°+£0.3°
A7 0.3°+0.3°

As we see from Table 2, for regions A2 and A3 in the Northern hemisphere a significant
shift is observed. This allows us to calculate the possible advection speed of the crustal magnetic
field lines. We consider an altitude of 400 km, a planetary radius of 3393.5 km, a minimum shift
of 0.1° and a maximum of 1.0°, and take into account that the ionospheric flow has acted on the
crustal field lines over a period of up to 2 hours at the point of observation (between noon and
14:00 local time limited by the MGS daytime coverage). The co-rotation speed of the magnetic
field lines at this altitude is about 0.26 km/s — significantly lower than the ionospheric day-to-
night flow speed of about 1-2 km/s. A shift of the field line by 1.0° corresponds to a distance of
66 km at this altitude. If we assume that this shift is caused by the action of the plasma flow over
1 hour, we can derive an advection velocity of about 18 m/s at this location.

3.2. Analysis of Pressures

In general, the advection of magnetic fields in a moving plasma is a complicated problem
because it is influenced by conductivity and magnetic diffusion (see Lui, 2018, and Wilmot-
Smith et al., 2005, for a general discussion of the problem). In the Martian ionosphere,
conductivity and magnetic diffusion change significantly with altitude and are difficult to deduce
from observations. But to get a general idea of the relative forces between the moving plasma
and the crustal fields, we consider in this paragraph the pressures involved in the advection
process.

The dynamic pressure of the ionospheric plasma flow, where p is the mass density and v
is the horizontal speed of the flow, is given by Equation 4. For this calculation, we used the
measurements of O," ions.

pv?
2

4)

prn =

The magnetic pressure of the field lines, where B is the magnetic field intensity, is given
by Equation 5. Only the crustal magnetic field model was considered, as our aim is to investigate
the mini-magnetosphere structures solely.

B2

2 (5)

pMag =
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The thermal pressure of the plasma, where n is the number density and T is the
temperature of ions and electrons related to the mini-magnetospheres, is given by Equation 6.
The ion moments were calculated from the distribution functions measured by the MAVEN
STATIC instrument and corrected for spacecraft potential and spacecraft velocity (Dubinin et al.,
2017).

pTh:KB(neTe+niTi) (6)

For this method, MAVEN data were used. The data were sorted according to the
magnetic field intensity. At a height of 400 km, we define “low intensity crustal magnetic field”
(LF) when the absolute value of the magnetic field component is below 10 nT, and “high
intensity crustal magnetic field” (HF) when this value is above 10 nT.

We created local time vs. altitude grids for the data, with bin-sizes of 30 min and 20 km,
respectively, using 4 seconds resolution data. Plots for O," density and horizontal speed and the
calculated pressures for regions of low and high intensity crustal magnetic field are shown in
Figures 4 and 5. The black and the red hatched bins represent values which are below the
minimum value and above the maximum value of the color scale, respectively.
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Figure 4. Local time vs. altitude plots for O," density above LF (a) and HF regions (b) and for
O;" horizontal speed above LF (c) and HF regions (d).
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Figure 5. Local time vs. altitude plots of the pressures for both regions of low and high intensity
crustal magnetic fields. Dynamic pressure for LF (a) and HF (b) regions. Magnetic pressure for
LF (c) and HF (d) regions. Thermal pressure for LF (e) and HF (f) regions. Note the different
color scale ranges.

In regions where the plasma dynamic pressure is higher than the sum of magnetic and
thermal pressures, we should expect that vertical magnetic structures are always moved by the
momentum imposed by the plasma flow. But advection of the field is a diffusive process which
can also occur at lower dynamic pressure. Another condition for the occurrence of advection is a
high, but finite, conductivity of the ionospheric plasma. In order to analyze the pressure balance,
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we calculated the following ratio for regions of low and high intensity crustal magnetic field,
shown in Figure 6:

ratio=—2om_ (7)
pMag+ P
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Figure 6. Local time vs. altitude plots of the pressure ratio for regions of low (a) and high (b)
intensity crustal magnetic fields.

4 Discussion

In this section, the results obtained by the two applied techniques are discussed and
related to the advection process.

In the global grids made with MAVEN data, as in Figure 2, we observe that the magnetic
field at dawn- and dusk-side are slightly distinct in shape and in magnitude, especially above
areas of strong magnetic field. Some explanations for dawn/dusk asymmetries are the influence
of the interplanetary magnetic field direction (e.g. Walsh et al., 2012), counterclockwise rotation
and translation motions of the planet, which create greater pressure on the dawn-side, the small
number of data points per bin in our grids or the advection effect.
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Figure 2 also shows that O," horizontal speed is greater above areas where the crustal
magnetic fields are weak — namely in the Northern hemisphere. Above strong magnetic fields,
the plasma flow is irregular and has no preferred direction. Because this is a statistical analysis,
most of the vectors cancel each other, and the final result shows that the speed above strong
fields is low, on average.

The results presented in Table 1 show that, for the majority of the cases, ABmaven is
minimum when there is no shift and the errors are large. This could either mean that advection
does not frequently occur or that MAVEN data coverage is not yet sufficient for analyzing subtle
changes in the magnetic field.

The results regarding MGS data, shown in Figure 3, present differences between day-side
and night-side regions with respect to the shape and the magnitude of magnetic field. However,
there is no clear pattern of displacement of the magnetic field regions. For example, A2 presents
weaker fields during the day, while A4 has an increase in the negative fields and A6 seems to
have its shape contracted during the same period.

The results in Table 2 confirm the lack of pattern, as the shift values for minimum AB wgs
are, mostly, very small and with no preferred direction. The exceptions are anomalies A2 and
A3, with higher values of shift. Both of them are located in the Northern hemisphere, at mid
latitudes and further away from the other selected anomalies. The ionospheric plasma flow above
those regions is less perturbed than above regions of intense magnetic fields and this could be the
reason we observe larger values of shift, which are oriented eastward, as it was expected for
advection at dawn-side regions.

MGS analysis results are restricted with respect to altitude and local time ranges, which
leads to a limited analysis in these aspects. The possible advection speed of motion of the crustal
field lines is about 18 m/s at 400 km altitude, which is very slow when compared to the average
horizontal plasma speed of 500-1000 m/s and the co-rotational speed of 275 m/s.

From Figure 4, we observe that the horizontal speed and the density of O," ions are
inversely, but not linearly, related. The horizontal speed increases while the density decreases as
a function of altitude, for both low and high magnetic field regions. Although the O," horizontal
speed is smaller above areas of high intensity magnetic fields, the ion density above those
regions is large enough to produce a more significant dynamic pressure there than above low
intensity fields, like shown in Figure 5. However, thermal pressure is, on average, larger than
dynamic pressure, on both regions. This means that, even if we were not considering magnetic
pressure in the balance, dynamic pressure alone would not be enough for the ionospheric flow to
break the stability of the magnetic field lines.

According to the results shown in Figure 6, the highest values of the pressure ratio occur
at medium to high altitudes above regions of low intensity fields, at the terminators of the planet.
Considering the altitude, the intensity of the field and the value of the ratio (~0.5), a
displacement of the magnetic field cannot be simply explained by dynamic pressure alone. In
fact, the observed displacement needs to be explained by a diffusive process, like advection.

5 Conclusions and Future Prospects

In this work, we propose the hypothesis that the ionospheric plasma flow in Mars could
transport crustal magnetic field lines in the day-to-night direction. To study the existence of that
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phenomenon, two types of statistical analyses were made using data from the spacecrafts MGS
and MAVEN.

First, we directly compared areographic coordinates grids of observed MAVEN data and
modeled magnetic field, shifting the latter in longitude, in order to investigate if there was an
optimum offset where the difference between them was minimum. We did the same type of
analysis with MGS data, comparing nighttime and daytime data. Most of the results showed that
this difference was minimum when there is no offset, except for regions of mid latitudes at the
Northern hemisphere. Although we can clearly observe differences between day-side and night-
side data from the MGS grids, this behavior cannot be explained by a simple subtraction, as we
propose in this work.

Next, we analyzed how large is the dynamic pressure of the ionosphere when compared
to magnetic and thermal pressures of the crustal magnetic structures. The effect of the crustal
magnetic fields on the ionosphere flow is more present than the opposite way. The plasma flow
cannot break the stability of the magnetic field structures, in average. For that reason, it might
not be possible to spot evidence of advection by a global statistical analysis.

In conclusion, using MAVEN and MGS databases, we did find some evidence of Mars’
crustal field displacement due to advection by the ionospheric plasma flow for weak anomalies
in Northern hemisphere. The reasons for this effect being difficult to detect is that the advection
velocity is very slow (~18 m/s) as compared to the co-rotation speed.

Investigating single orbits data where the displacement of the magnetic field can be
directly observed could be a more reliable, although time consuming, way to approach the
problem. Therefore, in a future work, regions of isolated magnetic anomalies in the Northern
hemisphere should be the focus of analysis. Finally, we also plan to model the advection in a
magneto-hydrodynamic model using the plasma conditions prevalent in the Martian ionosphere.
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