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[1] We present a method for characterizing the magnetic
anomalies from the crustal fields in the lower atmosphere
of Mars that requires two perpendicular linear polarization
measurements of the Zeeman effect. The maximum effect
of the magnetic field on the signal is found at the Doppler
broadening width at low pressures rather than at the magnet-
ically induced line frequency shift, and the effect strongly
increases with increasing magnetic field strength. Based on
simulations of the Zeeman-affected spectral cross section of
the 119 GHz O, line in a model Martian atmosphere at var-
ious magnetic field strengths, we conclude that it should be
possible to probe the strength of the magnetic anomalies
remotely with presently available technology. We discuss
limitations of the method, how these results could be rel-
evant to the interpretation of residuals in Herschel/HIFI
observations of Mars, as well as the application to detec-
tion of exoplanetary magnetic fields. Citation: Larsson, R.,
R. Ramstad, J. Mendrok, S. A. Buehler, and Y. Kasai (2013),
A method for remote sensing of weak planetary magnetic fields:
Simulated application to Mars, Geophys. Res. Lett., 40,5014-5018,
doi:10.1002/grl.50964.

1. Introduction

[2] The fields of crustal magnetization on the Martian
southern hemisphere are thought to be remnants of an
ancient dynamo-driven planetwide magnetic dipole. This
Martian dynamo likely ceased to function when the planet’s
mantle solidified, decreasing the heat flux from the core.
Orbital measurements by the magnetometer on Mars Global
Surveyor, taken 100400 km above the surface, have
revealed the influence of the fields which predominate the
southern hemisphere [Brain et al., 2003; Haider et al.,
2011]. However, the influence of a varying solar wind flux
and interplanetary magnetic field angle, with correspond-
ing variations in the induced magnetosphere, as well the
complexity of the fields, makes it difficult to accurately esti-
mate the field intensities at the surface. According to Brain
et al. [2003], the best fit of a power law function to the
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data implies a surface strength of ~15,800 nT over the
strongest source but is dependent on assumed source depths.
Furthermore, weaker fields may cover significant surface
areas and hence atmospheric volumes. A detailed map of
the near-surface crustal field may help constrain when and
how the magnetic dipole ceased to function, in turn, maybe
shed some light on the present topographical and magnetic
dichotomy [Citron and Zhong, 2012]. At the time of writing,
there has been no functioning lander with a magnetometer
instrument on board that can do in situ measurements at the
surface. Even if such an instrument was to be placed on a
future lander, it would only be able to cover a single or a
small range of positions on the surface.

[3] The presence and strength of a planet’s intrinsic mag-
netic field strongly affects its interaction with the solar wind,
which in turn influences the rate of atmospheric escape
[Haider et al., 2011; Lundin et al., 2011]. A prominent
example is the planet-wide dipole field of Earth that shields
the entire planet from the solar wind, except for the auroral
oval where a polar outflow of ionospheric ions forms. The
ionospheric ions partly escape the planet, but a large portion
of the outflow is recycled in the plasmasphere and plasma
sheet systems [Seki et al., 2001]. Analogous recycling in
“mini-magnetospheres” formed by the Martian magnetic
anomalies are thought by Lundin et al. [2011] to be the rea-
son for fewer ions reaching the Martian magnetotail from the
southern hemisphere compared to the northern hemisphere,
which was also observed by Nilsson et al. [2011]. Outside
the magnetized regions, the atmosphere is only protected
by an induced magnetospheric boundary resulting from cur-
rents induced in response to the magnetic field frozen into
the solar wind [e.g., Barabash et al., 2007].

[4] By preventing atmospheric escape, this shielding
effect by an intrinsic magnetic field influences the long-term
habitability of the planet. The terrestrial planets are gener-
ally thought to have featured similar atmospheric conditions
at their formation; however, only Earth has retained an active
hydrological cycle thought necessary for life [Hunten, 1993;
Kasting, 1993]. With the ongoing discoveries of potentially
habitable exoplanets [e.g., Selsis et al., 2007], it is thus
crucial to remotely detect exoplanetary magnetic fields as
such feature seems to be closely linked to its potential for
habitability.

[s] With Mars as proxy for weakly magnetized planets,
we aim to show how spectroscopic observations of the Zee-
man splitting of the 119 GHz O, line by planetary magnetic
fields can perform this remote detection. Similar methods,
but for stronger (~6 orders of magnitude) magnetic fields,
are utilized in stellar physics to characterize the magnetic
field of stars [e.g., Berdyugina and Solanki, 2002]. However,
the authors are not aware of any previous works utilizing
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the described method for characterizing weak planetary
magnetic fields.

2. Method

[6] We will here describe a method by which two polar-
ized passive microwave spectrometers, with sufficiently
high-frequency resolutions, can retrieve the magnetic field
information from an atmosphere. Commonly known as the
Zeeman effect, the physical phenomenon utilized is the
splitting of certain lines in frequency as a function of the
magnetic field. Only the most basic aspects of the theory of
the Zeeman effect, the theory of line shapes, and polarized
radiative transfer are discussed herein. We refer to previ-
ous work (R. Larsson et al., A treatment of the Zeeman
effect using Stokes formalism and its implementation in the
Atmospheric Radiative Transfer Simulator ARTS, accepted
by Journal of Quantitative Spectroscopy and Radiative
Transfer, 2013) for a more thorough description of the model
and for derivation of all unreferenced quantities that follows
in this work. The Zeeman effect on Earth atmospheric radia-
tive transfer has been modeled for quite a while [Lenoir,
1967], but only recently have measurements become more
regular as modern instruments are able to resolve the effect
[Hartmann et al., 1996; Schwartz et al., 2006]. The method
can be simplified to stating that the difference between two
perpendicularly polarized signals after transfer through a
planetary atmosphere may contain information about the
planetary magnetic field.

2.1. The Zeeman Effect Signal

[7] The Zeeman effect can be described as a perturbation
theory applied to transitions with a nonzero sum electron
spin in an external magnetic field. Instead of an unper-
turbed line center for the transition, there are instead several
frequency-shifted, or perturbed, line centers with the same
total line strength. The shift from the unperturbed line cen-
ter is proportional to the strength of the magnetic field. In
addition, these lines are associated with specific polariza-
tions depending on the direction of the magnetic field. If
the propagation direction of the radiation is perpendicular
to the magnetic field, the Zeeman effect changes the lin-
ear polarization components. If the propagation direction
of the radiation is parallel to the magnetic field, the Zee-
man effect changes the circular polarization components.
For other propagation directions relative to the magnetic
field, the Zeeman effect mixes the above extrema. Fur-
thermore, in the general case, the polarization around the
perturbed line centers is rotated due to a difference in prop-
agation speed between the different polarization directions
[Jefferies et al., 1989].

[8] In this work, we will focus on the O, transition asso-
ciated with an unperturbed line center at 119 GHz. We
choose this line as the basis of further discussion because
it is one of the simplest lines available to present the the-
oretical basis of our method. The unperturbed line strength
is divided between three perturbed lines. There is still a
line at the unperturbed line center carrying the original line
strength but for only one linear polarization. We will denote
the polarization associated with this perturbed line as hori-
zontal. The other two lines are displaced by approximately
+14 Hz/nT relative to the unperturbed line center. These
are each associated with one type of circular polarization,

and both are associated with the remaining linear polariza-
tion. The circular polarizations are from here on referenced
as right circular and left circular, respectively. The linear
polarization associated with these perturbed lines is refer-
enced as vertical from here on. Note that an angular change
of 180° for the magnetic field will switch which line car-
ries what circular polarization but will not affect the linear
polarization order at all. For other Zeeman-affected transi-
tions, the energy perturbation scheme may be more complex,
but it should be possible to translate all results herein with
relative ease [Schadee, 1978; Berestetskii et al., 1980].

[9] The relative shift of the perturbed lines is very small
on Mars for realistic magnetic field strengths. The pressure
and Doppler broadening widths are usually much larger,
though with a field of 10,000 nT, the Doppler broadening
is on the same order of magnitude as the Zeeman shift for
the 119 GHz line. This might create the impression that the
Zeeman signal is often hidden from spectroscopic analysis.
We intend to show, both through simulations and simplified
analytical representation of the line cross section, that this
is not necessarily the case. It should on the contrary be pos-
sible for instruments with frequency resolution on the order
of the Doppler broadening width to detect the signal associ-
ated with the Zeeman effect. We furthermore suggest that the
magnetic field is a necessary adjustable parameter for anal-
ysis of Mars O, signals by instruments with high-frequency
resolution and that the strength of the southern magnetic
anomalies can be inferred from the difference between the
two perpendicular linearly polarized components of such
a signal.

2.2. The Polarized Line Shape

[10] We take a closer look at the line shape associated
with any line center in an atmosphere in order to explain the
results. The Faddeeva function describes the shape of the
line as a function of pressure and temperature around a line
center [e.g., Sampoorna et al., 2007]. The Faddeeva function
is

w(z) = ¢ erfe(—iz), (1)
where z = v’ +ia, and
, _ V—vy—Avg Ay,
Y AVD o AVD ' (2)

[11] In the equations above, erfc(—iz) is the complex error
function, v is the frequency variable, v, is the frequency of
the unperturbed line center, Ay, is the Zeeman frequency
shift relative to the line center, Avp is the Doppler broad-
ening width, and Av, is the pressure broadening width. The
real part of the Faddeeva function is associated with atten-
uation and the imaginary part is associated with dispersion.
A combination of the real and imaginary part can be used
to describe line mixing in the theory of pressure broaden-
ing [see, e.g., Baranger, 1958; Fano, 1963]. We ignore line
mixing by choosing the isolated 119 GHz line where we
know the effect is negligible near the line center at low pres-
sures (from, e.g., Makarov et al. [2011], the effect decreases
linearly with pressure). Although the phase is important
when considering propagation of the radiation through a
medium with a complicated magnetic field, we will only
discuss attenuation below since we think this is enough to
demonstrate the method.

[12] A single line will have its signal strength distributed
as described by equation (1). The Zeeman effect will cause
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a change in the line shape by addition from each contribut-
ing perturbed line center. Thus, a single linearly polarized
sensor expects W(zx), [W(zg ) + w(zs,)]/2, or any mixing
of these two to be the result of its measurements. Here
w(zy) represents the shape of the central line and w(zs, )
the respective outer line shapes. The line strength is equally
distributed between the perturbed components, i.e., the total
cross section is

o = % [sinz(ﬁ)w(zn)Jr(l + cos? e)w} . 3)
where 6 is the angle of propagation of the radiation and
the magnetic field. The data from Hartogh et al. [2010]
inherently represent total intensity by averaging two perpen-
dicular linear polarizations. Our interpretation is that this
approach leaves largely unconstrained conditions in analy-
sis up to the modeler, when the Zeeman effect is significant.
Essentially, the modelers may alter either the magnetic field
or the atmosphere to produce similar effects in the final
results and must use their best judgment to determine what
is reasonable. For instance, a different temperature profile in
the atmosphere, or a different vertical O, distribution, may
produce the same results in a model as the Zeeman effect
would do. A better approach is to allow for the separation
of the Zeeman effect from other atmospheric effects, e.g., by
measuring the difference between the perpendicular linear
polarizations, i.e., utilize the linearly polarized cross-section
shape

_ sin*(0) cos 2n |:w(z¢) twzg)

Op = 2 2 W(Zn)] P )

where 7 is the anticlockwise angle between the axis of the
vertical polarization component and the magnetic field pro-
jected on the plane defined by the propagation direction.
Regardless of the geometry, a nonzero oy contains some
magnetic contribution for a given atmospheric level. Com-
bining this with the information from oy, i.e., through 0,0y,
provides the modeler with better constraints when estimating
the atmospheric parameters. Note that a linear polarization
measurement will only experience o + gy or o; — 0p. Also
note that the expected cross section for the total intensity
when the Zeeman effect is ignored is w(z;) for both lin-
ear polarization components, which are then centered at v,.
The expected cross-sectional residual from models ignoring
the Zeeman effect is then (1 + cos® 0)op(0 = 90°, = 0°).
This means that the Zeeman effect is seen even in polariza-
tion independent measurements and that only if the residual
of 0y is oy for magnetically affected measurements may we
know the orientation. Otherwise, a nonzero oy means that
|0] and n may be estimated from the residual above. This
better constrains the problem of the magnetically dependent
line shape, although it still leaves some interpretation up to
the modeler. We will assume an idealized geometry for the
strongest possible linearly polarized cross section, 6 = 90°
and n = 0°, for most of the discussion that follows.

[13] It is clear that the exponential of equation (1) con-
tributes greatly to the drop-off rate of the shape function.
With two closely adjacent, but oppositely polarizing lines,
this can be used to approximate at which frequency one or
the other polarization is dominant; the vertical polarization
will dominate as the horizontal polarization decreases with
increasing z2. We already know that the horizontal polariza-
tion signal will be strongest close to the unperturbed line

center. Assuming the change in main polarization occurs at
Re(z?) ~ 1, we can say that the vertical polarization extrema
of equation (4) occurs at

Vmax A Vo £ 1/ (Avp)? + (Av,)2. %)

[14] Equation (5)is derived with |Avg|<</(Avp)?+(Av,)?
as the limit, and the peaks of o are otherwise found at vy £
Avy. If we are within the limits of equation (5), the magnetic
field may be determined from o at v,y and at vy.

[15] Despite our focus on linear polarization above, the
results of equation (5) also apply for circular polarization. In
this case, the perturbation from the Zeeman effect is twice
as large, which might make it seem that the signal should
be noticeable for even weaker magnetic fields with circu-
lar polarization than with linear polarization. This is indeed
the case for all individual layers. There is, however, one
major complication with using a circularly polarized sensor
if the magnetic field direction changes strongly over rela-
tively short distances. It is possible, e.g., in limb sounding,
that the circular polarization order changes throughout the
propagation path. This may essentially negate all informa-
tion in the signal except for the broadening contributions
at Vyax-

3. Results and Discussion

[16] Our modeled level-by-level relative polarized cross
section o of the Zeeman effect signal for the 119 GHz O,
line on Mars is shown in Figure 1a for various magnetic field
strengths. Atmospheric conditions have been taken from a
Mars climatology data set compiled for a planetary prop-
agation toolbox [Rezac and Mendrok, 2012] and provided
with the ARTS radiative transfer model [Buehler et al.,
2005; Eriksson et al., 2011], where mean conditions includ-
ing pressure altitude and temperature were derived from
the Laboratoire de Meterologie Dynamique (LMD) Global
Circulation Model [Forget et al., 1999]. Brain et al. [2003]
modeled 15,800 nT as the highest field strength at Mars, but
this value could also be “as high as 19,900 nT under certain
assumptions” (D. Brain, private communications, 2013).

[17] Figure 1b show us the frequency shift of the outer
peaks of op. For weak magnetic fields and low pressures,
these peaks are indeed found at vy.x — v9 >~ Avp from the
line center, as can be predicted from Equation 5. An instru-
ment capable of measuring the Zeeman effect on Mars must
have a frequency resolution of the order of Avp. Signifi-
cantly better frequency resolution than Avj is not necessary
to facilitate detection since the difference between horizon-
tal and vertical polarization around Avp should be sufficient
to determine the magnetic field. Instruments capable of
this frequency resolution today include those presented by
Hartogh et al., 2009 and Murtagh et al. [2002]. If a copy of
one of these instruments was placed in orbit around Mars,
we think it would be able to map the magnetic field at mid-
dle to high altitudes, although such a copy of the Odin-SMR
instrument must be altered to allow measurement of a sec-
ondary linear polarization. A somewhat similar instrument
design for a Mars mission has been proposed by Kasai
et al. [2012], though their work does not explicitly mention
the goal of measuring O, lines.

[18] We find from Figure 1a that a signal-to-noise-ratio of
about 100 is required to detect and quantify a 1000 nT strong
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Figure 1. Relative polarized cross-sectional differences
between two perpendicular linear polarizations as a function
of pressure and range of possible magnetic field strengths at
Mars for the 119 GHz Oline. Figure (a) iS |0g|max, Where
the relative numerical values are compared with w(z,;) at
v = vy. Figure (b) shows the frequency shift (V. — Vo), in
Doppler broadening widths, of the outer extrema of oy at
Mars for the 119 GHz O, line. Note that the absolute relative
signal strength increases linearly in the logarithmic plane
with increasing magnetic field strength inside the limits of
equation (5).

magnetic field at heights above 10 Pa. Below 100 Pa, the
relative strength is significantly reduced for magnetic fields
of the same order. Considering a mean Martian surface pres-
sure of ~800 Pa, stronger fields (210,000 nT) may be
detectable at the surface, though the peak of oy will be
shifted closer to 100Avp. The signal strength will be signifi-
cantly reduced, however, so near-surface magnetic fields can
probably not be mapped with the described line method for
reasonable integration times.

[19] Extrapolation of the 119 GHz results to the 774 GHz
O, line measured by Hartogh et al. [2010] is possible with
some adjustments. The most significant change is that the
maximum perturbation is at about £50 Hz/nT from the line
center. The larger frequency perturbation is due to the differ-
ent type of transition. Following Berestetskii et al. [1980],

transitions of the type AJ = 0 and AN = %2, which is the
case for the 774 GHz line, will be more perturbed than tran-
sitions of the type AJ = £1 and AN = 0, as is the case for
the 119 GHz line. In this example, N is the quantum num-
ber associated with total angular momentum disregarding
spin and J is the quantum number taking spin into account
for the total angular momentum. The Zeeman effect signal
should thus be more easy to detect at 774 GHz, compared
to at 119 GHz. We simulated measurements for a simplified
radiative transfer scenario in ARTS to emulate the results
of Hartogh et al. [2010] for an ideal and constant magnetic
field (see supporting information). This simplified scenario
yields that a magnetic field strength of 10,000 nT should be
able to explain most of the residual in Figure 4 (lower panel)
of Hartogh et al. [2010]. However, the atmospheric profile
and the magnetic fields in this approach were both assumed
constant. The magnetic field should be stronger closer to
the surface, where most of the O, signal originates. Most of
the polarization difference around Avp, however, occurs at
higher altitudes. Due to the logarithmically increasing sig-
nal strength with increasing magnetic field strength, a single
volume with a field strength of 20,000 nT should contribute
about 10 times more to the signal than twice the volume with
a field strength of 10,000 nT. This means that the contribu-
tion from a single strong source may be able to significantly
change the shape of the overall signal.

[20] Letus now leave Mars and turn to the subject of exo-
planets. Detection of magnetization on exoplanets is still a
field in its infancy. However, considering Mars as a proxy
for weakly magnetized terrestrial planets outside the solar
system, some remarks can be made from our analysis. Fol-
lowing Figure la, it is easier to detect a weak magnetic field
on an exoplanet with a cold lower atmosphere, compared to
a warmer equivalent. This is because the relative strength
increases logarithmically not only with increasing magnetic
field but also with decreasing Doppler broadening.

[21] Current methods for detection of exoplanets are
biased toward detection of big planets in close orbits around
their parent stars, i.e., gas giants with relatively high equiv-
alent temperatures. However, the long-term operation of the
Kepler telescope, in conjunction with technical improve-
ments for radial-velocity follow-up as well as direct imag-
ing/measurements, should generate a host of suitable colder
terrestrial candidates for remote detection of magnetic fields
in the near future.

4. Conclusions

[22] Itshould be possible to isolate the signal generated by
the Zeeman effect by measuring the difference between two
perpendicularly polarized signals around O, lines on Mars.
Two perpendicular linearly polarized sensors with frequency
resolution on the order of Avp around an unperturbed line
center can be used to isolate the Zeeman effect from the
remaining signal and allow quantification of the magnetic
field. An added benefit of such an analysis would be better
constraints on estimation of other atmospheric parameters. A
cooled limb-sounding sensor should be able to map the mag-
netic field above 20 km on Mars for weaker magnetic fields.
For stronger localized magnetic fields, this method should
allow mapping at altitudes close to the surface.

[23] An average Martian magnetic field of 10,000 nT
could explain significant parts of the residual associated with
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the measurements-analysis comparison by Hartogh et al.
[2010]. However, it is impossible to quantify the effects of
the magnetic anomalies without further analysis of the unre-
duced spectral data, and even then it would be very difficult.
Given the magnetic field model provided by Brain et al.
[2003], it is difficult to estimate how large volumes of the
Martian lower atmosphere carry 10,000 nT strong magnetic
fields, though from our radiative transfer model, it should be
clear that a few isolated stronger fields may contribute sig-
nificantly more to the signal than their average geographical
distribution implies.

[24] If a suitable exoplanet is found and the background
noise can be kept sufficiently low, we suggest to attempt the
method described in this paper in order to detect magnetiza-
tion on the planet.
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