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The first observation of Mars with XMM-Newton, in November 2003, has provided a wealth of novel information
about the X—ray properties of our neighbouring planet. High resolution imaging spectroscopy with RGS clearly
shows that its X-ray emission is composed of two different components: fluorescent scattering of solar X-rays
on neutral molecules in its upper atmosphere, and emission from highly charged ions in its exosphere. The flux
ratio in the O%" multiplet proves that these ions are of solar wind origin, interacting with the exospheric neutrals
by charge exchange. This is the first definite detection of charge exchange induced X-ray emission from the
exosphere of another planet. X-ray images of the Martian exosphere in individual emission lines exhibit a highly
anisotropic morphology. Most of the emission is observed several 1000 km above the Martian poles. The detailed
morphology, however, is different between individual ions and ionization states. With its capability to trace the
X-ray emission out to at least 8 Mars radii, XMM-Newton proceeds into exospheric regions far beyond those that

have been observationally explored to date.

1. Introduction

Since July 2001 we know that Mars is an X-ray
source. Mars is the fourth planet which was found
to emit X-rays, after the Earth [e.g. 1; 2], Jupiter
[3] and Venus [4]. X-rays from Mars were first de-
tected in 2001 with Chandra [5]). The morphology
and the X-ray luminosity of ~ 4 MW were found
to be consistent with fluorescent scattering of so-
lar X—rays in the upper Martian atmosphere. The
X-ray spectrum obtained with Chandra ACIS-I
was dominated by a single narrow emission line
at 0.65 keV, which was identified as the O-K,
fluorescence line, shifted by ~ 120 eV to higher
energies due to optical loading. In addition to
the X-ray fluorescence, there was evidence for an
additional source of X-ray emission. This was
indicated by (i) a faint X-ray halo around Mars
which could be traced out to three Mars radii,
and (ii) an additional component in the X-ray
spectrum of Mars, which had a similar spectral
shape as the halo.

In 1996, the discovery of comets as a new, un-
expected class of bright X-ray sources [6; 7; 8] led
to an increased interest in X-ray studies of solar
system objects. It revealed the importance of an-
other process for the generation of soft X-rays
which seems to have been overlooked for a long
time: charge exchange between highly charged
heavy ions in the solar wind and neutral gas in the
solar system [9]. With its tenuous atmosphere,
the absence of a strong magnetic field, and orbit-
ing at a heliocentric distance where comets ex-

hibit significant activity, Mars can be considered
as a planetary analog to a comet. Thus, it was
reasonable to expect that the same solar wind
charge exchange processes which cause comets to
emit X-rays would also operate at Mars.

The statistical significance of the Martian halo,
however, was quite low, and all the information
about it had to be derived from an excess of only
34.6 £8.4 (10) counts relative to the background.
Within these very limited statistics, the general
spectral properties of this component resembled
those expected for charge exchange interactions
between highly charged heavy ions in the solar
wind and exospheric hydrogen and oxygen around
Mars.

2. Mars observed with XMM—-Newton

The situation improved considerably with the
first observation of Mars with XMM-Newton, on
November 19—-21, 2003 [10; 11]. This observation
confirms the presence of the Martian X-ray halo
and makes for the first time a detailed analysis of
its spectral, spatial, and temporal properties pos-
sible. It proves that the source of the X-ray emis-
sion is indeed charge exchange between highly
charged solar wind ions and exospheric neutrals,
providing the first definite detection of solar wind
charge exchange (SWCX) induced X-ray emis-
sion from the exosphere of another planet. Fur-
thermore, it unambiguously shows that the X-ray
radiation which we observe from the planetary
disk is primarily due to scattered solar X-rays.
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Many of these results are based on high resolu-

tion imaging X-ray spectroscopy with RGS.

Table 1
Emission lines in the RGS Mars spectra

line id wavelengthenergy line origin
# abbr [A] [eV] ion transition
Ne72 1421 8725 Ne™™ 2p—1s

074 1518 817.0 O™+ 4p—1s
065 1740 7125 Ot 5p—1s
072 1897 653.6 O7F 2p—1s

1

2

3

4

5 N63 2091 593.0 NO* 3p—1s
6 O6r 21.60 574.0 Ot 21P — 115,
7

8

9

0

061 21.81  568.5 0%t 23p — 115,
06f 2211  560.9 0Ot 239, — 115,

CO2a 2350 527.7 COy 1wy —1s

10 CO2b 23.68 5235 COy 30, — ls
11 N62 24.78 500.3 N6t 2p—1s
12 C55  26.36 4704 C°t 5p—1s
13 C54 2699 4594 C°t 4p—1s
14 C53 2847 4356 C°t 3p—1s
15 N22 3151 3935 Ny 2p—1ls
16 C45 3275 3785 C* 5p—ls
17 C52  33.74 3676 C°t 2p—1s

2.1. High resolution X—ray spectra of Mars

Although Mars is a very faint X-ray source,
the sensitivity of RGS was sufficient for perform-
ing, for the first time ever, high resolution X-ray
spectroscopy of the Martian atmosphere and exo-
sphere [10]. RGS spectra taken at cross dispersion
distances 15”.. 50", corresponding to 2.5..8 Mars
radii (Fig. 1a) reveal that there is extended X-ray
halo around Mars, composed of many emission
lines of similar flux. With the exception of lines
#9 and #10, all these lines appear where emis-
sion is expected from the de-excitation of highly
charged ions (Tab.1). The lines #9 and #10 are
caused by fluorescence of CO5. They appear in
the halo spectrum only because of instrumental
effects. However, these lines dominate in the RGS
spectra from regions close to Mars (at cross dis-
persion distances of less than 10” from its center;
Fig. 1b), where also the No fluorescence line (#15)
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is indicated. These two high resolution spectra
clearly show that the X-rays from Mars are com-
posed of two completely different components.

In terms of spectral resolution, Fig.la shows
perhaps the best charge exchange spectrum ever
obtained. The high spectral resolution is demon-
strated in Fig. 2a, which zooms to a small section
covering only 3A (70 V). All the emission in this
spectral region originates from inner shell elec-
tron transitions in oxygen, either six—fold ionized
or neutral (embedded in CO3). This spectrum
was compiled for cross dispersion distances < 50"
and includes also emission from Mars itself. It is
dominated by CO5 fluorescent emission, which is
clearly resolved into two lines (#9 and #10) of
similar flux. This is probably the first astronom-
ical measurement of fine structure in the X-ray
fluorescence of COs.

A straightforward explanation for the fact that
we are observing two peaks instead of one is that
in the CO5 atmosphere of Mars, the oxygen atom
is embedded in a molecule, where additional en-
ergy states are available for the electrons. The
line at 528 eV (#9) is caused by an electron tran-
sition from the 17, orbital (which is almost a pure
2p orbital around the oxygen atom, and thus sim-
ilar to the isolated oxygen atom state) into the
ground state, while the line at 523 eV (#10) is
a superposition of transitions from three orbitals,
404, 30y, and 1m,, into the ground state.

Even more exciting in Fig. 2a is the fine struc-
ture seen in the emission from O%F ions (lines
#6,#7,#8). These lines are the result of elec-
tron transitions between the n = 2 shell and the
n = 1 ground state shell. As O%t contains two
electrons, there are two possible states of the ion,
depending on the relative spin orientation of the
electrons: singlet states (mainly *Sp and 1 P;) and
triplet states (mainly 3S; and 3Py 12). Because
transitions from triplet states to the ground state
require spin changes of the electrons, these are
slow processes compared to transitions from sin-
glet states.

The line #6 results from fast transitions from
a singlet state (1P;) with a decay rate of 3.3 -
10'2 s=1, while the lines #7 and #8 are caused
by slow transitions from triplet states. Particu-
larly interesting is the line #8, because the corre-
sponding transition starts from a metastable state
(3S) and has a decay rate of only 1.0 - 10% s
This state can easily be depopulated by colli-
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Figure 1. XMM-Newton /RGS spectra of Mars
and its halo, accumulated at cross dispersion dis-
tances a) 15”..50” and b) 0”..10” from the cen-
ter of Mars. Smooth curves show the correspond-
ing folded model spectra, with a thick line for
RGS 1 and a thin one for RGS 2. The positions
resulting from the fit are written above each line,
together with a running number, for easier refer-
ence (cf. Tab.1). A zoomed version of the central
region around 23 A /540 eV is shown in Fig. 2a.
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Figure 2. a) XMM-Newton /RGS 1 spectrum of
Mars and its halo at cross dispersion distances
0”..50” from the center of Mars, showing the re-
gion around the COy doublet and the Q%+ mul-
tiplet. b) Dispersed image in the same wave-
length/energy scale as in (a). This image was
binned into 2" x 2" pixels and smoothed with a
Gaussian function with ¢ = 8” x 8”. It contains
the full FOV of RGS along the cross dispersion di-
rection. The inner rectangle shows the extraction
region for the spectrum in (a); the background
was taken from the two dashed bands above and
below. An optical image (taken by the author
with a 4”7 Newton telescope) is inserted at the
center to illustrate the angular size of Mars dur-
ing the observation; the observed X-ray images
are blurred mainly by the PSF of the telescope.
Note that due to the high dispersion of RGS, the
X-ray image of the Martian halo (8) is completely
detached from the fluorescent images (9, 10).
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sions before the transition takes place. The fact
that the line #8 is considerably brighter than
the lines #6 and #7 excludes thermal or colli-
sional excitation as the origin of the Martian X-
ray halo emission. For hot plasmas, the flux ratio
G = (#7 + #8) /#6 of triplet to singlet transi-
tions is usually less than one [e.g. 12].

However, if the emission lines result from elec-
tron capture by multi-charged ions colliding with
neutral gas at low density, the situation is com-
pletely different. In this case, G is predicted to be
in excess of three [13]. The value of the G ratio
for the O%t emission induced by the interaction
between the solar wind ions and heliospheric hy-
drogen gas has been evaluated as 6.7 [14], and
for the cometary X-rays as 5.8 [15]. These val-
ues agree well with that derived from the Mars
RGS spectra: G ~ 6 within 8 Mars radii. Thus,
the high resolution X-ray spectrum in Fig. 2a pro-
vides the direct proof that the X-ray emission of
the Martian halo is indeed caused by the SWCX
process.

2.2. X-ray images of Mars in individual
emission lines

As slitless spectrometers, the RGS produce in
each spectral line an image of the observed ob-
ject. Due to the high dispersion of the RGS and
the small spatial extent of Mars, there is essen-
tially no overlap between the individual images.
This makes it possible to study the spatial struc-
ture of the X-ray emission in individual spectral
lines. As fluorescence occurs in neutral atoms and
molecules, while charge exchange involves highly
charged ions, the energies/wavelengths of the cor-
responding emission lines are different. Thus, the
contributions of fluorescence and charge exchange
can be completely separated by this method.

Figure 2b shows the RGS image which cor-
responds to the zoomed spectrum in Fig.2a, at
the same wavelength scale. To illustrate the spa-
tial extent of Mars at the time of the observa-
tion, an optical image was inserted at the center.
The spectral images of the CO4 emission to the
right (#9,#10) prove that this radiation origi-
nates close to the planet, as their brightness dis-
tributions peak at the position of Mars. Bright-
ness profiles along the cross dispersion direction
show that their extent is consistent with the size
of Mars, if the instrumental blur is taken into ac-
count, and that there is no significant difference
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between both components.

The spectral image of the O5*: 35, — 15; tran-
sition (#8) is completely different from that of the
COg4 emission, exhbiting two distinct blobs along
the cross dispersion direction (which is approxi-
mately the North—South direction on Mars), with
practically no emission in between. This means
that the emission does not originate close to Mars
or in an X—ray luminous extended shell around it,
but at two well localized regions ~ 3000 km above
both poles. For other emission lines, however, the
morphology is different. Figure 3 presents spec-
tral images for the major emission lines, identified
by the abbreviations listed in Tab.1. These im-
ages reveal differences in the spatial structures,
not only between fluorescence and charge ex-
change, but also between different ions and ion-
ization states.

The structure seen in the spectral image of
O6f seems to be a specific property of emission
from ionized oxygen, as the O72 image (Fig.3a)
also shows two distinct blobs along the cross dis-
persion direction. Compared to O6f (Fig.3b),
the O72 emission occurs at larger distances from
Mars. There is also some evidence in Fig. 3a that
the peak of the O72 emission is shifted to the
right with respect to Mars. Interpreted as red-
shift, this would indicate velocities of Q%% ions
in excess of ~ 400 km s~ ! along the line of sight,
as the dashed vertical lines in Fig. 3a indicate.
Alternatively, this shift may be interpreted as a
spatial displacement.

Spectral images can also be obtained for the
carbon emission lines C53 and C52 (Fig.3d,e).
These images show yet another morphology:
there is again clear evidence for extended,
unisotropic emission, but unlike the blobby O72
and O6f appearance, the C53 and C52 emissions
exhibit a more band-like structure without a pro-
nounced intensity dip at the position of Mars.
There is also evidence that at larger distances
from Mars the emission is shifted towards the
right. For comparison, the morphology of the flu-
orescent radiation (Fig.3g-i), is clearly concen-
trated to the planet. While an interpretation of
the fluorescence images is straightforward, an in-
terpretation of the structures in the halo emission
is not an easy task, since they depend on many
parameters [e.g. 16].
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Figure 3. XMM-Newton /RGS images of Mars and its halo in the individual emission lines of ionized
oxygen (top row), ionized carbon (middle row), and fluorescence of CO5 and Ny molecules (bottom row).
The images were corrected for exposure variations, were binned into 2” x 2 pixels and smoothed with
a Gaussian function with o = 8” x 8”. All are displayed at the same angular scale; the dynamic scale,
however, was individually adjusted. The images in the rightmost column are the sum of the images to
their left. For the wavelengths/energies of the emission lines, the values in Tab. 1 were used. These are
indicated by the short vertical lines and the circle in the middle, which illustrates the size and expected
position of Mars at these emission lines. Dashed vertical lines in the frames a,b.d,e indicate the apparent
shift along the dispersion direction for a redshift of 400 km s~!. The projected direction to the Sun is
towards the left.



3. Summary and conclusions

X-rays from Mars consist of two different com-
ponents: (i) solar X-rays scattered in the up-
per Martian atmosphere, and (ii) emission from
highly charged heavy solar wind ions in excited
states, resulting from charge exchange interac-
tions with neutrals in the Martian exosphere.
For both components, the pioneering observations
with Chandra and XMM-Newton have shown how
X-ray observations will provide novel methods for
studying this planet: high resolution X-ray im-
ages of Mars in the fluorescence lines of C,N,O
will make it possible to investigate the atmo-
spheric layers above ~ 80 km, which are difficult
to study otherwise, and their response to solar
activity, while X-ray images of Mars in the lines
of excited ions will enhance our knowledge about
the Martian exosphere and its interaction with
the solar wind.

It is remarkable that XMM-Newton has the ca-
pability to trace the exospheric X-ray emission,
with high spectral resolution, out to ~ 8 Mars
radii (~ 27000 km), proceeding into exospheric
regions far beyond those that have been obser-
vationally explored to date. This is particularly
interesting because the X-ray emission results di-
rectly from charge exchange interactions between
atmospheric constituents and solar wind ions, a
process which is considered as an important non-
thermal escape mechanism and which may be re-
sponsible for a significant loss of the Martian at-
mosphere. Despite this importance, our obser-
vational knowledge of the Martian exosphere is
still poor. Thus, X-ray observations, providing
a novel method for studying exospheric processes
on a global scale, may lead to a better under-
standing of the present state of the Martian at-
mosphere and its evolution. They open up a com-
pletely new possibility of remote, global, imag-
ing of planetary exospheres, and their spatial and
temporal variability.

In addition to its importance to planetary stud-
ies, the possibility to obtain from X-ray observa-
tions of Mars not only charge exchange spectra
with unprecedented spectral resolution, but also
images of the morphological structures originat-
ing from specific electron transitions in individual
ions, is likely to contribute to an improved under-
standing of the physics of charge exchange, which
is of general importance to X-ray plasma diagnos-
tics, both in the laboratory and in outer space.
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