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ABSTRACT

In the first observation of Mars with XMM-Newton, on 20-21 November 2003, this planet is clearly detected as an X-ray source. High
resolution X-ray spectroscopy with the Reflection Grating Spectrometer (RGS) confirms that the X-ray radiation from Mars is composed of
two different components: one due to fluorescent scattering of solar X-rays in its upper atmosphere and the other one due to solar wind charge
exchange in its exosphere. Close to Mars, the RGS spectrum is dominated by two pronounced CO, fluorescence lines at 23.5 A and 23.7 A.
Fluorescence from N, at 31.5 A is also observed. With increasing distance from Mars, these lines fade, while numerous (~12) emission lines
become prominent at the positions expected for de-excitation of highly ionized C, N, O, and Ne atoms, strongly resembling a cometary X-ray
spectrum. The He-like O%* multiplet is resolved and is dominated by the spin-forbidden magnetic dipole transition 23S, — 1'Sy, confirming
charge exchange as the origin of the emission, while the resonance line 2 'P; — 1'S, increases in intensity closer to Mars, where the density
of the exosphere is higher. The high spectral dispersion and throughput of XMM-Newton/RGS make it possible to produce X-ray images of
the Martian exosphere in individual emission lines, free from fluorescent radiation. They show extended emission out to ~8 Mars radii, with
morphological differences between individual ions and ionization states. This is the first definite detection of charge exchange induced X-ray
emission from the exosphere of another planet, providing a direct link to cometary X-ray emission.

Key words. atomic processes — molecular processes — solar wind — Sun: X-rays, gamma rays — planets and satellites: individual: Mars —
X-rays: individuals: Mars

1. Introduction Mars radii, and (ii) an additional component in the X-ray spec-

trum of Mars, which had a similar spectral shape as the halo.

The statistical significance of the Martian halo, however,
was quite low, and all the information about it had to be de-
rived from an excess of only 34.6 + 8.4 (107) 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. Recent detailed simulations of this process by
Gunell et al. (2004) agreed well with the observed morphology

X-rays from Mars were detected for the first time in 2001 with
Chandra (Dennerl 2002). The morphology and the X-ray lumi-
nosity of ~4 MW were found to be consistent with fluorescent
scattering of solar X-rays in the upper Martian atmosphere.
The X-ray spectrum obtained with Chandra ACIS-I was domi-
nated 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 the additional charge deposited by
optical photons in the X-ray CCD (“optical loading”). In addi-

tion to the X-ray fluorescence, there was evidence for an ad-
ditional source of X-ray emission. This was indicated by (i) a
faint X-ray halo around Mars which could be traced out to three

http://www.edpsciences.org/aa

and luminosity of the halo.

Here we report on the first XMM-Newton observation of
Mars, performed in November 2003. This observation confirms

http://dx.doi.org/10.1051/0004-6361:20054253
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the presence of the halo around Mars and the interpretation
above. Spectral studies, now possible in much greater detail, re-
veal the unambiguous signatures of charge exchange processes
and the striking similarity to cometary X-ray spectra. In this pa-
per we concentrate on the results of high resolution X-ray spec-
troscopy obtained with the Reflection Grating Spectrometers
(RGS). The results obtained with the European Photon Imaging
Camera (EPIC), which provide a wealth of additional informa-
tion about the temporal properties of the Martian X-ray radia-
tion due to their high sensitivity, will be presented in a separate
paper.

The RGS data also reveal fine structure in the fluorescence
spectrum which has not been seen before. This spectrum orig-
inates in a shell of ~50 km thickness in the upper atmosphere
centered at ~120 km above the surface of Mars (Dennerl 2002).
Compared to the size of Mars (mean radius: 3389.5 km), this
shell is very thin and close to the surface. When viewed from
a large distance with the spatial resolution of XMM-Newton,
the fluorescence radiation appears to originate from the disk of
Mars. The situation is quite different for the X-ray emission
from the Martian exosphere, which can be traced out to several
Mars radii. For easier reference, we will use the terms disk and
halo emission for these components in the following sections.

2. Observation
2.1. XMM-Newton and RGS

XMM-Newton, launched on 10 December 1999, carries three
aligned and tightly nested Wolter type I telescopes with a total
effective area of more than 0.42 m? between 0.1 and 2.0 keV
(Jansen et al. 2001), providing the highest throughput currently
flying. About 50% of the X-rays entering two of the telescopes
reach the Reflection Grating Spectrometers (RGS1 and RGS2,
two identical, but independent instruments, operated simulta-
neously). These provide an energy resolution E/AE between
100 and 600 in the energy range 0.33-2.1 keV (den Herder
et al. 2001). Their field of view (FOV) is 5’ along the cross
dispersion direction and ~5’ along the dispersion direction. To
date, the highest resolution spectrum of an X-ray source in the
solar system was obtained with the Chandra/LETG on Venus
(Dennerl et al. 2002). Here we present new, higher resolution
results on Mars obtained with the RGS instruments.

In the context of observing Mars with RGS, it is impor-
tant to note that Mars is an extended object and that RGS is
a slitless spectrograph. If an extended object emitting only at
several distinct wavelengths is observed with a slitless spectro-
graph, then monochromatic images of the object will appear at
the corresponding wavelengths, and the observed spectral lines
will exhibit an additional broadening due to the extent of the
object. Thus, for an extended object, the signal along the dis-
persion direction is a superposition of both spectral and spatial
properties of the object. If the emission lines are intrinsically
broadenend, then the images will become convolved with the
line profiles along the dispersion direction (the cross disper-
sion direction will not be affected). If emission lines are close
together in wavelength, then the individual images may overlap
and severely degrade the spectral and spatial resolution, unless
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there is additional information available about the morphology
or the spectrum.

RGS is characterized by a high dispersion, which rises
monotonically from 3/4/A at 35 A to 4/6/A at 10 A. In compar-
ison, the apparent diameter of Mars during the XMM-Newton
observation was only 12”2, and most of the flux from its ex-
tended X-ray halo was observed to originate well within 1’
around its center. This fortunate case of observing a moder-
ately extended object emitting only at few distinct wavelengths
with a slitless spectrograph of high dispersion and high sensi-
tivity provided a wealth of new information, as the following
sections will show.

2.2. Time of the observation

As observations with XMM-Newton are restricted to targets at
solar elongations between 70° and 110°, Mars cannot be ob-
served at opposition, when it is closest to Earth. Within the ac-
cessible range of solar elongations, values near 110° are most
favorable, because Mars is then considerably closer than at
smaller elongations. Due to the eccentricity of the Mars orbit,
the actual distance between Mars and Earth at specific elonga-
tions is changing with time: the apparent diameter of Mars at
110° elongation ranges between 8”9 and 14”4.

XMM-Newton was pointed towards Mars from 2003
Nov. 19,23:47 to Nov. 21, 05:05 UT. During the XMM-Newton
observation, Mars had an apparent diameter of 1272. Its helio-
centric distance was 1.43 AU, its geocentric distance 0.77 AU,
and it was observed at a phase angle (angle Sun-Mars-Earth) of
41°2 and at a solar elongation of 108°.

2.3. Moving target

As seen from XMM-Newton, Mars moved 35’6 with respect
to background sources during the observing period, at a rate
of 1/2/h. In order to keep Mars well inside the RGS FOV, the
satellite was reoriented several times, resulting in 12 periods of
stable pointings (Table 1). There was no need for active track-
ing, because the RGS CCDs were read out every 4.6 s (imply-
ing 0”709 of apparent motion during a measurement, much less
than 1 pixel wide), so that a post-facto transformation of the
data into the reference frame of the moving Mars was possi-
ble. Compared to the regular XMM-Newton observing mode
(stable pointing toward a fixed target), this method of observ-
ing had the advantage that any inhomogeneities due to CCD
gaps are automatically smoothed and that the spatial resolution
is less restricted by the pixel size. The observation was per-
formed in a specific mode, which we had developed for mov-
ing targets (Dennerl et al. 2003): the EPIC and RGS instru-
ments were initialized only at the beginning of the observation
and stayed on during the whole period (including the times of
reorienting the satellite). By avoiding time-consuming recalcu-
lations of the offset map, we could considerably increase the
observing efficiency.

The fact that the apparent motion of Mars is mainly along
the ecliptic plane combined with the roll angle requirements of
XMM-Newton implies that Mars moves predominantly along
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Table 1. Journal of stable pointings* of XMM-Newton, with RGS in
observing mode.

Pnt Begin End Duration Roll
# 2003 [UTC] 2003 [UTC] [s] [deg]
1 Nov. 19 23:48:58 Nov.20 02:43:40 10482 232.8
2 Nov.20 02:55:22 Nov.20 05:16:01 8438 234.8
3 Nov.20 05:29:05 Nov.20 07:45:20 8175 236.8
4 Nov.20 07:57:03 Nov.20 10:18:40 8497 238.8
5 Nov.20 10:28:23 Nov.20 12:42:00 8017 240.8
6 Nov.20 12:49:56 Nov.20 15:03:40 8024 241.8
7 Nov.20 15:11:45 Nov.20 17:23:40 7915 24238
8 Nov.20 17:33:23 Nov. 20 19:47:00 8017 243.8
9 Nov.20 19:56:43 Nov.20 22:08:40 7917 24438
10 Nov. 20 22:18:33 Nov. 21 00:29:17 7844 2458
11 Nov.21 00:38:13 Nov.21 02:48:40 7827 246.8
12 Nov.21 02:58:13 Nov. 21 04:58:53 7240 2478

* Defined by the time intervals with less than 1 in spacecraft jitter.
Roll angle: angle between equatorial north and decreasing dispersion
direction, measured counterclockwise.

the RGS dispersion direction. The parallax due to the orbit of
XMM-Newton, however, introduces a curvature in the apparent
path of Mars. In order to keep Mars at similar cross-dispersion
distances, the roll angle of the satellite was adjusted for each
individual pointing so that Mars would move mainly along the
RGS dispersion direction (Table 1). As a compromise to the re-
quirements of EPIC pn, we shifted the track of Mars by 06
along the cross dispersion direction away from the nominal
aimpoint!.

2.4. Optical light

One important property of RGS in the context of the Mars ob-
servation is that the optical flux is completely separated from
the X-ray flux by diffraction. Thus, the high optical surface
brightness of Mars (+4.4 mag arcsec™> at the time of the ob-
servation), which is a major point of concern for many current
X-ray detectors (e.g. Chandra ACIS-S), is no problem for RGS
and does not affect the RGS spectra in any way.

3. Data analysis

The specific properties of this observation required several non-
standard methods of data reduction, which are described below.

3.1. Stable pointing periods

Due to the special observing mode applied (Sect. 2.3), it was
necessary to identify first the 12 time intervals of stable point-
ing (when the spacecraft jitter was smaller than 1”; Table 1) and
to suppress the data which were taken in between. This ensured
that the reconstructed image and spectrum of Mars would not
be affected by any blur which might result from increased un-
certainties about the satellite attitude during the intervals when
XMM-Newton was reoriented.

! This increased the distance between Mars and the gap between the
EPIC pn CCDs 4 and 7 and minimized the risk that part of the X-ray
halo might fall into this gap.
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Fig. 1. Intrinsic energy resolution of RGS 1 as a function of the disper-
sion angle, accumulated during a total of 74 ks of stable pointing and
low instrumental background, and transformed into the rest frame of
Mars. This image was corrected for exposure variations, was binned
into 10” dispersion angle x5 adu pixels and smoothed with a Gaussian
function with o, = 10” and o, = 10 adu; the color scale extends lin-
early from zero (black) to 3.3x10~* counts arcmin ' adu™! s~! (white).
Only events within the curved region were used for the spectral studies
(see text). A spectral image of the region between the dashed lines is
shown in Fig. 5b. Events inside the horizontal rectangle were caused
by an internal calibration source.

3.2. Particle background

The observation was characterized by episodes of high parti-
cle background. However, these background flares dominate at
high energies, while the spectral range of interest for this anal-
ysis is confined to energies below ~1 keV. Furthermore, any
background in the RGS CCDs can be suppressed efficiently by
using the CCD intrinsic energy resolution to screen photons
by their pulse height spectra (i.e., by demanding that photons
as a given dispersion angle also have the corresponding CCD
pulse height energy; Fig. 1). Thus, even episodes of moder-
ately increased particle background did not degrade the data
quality substantially. The whole data set (98 ks, Table 1) could
be used for spectral studies of the immediate environment of
Mars, at cross dispersion distances |y| < 10”. For studies of the
extended halo emission, the requirements for a clean signal are
higher, and we used only periods of low background (less than
0.3 counts s™! in CCD 5 of RGS 1), which yielded a total low
background time of 74 ks.

3.3. Transformation into the rest frame of Mars

Transformation of the photons and the exposure into the mov-
ing reference frame of Mars was done using the geocentric
Mars ephemeris from JPL? and the information about the
XMM-Newton attitude and orbit contained in the delivered
data set. We transformed them into a reference system where
the positive x axis is the direction of increasing dispersion an-
gle, which is approximately antiparallel to the direction of the
Sun. The same transformation was used for creating the cor-
responding exposure maps. As a consequence of the chang-
ing roll angle of the satellite (Sect. 2.3), the angle between the
Sun with respect to the direction of decreasing dispersion was
slowly varying from pointing to pointing, from —13%9 to +1°1.

2 Available at http://ssd. jpl.nasa.gov/cgi-bin/eph
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The fact that RGS is a diffractive spectrograph also requires
to consider the velocity of Mars with respect to XMM-Newton
along the line of sight in the transformation to the Martian
reference frame, because this velocity introduces a shift along
the dispersion direction. However, the radial velocity of Mars
with respect to XMM-Newton was only between +13.5 and
+14.2 km s~ (with +13.2 km s™' coming from the radial ve-
locity between Mars and Earth), causing a negligible shift of
less than +0'35 in the dispersion direction. The situation is dif-
ferent for the solar wind ions, which are ejected from the Sun
with velocities of 400—800 kms™'. Their interaction with the
Martian exosphere (by charge exchange) might lead to a de-
tectable redshift in the emission. In the transformation to the
Martian reference frame this shift cannot be taken into account,
because the specific velocities are not known precisely enough.
The presence and potential consequences of such redshifts will
be investigated in more detail in Sect. 5.1.

3.4. Unrelated X-ray sources

Like any object moving across the sky, Mars passed unrelated
X-ray sources, which could potentially contaminate its X-ray
signal. For a direct imaging device like EPIC, the contami-
nation of the signal can be avoided in a straightforward way,
by ignoring the photons from and around such sources. For a
slitless diffracting device like RGS, however, the situation is
different due to the superposition of spatial and spectral infor-
mation along the dispersion direction. Depending on the spec-
trum, photons from a single source may be distributed over a
wide range in dispersion direction. As Mars was moving pre-
dominantly along this direction, the most conservative way of
removing all photons within the diffracted spectra of unrelated
X-ray sources (identified with the simultaneous EPIC data)
would also remove most of the photons from Mars, even if the
intrinsic energy resolution of the RGS CCDs (Fig. 1) were used
for minimizing the amount of data to be removed.

However, in the case of this specific observation, it is pos-
sible to demonstrate that contamination of the Martian spec-
trum by unrelated X-ray sources is negligible, because this
spectrum is found to be dominated by few narrow emission
lines. Transformed into the reference system of Mars, spec-
tra of background sources along its path would not show such
narrow features, because of their apparent drift along the dis-
persion direction. Moreover, the X-ray spectra of many back-
ground sources are characterized by continuum radiation. In
particular, this is the case for the brightest X-ray source along
the path of Mars?, as seen in the EPIC data.

3.5. X-ray background and detector noise

As the halo of Mars is a very faint X-ray source for RGS, an
efficient background suppression is essential in order to get a
clean signal. For RGS, this is possible by utilizing the fact that
the dispersed spectrum is measured with a detector which has

3 This is a previously undetected X-ray source with a powerlaw
spectrum, probably an AGN, coincident with the v, = 17.9 mag object
U0825_19872482 of the USNO-A2.0 Catalogue.
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an intrinsic energy resolution. By combining the information
about the pulse height energy from this detector with the dis-
persion information, the signal to noise ratio can be consider-
ably enhanced (see Sect. 3.2).

Compared to the standard procedure for event selection, we
applied more stringent limits to the pulse heights as a function
of the dispersion angle computed for the rest frame of Mars, in
order to improve the signal to noise ratio (Fig. 1). For all spec-
tral fits, the background was determined from two bands above
and below Mars along the dispersion direction, from cross dis-
persions |y| > 13 to the borders of the CCDs (e.g.Fig. 5b),
after applying the same pulse height selection.

3.6. Spatial/spectral deconvolution

The PSF (point spread function) of the XMM-Newton tele-
scopes is characterized by a FWHM (full width at half max-
imum) of ~5”. For RGS, the effective FWHM is somewhat
larger due to the convolution with the grating response and the
finite pixel size (2.5” X 2.5""), and is comparable to the appar-
ent size of Mars (12”2) during the observation. Thus, Mars is
only marginally resolved, and some X-rays from its upper at-
mosphere are spread by the PSF into the halo, while the X-rays
which we see from the disk of Mars contain some contribution
from the halo. On the other hand, as both components emit at
different wavelengths/energies, the high spectral dispersion of
the RGS (~4’/A) makes it possible to clearly separate the radi-
ation from the disk and halo.

4. Observational results
4.1. The total spectrum of Mars and its halo

The RGS spectrum of Mars and its halo, accumulated at cross
dispersion distances |y| < 50” from the center of Mars (Fig. 2)
reveals the presence of many emission lines. These lines can be
identified with either fluorescence of neutral molecules (“disk
lines”) or with de-excitation of highly ionized atoms (“halo
lines”), as Table 2 shows. Because the statistical quality of
some emission lines is too low for an individual determination
of their widths, we proceeded as follows. We grouped the emis-
sion lines into two classes, according to their probable origin:
disk or halo. The widths of all lines for each class were fixed
in A to the same value, in order to allow for different spatial
extents in both groups. The positions (energy/wavelength) and
intensities of all lines were free parameters in the fit.

The resulting best-fit model spectrum is shown in Fig. 2,
and the spectral parameters are listed in Table 2a. We find in
all cases an excellent agreement between the observed line en-
ergies and those expected for characteristic electron transitions
in C, N, O atoms, as listed in Table 2b. All these are transi-
tions into the ground state. For easier reference, we use in the
following the abbreviations listed in Table 2b. These abbrevia-
tions are generally composed of the atom name followed by its
ionization state and the shell number from which the electron
transition starts. We have additionally assigned running num-
bers to the emission lines according to increasing wavelength
and use them consistently throughout the paper.
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Fig. 2. RGS spectra of Mars and its halo, accumulated at cross dis-
persion distances |y| < 50” from the center of Mars during 74.1 ks
(excluding the times of high instrumental background). The RGS data
were binned to contain at least 25 events and are plotted as crosses
with 1o error bars in intensity; RGS 2 data are marked with an addi-
tional dot at the center. For parts of the spectrum, data exist from only
one instrument. The data from both spectrometers were fit together,
using their individual response matrices. Smooth curves show the cor-
responding folded model spectra, with a thick line for RGS 1 and a
thin one for RGS 2. The positions resulting from the fit (in A and eV)
are written above each line, together with a running number, for easier
reference. Parameters obtained from this fit are listed in Table 2a. A
zoomed version of the central region around 23 A/540 eV is shown
in Fig. 5.

Table 2b contains also some emission lines which we find
only in the disk or halo spectrum (see below), due to an im-
proved signal to noise ratio in these restricted extraction re-
gions. Because of the importance of the He-like O%" multiplet
(cf. Sect. 5.3), we also list in Table 2b the intercombination line
06i (#7), although it is not detected. For completeness, we in-
clude the emission lines #2 and #5 in Table 2, which are indi-
cated in the data, but are rather uncertain. The 17 emission lines
listed in this table represent the basis for the subsequent analy-
sis. Confident in our line detections and instrument characteri-
zation, we fixed in the next step the line wavelengths/energies
to these values, allowing for a tolerance of +0.1 A (or £~20).
This tolerance would take systematic shifts into account that
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Fig. 3. Disk spectrum: same as Fig. 2, but for cross dispersion dis-
tances |y| < 10” from the center of Mars. The positions of all lines
were constrained to + 0.1 A of the expected values (Table 2b). A com-
mon width (in A) was determined for the lines #9 and #10, as well as
for the other lines. The fit gives a reduced y? = 0.69 for 78 degrees of
freedom. Fluxes derived from this fit are listed in Table 2c.

might result from to the fact that these lines do not originate
exactly at the position of Mars.

Within the He-like O%* multiplet, the positions of lines O6r
and O6i were fixed relative to O6f, according to Table 2b. The
widths of the fluorescence lines CO2a, CO2b, and N22 were
fixed to the same, adjustable value (in A), and the widths of the
remaining lines were coupled in a similar way.

4.2. The disk spectrum

In Fig. 3 we show RGS spectra of Mars at cross dispersion dis-
tances |y| < 10” from its center, accumulated during 98.0 ks
(including times of high instrumental background, but exclud-
ing the intervals when the satellite was reoriented). The RGS
data were binned to contain at least 10 events, in order to min-
imize loss of spectral resolution; errors were determined with
the C statistics (Cash 1979). This extraction region is domi-
nated by emission from close to Mars along the cross disper-
sion direction, but may also contain contributions from outer
areas along the dispersion direction.

The main difference between the disk spectrum (Fig. 3)
and the total (disk+halo) spectrum (Fig. 2) is that in the disk
spectrum most emission lines are considerably fainter, except
lines #9 and #10. These two lines are also sharper: by fitting
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Table 2. Emission lines in the RGS spectra of Mars and its halo.
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Observed line position Photon flux Line id

Line origin A E

Photon flux [107® cm™2 s7']

ATA] E[eV] [10°cm™2s™!] # Abbr Ion Transition [A] [eV] Total Disk region  Halo region
1 Ne72 Ne™ 2p—1s 14.21 8725 (1.8 +1.8) 0.5+0.5) 3.8+£22
15.15+£0.10 818.5+55 39+1.6 2 074 OF 4p-—>1s 15.18 817.0 39+1.5 0.4+04) (1.6 £ 1.6)
1734 +0.03 7149+12 7.6+22 3 065 0% 5p—1s 17.40 7125 7.9 +2.1 0.4 +04) 62+1.7
18.99+0.03 6528 +1.0 99+27 4 072 O 2p—1s 18.97 653.6 99+24 43+2.1 7.4 +2.1
21.09+0.07 587.8+18 7.5+3.9 5 N63 N 3p—1s 2091 593.0 38.1+30. 24+24) 220«19.
6 O6r 0% 2P, —» 115, 21.60 574.0 (23 +2.3) 7.0+3.3 (14+14)
7 06i 0% 2P, - 1'S, 21.81 5685 (1.5+1.5) (1.2+1.2) 22+2.2)
22.08+0.02 561.6+0.6 13.5+3.5 8 o6f 0% 2%, - 1S, 2211 5609 12.8+3.2 42+29 53+£23
2348 £0.02 528.1 +04 19.8 +3.8 9 CO2a CO; lmy—1s 23.50 527.7 19.6+3.7 23.2+4.2 35+28
23.69+0.01 523.3+0.3 23.1+3.7 10 CO2b CO, 30, — 1s 23.68 5235 23.6+3.5 21.7£3.8 36+28
2476 £0.03 500.7+0.7 9.1 £2.8 11 N62 N** 2p—1s 24.78 500.3 9.3+27 45+22 7.1+22
2651 £0.12 467.7+2.1 49+22 12 C55 C* 5p—ls 26.36 4704 55+22 27+£23 55+1.8
2698 £0.08 4595+14 42+32 13 C54 C* 4p—>1s 26.99 4594 45+32 57+28 53+25
28.52+0.06 4347+1.0 63+25 14 C53 C* 3p—1ls 28.47 435.6 6.6+23 (1.9+1.9) 7.9 +2.7
15 N22 N, 30,—1s 3147  394.0 22+2.2) 5.8+28 (14+14)
3290+0.17 376.8+1.9 85+3.9 16 C45 C* 5p— s 32.75 3785 9.9+42 (2.8 £2.8) 8.4 +3.1
3379 £ 0.04 366.9 0.5 14.8 +4.5 17 C52 C* 2p—1s 33.74 3676 162+52 11.0 +4.2 9.1+£35

a) emission lines found at |y| < 50”

b) line identifications

¢) flux derived for fixed line positions

a) Emission lines found at cross dispersion distances |y| < 50” from the center of Mars (cf. Fig. 2). The positions and fluxes of all lines were
treated as free parameters in the fit and are listed with their 1o errors. A common value (in A) was determined for the width of the lines
CO2a and CO2b, as well as for all the other lines. b) Identification of the emission lines, including lines which are found only in the disk or
halo spectrum, plus the intercombination line O6i of the He-like O% multiplet. For CO2b, also the transitions 4 o, — 1s and 17, — 1s may
contribute to the flux. ¢) The fluxes are given together with their 1o errors, as determined by the interval where the C value (Cash 1979) of
the fit increases by 1.0, allowing adjustment of all free parameters; the Ay? = +1.0 approach gives similar results. Brackets mark lines of low

significance where the 1o error interval includes zero.

common values (in A) to the width of these lines and, inde-
pendently, to the width of the other lines, we find a FWHM of
(0.05 + 0.05) A for lines #9 and #10, but (0.22 + 0.07) A for the
other lines. This indicates that the emission which we see from
Mars comes from different regions. Also, two new lines (#6
and #15) show up in the disk spectrum, obviously originating
close to Mars. The derived photon fluxes for the lines are listed
in Table 2c.

4.3. The halo spectrum

In order to investigate the properties of the outer regions around
Mars, we accumulated RGS spectra at cross dispersion dis-
tances 15" < |y| < 50" from the center of Mars during 74.1 ks
(excluding the times of high instrumental background, see
Sect. 3.2). The RGS data were binned to contain at least
20 events. This halo spectrum, displayed in Fig. 4, is consid-
erably different from the disk spectrum (Fig. 3): it exhibits a
wealth of emission lines of similar flux, while the lines #9 and
#10, which dominated the disk spectrum, have almost disap-
peared.

By fitting a common value (in A) to the width of all lines
except #9 and 10, we obtain a FWHM of (0.2010.11)10\,
which is similar to that derived for the disk spectrum outside
the strong fluorescence lines. We determined the errors with
both the y? statistics (Lampton et al. 1976) and the C statistics
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Fig. 4. Halo spectrum: same as Fig. 2, but for cross dispersion dis-
tances 15” < |y| < 50” from the center of Mars. The positions of all
lines were constrained to £0.1 A of the expected values (Table 2b). A
common width (in A) was determined for the lines #9 and #10, as well
as for the other lines. The fit gives a reduced y? = 1.09 for 30 degrees
of freedom. Fluxes derived from this fit are listed in Table 2c.
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Fig.5. RGS 1 data from Mars, accumulated during a total of 74 ks
of stable pointing and low instrumental background. a) RGS 1 spec-
trum of Mars and its halo at cross dispersion distances |y| < 50"
from the center of Mars, showing the region around the CO, dou-
blet and the O°" multiplet (this region is not covered by RGS 2).
b) Dispersed image in the same wavelength/energy range as in a),
accumulated from the events inside the curved region in Fig. 1. This
image was binned into 2” X 2 pixels and smoothed with a Gaussian
function with oo = 8” X 8”; the color scale extends from zero (black)
to 2.7 x 1073 counts arcmin™2 s™! (white). It contains the full FOV of
RGS along the cross dispersion direction. The inner rectangle shows
the extraction region for the |y| < 50” spectra; the background was
taken from the two dashed bands above and below. The dot at center il-
lustrates the angular size of Mars during the observation; the observed
images are blurred mainly due to the PSF of the telescope. The regions
for extracting profiles along cross dispersion direction (cf. Fig. 6) are
denoted with 8, 9, and 10; they cover 30” along the dispersion direc-
tion. Note that due to the high dispersion of RGS, the X-ray image
of the Mars halo (8) is completely detached from the fluorescent im-
ages (9, 10).

(Cash 1979) and found consistent results. Since these lines are
intrinsically sharp and since any instrumental broadening has
been taken into account in the fitting procedure, the width of
the lines indicates a spatial extent of the emission region along
dispersion direction, with a FWHM of ~45”. The photon fluxes
are listed in Table 2c.
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Fig. 6. Brightness profiles (with 1o error bars) along cross disper-
sion direction of the Martian exosphere (derived from the unsmoothed
data) in the light of a) the 235, — 1'S; transition of O (#8) and b)
the CO, fluorescence doublet (#9, #10). The extraction geometry is
illustrated in Fig. 5b. While the CO, profiles are very similar, the oo+
profile has a quite different shape, characterized by a pronounced dip
at the center.

4.4. Mars at 21-24 A

The spectral region around 21-24 A (~510-580 eV) is par-
ticularly interesting: it not only contains the brightest emission
lines covered by RGS, but also the diagnostically very impor-
tant He-like multiplet of O%'. Operating as a slitless spectro-
graph, the RGS data contain also spatial information, in partic-
ular for extended, but sufficiently compact sources, which emit
at specific, sharp energies, like Mars. Figure 5 focuses on this
spectral region, showing at top the spectrum and at bottom, at
the same horizontal scale, the corresponding spectral image.

All the emission in this spectral region originates from in-
ner shell electron transitions in oxygen, either six-fold ionized
or neutral. In both cases the RGS spectra and images reveal a
wealth of detail:

— The CO, emission (lines #9 and #10) is clearly resolved
into two components of similar flux. Both components
originate close to the planet, as the spectral image shows:
their brightness distributions peak at the position of Mars.
Brightness profiles along the cross dispersion direction
(Fig. 6b) exhibit no significant difference between both
components.

— The He-like O multiplet (lines #6—8) is also resolved.
Compared to Fig. 2 and Table 2a, all components of the
“triplet” were included in this fit; their relative positions
were fixed and their widths (in A) were set to the same
(adjustable) value. The fit shows some indication for the
presence of the resonance line O6r (#6), though not at a
significant level; it does not show any evidence for the in-
tercombination line O6i (#7). The spin-forbidden magnetic
dipole transition O6f (#8), however, is clearly dominating.
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This is a direct proof that charge exchange is the source of
the emission (Sect. 5.3).

— There are indications that the flux ratios in the He-like O%*
multiplet change with distance from Mars: the resonance
line O6r (#6), which is almost undetectable in the halo
spectrum (Fig. 4), is clearly present in the disk spectrum
(Fig. 3), while the flux of the O6f line (#8) is similar in
both spectra (see also Table 2c).

— The spectral image of the O6f transition is completely dif-
ferent from that of the CO, emission: it shows two distinct
blobs along the cross dispersion direction (which is approx-
imately the North-South direction on Mars), with practi-
cally no emission in between (Fig. 6a). This means that the
emission does not originate close to Mars (the size of Mars
is drawn to scale at the center of Fig. 5b for reference) or in
an X-ray luminous extended shell around Mars, but at two
well localized regions ~3000 km above both poles.

4.5. RGS images of Mars

As demonstrated in the last section, RGS images contain a
wealth of information about the morphology of the X-ray emis-
sion at specific wavelengths/energies. In Fig. 7, we present im-
ages for the major emission lines 072, O6f, C53, C52, CO2a,
CO2a, and N22, adding data from RGS 1 and RGS 2 together,
whenever available. These images reveal different morpholo-
gies, not only between fluorescence and charge exchange X-ray
emission, but also between different charge exchange lines.

The structure seen in the spectral image of O6f seems to
be a specific property of emission from ionized oxygen, as the
072 image (Fig. 7a) also shows two distinct blobs along cross
dispersion direction. Compared to O6f (Fig. 7b), the O72 emis-
sion occurs at larger distances from Mars. There is also some
evidence in Fig. 7a that the peak of the O72 emission is shifted
to the right with respect to Mars. Interpreted as redshift, this
would indicate velocities of O%* ions of 2400 kms™' along
the line of sight, as the dashed vertical lines in Fig. 7a indicate.
Alternatively, this shift may be interpreted as a spatial displace-
ment. These different scenarios are investigated in more detail
in Sect. 5.1.

Spectral images can also be obtained for the carbon emis-
sion lines C53 and C52 (Figs. 7d,e). These images show yet an-
other morphology: there is again clear evidence for extended,
unisotropic emission, but unlike the blobby O72 and O6f ap-
pearance, the C53 and C52 emissions exhibit a more band-like
structure without a pronounced 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 completeness we show in Fig. 7h also the image of
the N22 emission, which demonstrates that, similar to CO,
(Fig. 7g), this radiation is coming from close to Mars, as ex-
pected for fluorescence. In Fig. 7i this image has been com-
bined with the two CO, images, in order to obtain a repre-
sentative image of Mars in the light of fluorescent radiation.
Similarly, the O72 and O6f images, as well as the C53 and C52
images have been added to show the Martian halo in the light of
ionized oxygen and carbon (Figs. 7c, f). These stacked images
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were then combined into a color image, by coding fluorescent
radiation in red/yellow, and ionized carbon and oxygen in green
and blue, respectively, to produce Fig. 8a. This image will be
discussed in the next section.

5. Discussion
5.1. Combined spectral image

Figure 8a is a superposition of RGS images of Mars in seven
emission lines between 19 and 34 A (360—-660 eV), with ion-
ized oxygen coded in blue, ionized carbon coded in green, and
fluorescence coded in yellow and red. The horizontal axis is the
dispersion direction, with wavelength increasing to the right.
Along this direction, the angular and linear scale at lower right
is valid only if the individual images are purely monochromatic
and exhibit no wavelength/energy shift. Alternatively, the ve-
locity scale at upper right illustrates the amount of horizontal
displacement which would be caused by the Doppler shift. As
the wavelength is not a linear function of dispersion in RGS,
the amount of displacement depends on the wavelength/energy.
The two bars enclose the spectral range used, with the upper
(shorter) bar referring to the O72 line at 18.97 A/653.6eV and
the lower bar to the C52 line at 33.74 A/367.6eV. A displace-
ment to the right (where wavelength increases) corresponds to
a redshift.

Figure 8a shows an extended emission region which is
elongated mainly along the cross dispersion direction. This
alignment, however, is not precise: there are indications for
some tilt of the upper and lower wings to the right. As this fig-
ure is composed of individual images obtained with a slitless
spectrograph, there are generally two possibilities, spectrally
or morphologically, for interpreting this tilt:

— In the spectral interpretation, this would be evidence for a
redshift. The redshift could be explained by the Doppler
effect, as the excited solar wind ions are moving away from
us. We should expect to observe a Doppler redshift of

A v
22~ 4 cos(p)
A c

where v; ~ 400-800 kms~! is the velocity of the so-
lar wind ions and ¢ = 41°2 is the phase angle of Mars
during the XMM-Newton observation*. The Doppler shift
of the 15-35A emission lines may reach the values of
0.015-0.035 A for the slow solar wind and 0.03—0.07 A for
the fast solar wind. The fact that the observed redshifts de-
crease with decreasing distance from Mars (along the cross
dispersion direction) would be evidence for the fact that the
deceleration increases towards Mars. L.e., with increasing
density of the Martian exosphere. The deceleration would
be a direct consequence of momentum exchange as a by-
product of the charge exchange interactions with atoms in
the Martian exosphere.

4 Here we ignore the relative velocity between Mars and XMM-
Newton, which is less than 14.2 km s~ and thus more than one order
of magnitude lower.
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Fig.7. RGS images of Mars and its halo in the individual emission lines of ionized oxygen (top row), ionized carbon (middle row), and
fluorescence of CO, and N, 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. Data from RGS 1 and RGS 2 were combined whenever available; the upper dispersion angle scale refers to RGS 1 and the lower one
(if present) to RGS 2. Wavelength and energy scales are given above each image. 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 Table 2b 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
frames a, b, d, e indicate the apparent shift along dispersion direction for a redshift of 400 km s™'. The solid rectangle refers to the |y| < 50"
region which was used for the spectrum in Fig. 2 and Table 2a, while the dashed rectangles above and below enclose the regions which were
used for the background determination. The projected direction to the Sun is towards the left (cf. Fig. 8a).
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Fig. 8. a) Superposition of the RGS images in Fig. 7, each centered on the wavelength/energy of an individual emission line, with ionized
oxygen coded in blue, ionized carbon coded in green, and fluorescence coded in yellow and red. The circle indicates the position and size of
Mars; the projected direction of the Sun is towards the left. As the roll angle of the satellite was adjusted for each of the 12 individual pointings
in order to minimize the motion of Mars along cross dispersion direction, the position of the Sun with respect to dispersion direction was
changing monotonically. Solar directions are labeled for the first and last pointing (cf. Table 1). b) Same as a), but after applying an additional
transformation individually to all photons (rotation around the circle at center) so that the projected direction to the Sun is in all cases exactly
at left (horizontal arrow). The direction of increasing right ascension (“E”) and declination (“N”) are given at upper left. The sphere at lower
left provides details about the observing geometry: the grid shows areographic coordinates, with blue lines for the southern hemisphere (top)
and red lines for the northern hemisphere (bottom). The bright part of the sphere is the sunlit side of Mars. A green arrow indicates its direction
of motion, as seen from a stationary point at the position of the Earth. The yellow arrow illustrates the velocity of solar wind particles, emitted

radially from the Sun with 400 km s~ with respect to Mars.

— In the morphological interpretation (cf. Fig. 8b), we see an
emission region which is most prominent above the poles,
but somewhat tilted away from the Sun. This general ap-
pearance may be a consequence of the phase angle at which
Mars was observed: if the X-ray emission originates pref-
erentially at the sunward side of the Martian halo, then we
should see a crescent-like structure when observing it at a
phase angle of 41°2. This was the result of numerical sim-
ulations (Holmstrom et al. 2001, Plate 1), which predicted
a crescent-like structure that resembles (on a smaller scale)
the observed emission in ionized carbon (Fig. 7f). The fact
that (i) the emission of ionized carbon extends far above
the poles and that (ii) the emission of ionized oxygen emis-
sion is observed to occur almost exclusively above the poles
could be understood as evidence for an asymmetric density
structure in the Martian exosphere, which would be much
denser above the poles and towards the night side than to-
wards the Sun.

A straightforward distinction between these two cases would
be possible by comparing the negative and positive spectral or-
ders: if the tilt was a spectral effect, then the images at negative
and positive spectral orders would be mirrored, while in the
case of a morphological effect, the tilt would be oriented in the
same way in both orders. Unfortunately, this method cannot be

applied here, because RGS works only at negative orders and
because both RGS 1 and RGS 2 are oriented in the same way.

The only possibility to distinguish, on a purely observa-
tional basis, between these two cases is to utilize the variable
direction to the Sun caused by changes of the satellite roll an-
gle (Table 1). The lines left of Mars in Fig. 8a illustrate this
direction for the 12 pointings. In Fig. 9, we show the O6f im-
age accumulated during the first three pointings, where the so-
lar direction exhibited the largest deviation from the cross dis-
persion direction. Despite the low number of photons, there is
evidence for a tilt against the cross dispersion direction, ap-
proximately the amount expected for an emission morphology
directed along the Sun-Mars vector. This could be considered
as evidence in favor of the morphological interpretation.

Under the assumption that the cause of the tilt of the emis-
sion region is mainly morphological, an improved, sharper im-
age can be obtained by applying to each photon an additional
rotation around the center of Mars according to the instan-
taneous orientation of the detector with respect to the Sun.
Figure 8b takes this additional rotation into account. A com-
parison between Figs. 8a and 8b shows that the differences be-
tween both images are subtle. This demonstrates that there is
little dependence on the assumptions made. It is well possible
that we see a superposition of both effects.
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Fig. 9. Same as Fig. 7b, but accumulated only during the pointings 1-3
(Table 1). The direction to the Sun is indicated for these pointings.

5.2. X-ray fluorescence

An interesting result of this XMM-Newton Mars observation
is that the X-ray fluorescence emission of oxygen consists of
two components of similar flux, one at (523.3 +0.3)eV and
the other one at (528.1 £ 0.4) eV (Fig. 5 and Tables 2a and 2c).

This is probably the first astronomical measurement of fine
structure in the X-ray fluorescence spectrum of oxygen which
is embedded in a CO or CO, molecule. For Mars, all previ-
ous X-ray data (Dennerl 2002) were obtained with Chandra by
direct imaging onto ACIS-I, which cannot resolve this emis-
sion feature. For Venus, the only other planet with a dense
CO, atmosphere, X-ray data with high spectral resolution were
obtained with Chandra LETG/ACIS-S (Dennerl et al. 2002).
However, due to the combination of low photon statistics, lower
dispersion (~0.3"/ A of LETG compared to ~4’/ A for RGS),
and the larger angular size of the planet at the time of the ob-
servation (22”8 diameter of Venus compared to 1272 of Mars),
the effective spectral resolution was not sufficient for detecting
any similar fine structure.

A straightforward explanation for the fact that we are ob-
serving two peaks instead of one is that in the CO, atmosphere
of Mars the oxygen atom is embedded in a molecule, where ad-
ditional electron energy states are available. Laboratory X-ray
spectroscopy of CO, (Nordgren et al. 1997; Gunnelin et al.
1998) shows the presence of the same two lines in the non-
resonant X-ray emission spectrum as we observe from Mars.
These lines originate from transitions within the four outer-
most valence orbitals: the line at 528 eV (CO2a) is caused by
an electron transition from the 1, orbital (which is almost a
pure 2p orbital around the oxygen atom, and thus similar to the
isolated oxygen atom state) into the ground state, while the line
at 523 eV (CO2b) is a superposition of transitions from three
orbitals, 40, 30, and 1r,, into the ground state.
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The laboratory measurements show that the excitation of
CO,; with X-ray photons with an energy above the ionization
threshold of 540.8 eV leads to isotropic emission with an inten-
sity ratio 7 (CO2a) /I (CO2b) = 1.4+0.2 (measured at 549.2 eV
and 559.2 eV; Gunnelin et al. 1998). The corresponding inten-
sity ratio which we obtain from the XMM-Newton Mars ob-
servation is 0.8 + 0.2 at |y| < 50” (Table 2a) and 1.1 + 0.3 at
ly| < 10” (Table 2c).

The ACIS-I spectrum of Mars in the previous Chandra ob-
servation was dominated by a single narrow emission line,
which appeared at an energy of (0.65 + 0.01)keV. This line
was interpreted as the oxygen fluorescence line, shifted by
~0.12 keV towards higher energies due to optical loading
(Dennerl 2002). The present RGS spectra now clearly show
that this interpretation was correct.

In addition to oxygen fluorescence, we also observe fluo-
rescence of nitrogen, at 13 = 6% of the CO, flux level (Fig. 3
and Table 2¢). The X-ray image (Fig. 7h) shows that this emis-
sion originates close to Mars, as expected for fluorescence. This
line results most likely from the 30, — 1s transition of N,
acccording to laboratory measurements (Nordgren et al. 1997,
Fig.2). For completeness we note that the carbon fluorescence
lines of CO,, which were already observed at Venus (Dennerl
et al. 2002) and should also be present at Mars, are just outside
the RGS spectral bandpass.

5.3. The He-like O °* multiplet

Among the many emission lines in the RGS spectrum of Mars
which are caused by de-excitation of ions, those emitted from
O°* are of particular importance because of their high diag-
nostic value. These lines are the result of electron transitions
between the n = 2 shell and the n = 1 ground state shell. As
0°* contains two electrons, there are two possible states of this
ion, depending on the relative spin orientation of the electrons:
singlet states (mainly 1s2s 'Sy and 1s2p 'P;) and triplet states
(mainly 1s2s 38, and Is 2p 3P0,1,2). Transitions from triplet
states to the ground state require spin changes of the electrons.

While the (spin-forbidden) de-excitation from the singlet
state 1s2s 1Sy creates a two photon continuum, the transitions
from the other states lead to the emission of discrete lines. De-
excitation from the other singlet state 'P; occurs directly via a
(spin-allowed) electric dipole E1 transition, with a decay rate
of 3.302 x 10'? 57! (Savukov et al. 2003). The corresponding
emission is usually referred to as resonance line (O6r here).

The transition from the 3S; triplet state involves a magnetic
dipole transition M1 and is a slow process, with a decay rate of
1.047 x 103 s~! (Savukov et al. 2003). This transition is usually
called forbidden. Although several other forbidden transitions
occur in O%*, we follow the general practice and adopt this ter-
minology here (O6f).

Transition from the 3P, triplet state involves an elec-
tric dipole EI transition and is relatively fast, with a de-
cay rate of 5.357 x 108 s7! (Savukov et al. 2003). The cor-
responding line is usually called the intercombination line
(06i). Transition from the *P, triplet state requires a magnetic
quadrupole transition M2, with a decay rate of 3.311 x 10° s~!
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(Savukov et al. 2003), and leads to an additional weak inter-
combination line, at almost the same energy as the P, decay.
The 3Py triplet state does not decay directly into the ground
state, but decays first into the metastable S| state (see above).

This metastable °S; state is diagnostically quite valuable be-
cause it has a low radiative transition rate and can be easily
de-populated by collisions before radiative decay takes place.
Collisional excitation would depopulate first the 3S; level to
the 3Py 1 » level (e.g. Porquet 2000). Thus, the intensity of O6f
would decrease and that of O6i would increase. As we do not
observe any significant flux from O6i, but from O6f, we can ex-
clude collisional excitation (around Mars) as the origin of the
ionization.

The ratio G = (O6f + O61) /O6r of triplet to singlet transi-
tions is usually less than one for hot plasmas (e.g. Smith et al.
2001). However, if the emission lines result from electron cap-
ture by multi-charged ions colliding with neutral gas at low
density, the situation is completely different. In this case, G is
predicted to be in excess of three (Kharchenko et al. 2003). The
value of the G ratio for the O%" emission induced in the inter-
action between the solar wind ions and heliospheric hydrogen
gas has been evaluated as 6.7 (Pepino et al. 2004), and for the
cometary X-rays as 5.8 (Kharchenko 2005). The value which
we derive from the Mars spectra is G ~ 6 for |y| < 50 and
G ~ 5 for 15” < |y| < 50”. These values, however, are highly
uncertain, because only the O6f line is statistically significant
(Table 2c¢). Interestingly, in the disk spectrum (at |y| < 10”), the
O6r line is clearly present and even brighter than the O6f line
(Fig. 3), reducing the ratio to G = (0.8 = 0.6).

5.4. The O "*/ O %* flux ratio

This ratio contains information about the abundance of heavy
solar wind ions. For the ions [0%*] and [O7*], an abundance ra-
tio of 0.35 is suggested as typical for the slow solar wind (e.g.
Schwadron & Cravens 2000). A value of (0.34 + 0.07) was de-
duced by Kharchenko et al. (2003) from the Chandra spec-
trum of comet McNaught-Hartley (C/1999 T1). XMM-Newton
observations of the geocoronal and heliospheric X-ray back-
ground (Snowden et al. 2004), obtained during the passage of
a strong solar wind enhancement, yielded a significantly in-
creased abundance ratio of 0.57 + 0.07.

From the Mars spectrum at |y| < 50” (Table 2c), we ob-
tain for the ratio of the O™ (=074 + 072) flux to the O%*
(=065 + O6r + 06i + 06f) flux a value of 0.56 + 0.16. If
we scale this flux ratio to an ion abundance ratio by assum-
ing that the cross section of O% is on average 1.66 higher
than that of O’* (following Snowden et al. 2004), we get
[0%*]/[07*] = 0.34 + 0.10, which agrees well with the typi-
cal slow solar wind value of 0.35.

5.5. Luminosity of the disk and halo

The photon fluxes in Table 2c can be converted into luminosi-
ties, if the angular distribution of the emitted photons is known.
As the exosphere of Mars is optically thin to X-ray photons,
we can assume isotropic emission there. The luminosity of the
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Fig.10. 1-8 A (1.55-12.4 keV) solar X-ray flux at 1.0 AU, mea-
sured with the GOES satellites. The times of the Chandra and XMM-
Newton observations are marked, together with the corresponding
mean solar X-ray flux, which was highly variable during the XMM-
Newton observation.

X-ray halo Lg(h) results then directly from the photon fluxes
ph(ip) of the halo emission lines observed at an energy E(ip,):

Ly = 472 A? " ph(iy) EGn),

ip
where A = 0.77 AU is the geocentric distance of Mars dur-
ing the observation. We obtain Ly(h) = (12.8 = 1.4) MW in the
spectral band 14—34 A or 365-880 eV (omitting the N63 line,
where the flux determination is highly uncertain).

For the fluorescence radiation, the situation is different, be-
cause the atmosphere of Mars (and the planet itself) is optically
thick to soft X-rays. In this case, the luminosity can be com-
puted by spherically integrating the flux fi(¢p, i), observed at
the phase angle ¢ in the emission line iy, over phase angle:

Lxd=2A2fﬂ (0, i7)| sin ¢ de.
d)=2n O[EfwM4m¢¢

The flux fx(¢,is) can be obtained by modeling the individual
scattering and absorption processes, as described in Dennerl
et al. (2002). We obtain Ly(d) = (3.4 = 0.4) MW for fluores-
cence of oxygen (lines CO2a and CO2b) and nitrogen (line
N22)°. It is well possible that the disk spectrum contains also
some contribution from elastic scattering of solar X-rays, in
addition to fluorescence. This contribution, however, should be
small. Cravens & Maurellis (2001) have investigated both pro-
cesses and found that the X-ray intensity due to fluorescence
of O and N alone exceeds that of elastic scattering in the broad
spectral band 2—120 A (0.1-6.2 keV) by a factor of 2.4, and we
do not find significant unambiguous evidence for elastic scat-
tering in the RGS spectrum. Therefore, we restrict the calcu-
lation of the disk luminosity Ly (d) to the oxygen and nitrogen
fluorescence lines in the RGS bandpass.

This luminosity is significantly higher than the
(1.4 £02)MW derived from the previous Chandra ob-
servation (Dennerl 2002) for oxygen and nitrogen (the carbon

5 These values result from the |y| < 50” spectrum. From the |y| <
10” spectrum, we get Ly(d) = (3.7 £ 0.5) MW.
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fluorescence is just outside the RGS spectral band). An obvious
explanation is found in Fig. 10: although the XMM-Newton
observation took place during the declining part of the solar
cycle, this observation happened to fall into a period of
extreme solar activity, where the mean solar 1-8 A flux was
almost one order of magnitude higher than during the Chandra
observation.

The observed luminosity of the X-ray halo is more than one
order of magnitude higher than in the previous Chandra obser-
vation of Mars, which yielded Ly(h) = (0.5 + 0.2) MW in the
energy range 0.5—1.2 keV (Dennerl 2002). The lower value is
in good agreement with theoretical predictions (Krasnopolsky
2000; Holmstrom et al. 2001; Krasnopolsky & Gladstone
2005).

One reason for the much higher halo luminosity during
the XMM-Newton observation is the fact that we observe a
considerable flux at large distances from Mars: the Chandra
flux was derived from within 3 Mars radii around its center,
or r = 30” at the time of the Chandra observation. Outside
this radius, no significant excess of surface brightness rela-
tive to the Chandra ACIS-I background level was detectable.
During the XMM-Newton observation, this radius would cor-
respond to only 18”, due to the larger geocentric distance of
Mars. Thus, the XMM-Newton “halo region”, which we have
defined here by cross dispersion distances 15" < |y| < 507,
is almost completely outside the Chandra halo region, and this
region contains most of the observed flux (cf. Fig. 8): accord-
ing to Table 2c, the X-ray luminosity in this region alone is
Ly(h) = (10.0 £ 1.2) MW.

Another reason for the high X-ray luminosity of the halo
is the unusual solar activity during the XMM-Newton ob-
servation, which produced a highly disturbed solar wind en-
vironment around Mars. This is directly confirmed by the
XMM-Newton EPIC data (Dennerl et al., in preparation).
Unfortunately, Mars Express had not arrived yet at Mars in
November 2003, so that no simultaneous in-situ plasma mea-
surements exist.

It is remarkable that the XMM-Newton RGS has the capa-
bility to trace the exospheric X-ray emission out to ~8 Mars
radii (~27 000 km), proceeding into exospheric regions far be-
yond those that have been observationally explored to date.
This is particularly interesting because the X-ray emission re-
sults directly from charge exchange interactions between at-
mospheric constituents and solar wind ions, a process which is
considered as an important nonthermal escape mechanism and
which may be responsible for a significant loss of the Martian
atmosphere (Shizgal & Arkos 1996). Despite this importance,
our observational knowledge of the Martian exosphere is still
poor and is mainly based on detailed simulations (e.g., Chen
& Cloutier 2003). Thus, X-ray observations, providing a novel
method for studying exospheric processes on a global scale,
may lead to a better understanding of the present state of the
Martian atmosphere and its evolution.
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5.6. Link to cometary X-ray emission and the X-ray
background

The finding that the X-ray emission of the Martian exosphere
is caused by charge exchange interactions between highly
charged solar wind heavy ions and neutral gas provides a direct
link to cometary X-ray emission (e.g. Lisse et al. 1996; Dennerl
et al. 1997, Mumma et al. 1997), which is now understood
as the result of the same process (Cravens 1997; Lisse et al.
2001). In fact, the Chandra and XMM-Newton X-ray spectra
of comets published so far (Lisse et al. 2001; Krasnopolsky
et al. 2002; Dennerl et al. 2003) exhibit many similarities with
the X-ray spectrum of the Martian halo.

These comet spectra were taken by direct imaging onto
X-ray CCDs, deriving the spectral information from the mea-
sured pulse height distribution. This technique yields a spectral
resolution of ~10 (FWHM =z 50eV) at 500 eV, which is suf-
ficient for detecting bright spectral features, but not sufficient
for resolving spectral blends, so that the spectral reconstruction
is not always unique. In this respect, RGS spectra of Mars may
help in interpreting cometary X-ray spectra: RGS yields a spec-
tral resolution of ~400 (FWHM ~ 1.2 eV) at 500 eV. Unlike
the case of highly extended comets in current slitless spectro-
meters, the X-ray halo around Mars is sufficiently compact that
it does not degrade the spectral resolution of RGS to more than
~4 eV. Thus, Mars offers a unique opportunity for studying the
elusive charge exchange spectra in unprecedented quality.

Such investigations are of general importance to X-ray
astronomy, because, triggered by the discovery of cometary
X-ray emission, one component of the soft diffuse X-ray back-
ground was suspected to be caused by similar processes of solar
wind charge exchange in the exosphere of Earth (e.g. Dennerl
et al. 1997; Cox 1998; Freyberg 1998) and in the heliosphere
(Cravens 2000; Cravens et al. 2001). In fact, recent observa-
tions by XMM-Newton (Snowden et al. 2004) and Chandra
(Wargelin et al. 2004) have shown the presence of charge ex-
change induced emission lines in the diffuse X-ray background.

The highest spectral resolution data of the X-ray back-
ground have so far been obtained with microcalorimeters flown
on a sounding rocket, reaching a FWHM ~ 9 eV (McCammon
et al. 2002). However, this resolution is still inferior to the RGS
resolution obtained at the Martian exosphere, and achieving a
spectral resolution of FWHM < 5 eV will even be a challenge
for future microcalorimeters.

6. Summary and conclusions

The XMM-Newton observation of Mars presented here has
provided the first unambiguous detection of charge exchange
induced X-ray emission from the exosphere of another planet.
Based on the RGS data alone, it is already possible to derive
a considerable amount of spectral and morphological informa-
tion about the origin of the Martian X-ray halo. The He-like
0% multiplet is resolved and dominated by the 23S; — 1S
transition. This is direct proof that the halo emission is caused
by charge exchange processes. Spectral images at individual
emission lines reveal that the halo emission occurs preferen-
tially above the Martian poles, that its morphology is different



722

between individual ions and ionization states, and that its ex-
tent is considerable: with RGS, the emission can be traced out
to ~8 Mars radii. Within this region, an X-ray luminosity of
(12.8 = 1.4) MW is found. Although the XMM-Newton obser-
vation took place during a time of high solar activity, with dis-
turbed solar wind conditions at Mars, the inferred [O%*]/[0""]
ratio of 0.34 + 0.10 agrees with the value considered as typical
for the slow solar wind.

In addition to the halo emission, fluorescent X-ray radia-
tion from the neutral molecules CO, and N, is also detected.
Due to the high spectral resolution of RGS, the corresponding
images are completely detached from the Martian X-ray halo.
They clearly show that the fluorescence radiation is closely
confined to the planet, as expected for scattering of solar X-rays
in the upper Martian atmosphere. RGS reveals fine structure in
the CO, line, which is resolved into two components of simi-
lar flux. One component, at (528.1 + 0.4) eV is caused by the
1, — 1s transition, while the other one, at (523.3 +0.3) eV,
is a superposition of electron transitions from the orbitals 40,
30, and 1m,, into the ground state. For N,, only one line is
detected, at (393.9 £ 0.5) eV, containing 13 + 6% of the com-
bined CO, flux. The combined luminosity of all three lines is
3.4+ 04)MW.

Although the Martian halo is an extended source, it is suf-
ficiently compact that, due to its high dispersion, RGS can still
achieve a spectral resolution of 2120 at 500 eV. This, com-
bined with a spatial resolution of ~5” (FWHM) and the fact
that RGS is a slitless spectrograph of high sensitivity, not only
makes it possible to obtain charge exchange spectra with un-
precedented spectral resolution, but to get at the same time also
images of the morphological structures originating from spe-
cific electron transitions in individual ions. This information is
likely to contribute to an improved understanding of the physics
of charge exchange in general. Furthermore, the excellent ca-
pabilities of XMM-Newton RGS for detailed spectroscopic and
morphological studies of the interaction between heavy ions
in the solar wind and the Martian exosphere open up a com-
pletely new possibility of remote global imaging of planetary
exospheres.
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