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Introduction

• In the last decade, X-ray studies of our 

solar system have been greatly advanced 

with XMM-Newton, Chandra and Suzaku 

• The knowledge of our solar system is 

applicable to a variety of astrophysical 

themes such as charge exchange, 

particle acceleration and exoplanets 

• Rapidly growing X-ray studies of 

exoplanets allow us to study planetary 

atmosphere and star-planet interaction  

• Connected to the themes of ESA’s cosmic 

vision “How does the Solar System work ?” 

and “What are the conditions for planet 

formation and the emergence of life ?"

3.2. Non-auroral emissions

The non-auroral X-ray background above 2 keV from
the Earth is almost completely negligible except for brief
periods during major solar flares (Petrinec et al., 2000b).
However, at energies below 2 keV soft X-rays from the
sunlit Earth’s atmosphere have been observed even during
quiet (non-flaring) Sun conditions (e.g., McKenzie et al.,
1982; Fink et al., 1988; Snowden and Freyberg, 1993). The
two primary mechanisms for the production of X-rays
from the sunlit atmosphere are (1) the Thomson (coherent)
scattering of solar X-rays from the electrons in the atomic
and molecular constituents of the atmosphere, and (2) the
absorption of incident solar X-rays followed by the
emission of characteristic K lines of nitrogen, oxygen,
and argon. Fig. 8 shows the PIXIE image of Earth
demonstrating X-ray (2.9–10 keV) production in the sunlit
atmosphere during a solar flare of August 17, 1998. During
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Fig. 7. Chandra HRC-I X-ray image of auroral region on January 24, 2004 showing a bright arc. The orbital location of satellite DMSP F13 is shown by
red diamonds, with 2-min time ticks and vertical lines extending down to an altitude of 100 km (from Bhardwaj et al., 2007).

Fig. 8. X-ray image of Earth from the Polar PIXIE instrument for energy
range 2.9–10.1 keV obtained on August 17, 1998, showing the dayside
X-rays during a solar X-ray flare. The grid in the picture is in corrected
geomagnetic coordinates, and the numbers shown in red are magnetic
local time. The terminator at the surface of the Earth is shown as a red
dashed line.
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best-fitting MEKAL model requires a higher temperature
for the January 20, 2004, data (0.69 keV) than for the April
14–15, 2003, data (0.39 keV).

Thus, observations of Saturn’s X-ray emissions suggest
that they are variable on timescales of hours to weeks
to months and are mostly produced by scattering of solar

X-rays by atmospheric species in its upper atmosphere
(Bhardwaj, 2006; Cravens et al., 2006). The X-ray
power emitted from Saturn’s disk is roughly one-
fourth of that from Jupiter’s disk. This is consistent with
Saturn being twice as far as Jupiter from the Sun and the
Earth.

ARTICLE IN PRESS

Fig. 31. Chandra ACIS X-ray 0.24–2.0 keV images of Saturn on January 20 and 26, 2004. Each continuous observation lasted for about one full Saturn
rotation. The horizontal and vertical axes are in units of Saturn’s equatorial radius. The white scale bar in the upper left of each panel represents 1000. The
two images, taken a week apart and shown on the same color scale, indicate substantial variability in Saturn’s X-ray emission (from Bhardwaj et al.,
2005b).
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b

Fig. 32. Light curve of X-rays from Saturn and the Sun on 2004 January 20. All data are binned in 30-min increments, except for the TIMED/SEE data,
which are 3min observation-averaged fluxes obtained every orbit (!12 measurements per day). (a) Background-subtracted low-latitude (nonauroral)
Saturn disk X-rays (0.24–2.0 keV) observed by Chandra ACIS, plotted in black (after shifting by "2.236 h to account for the light-travel time difference
between Sun–Saturn–Earth and Sun–Earth). The solar 0.2–2.5 keV fluxes measured by TIMED/SEE are denoted by open green circles and are joined by
the green dashed line for visualization purpose. (b) Solar X-ray flux in the 1.6–12.4 and 3.1–24.8 keV bands measured by the Earth-orbiting GOES-12
satellite. A sharp peak in the light curve of Saturn’s disk X-ray flux—an X-ray flare—is observed at about 7.5 h, which corresponds in time and magnitude
with an X-ray solar flare. In addition, the temporal variation in Saturn’s disk X-ray flux during the time period prior to the flare is similar to that seen in
the solar X-ray flux (from Bhardwaj et al., 2005b).
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flares, solar X-rays light up the sunlit side of the Earth by
Thomson scattering, as well as by fluorescence of atmo-
spheric Ar to produce characteristic X-rays at 3 keV, which
can be observed by the PIXIE camera. The X-ray
brightness can be comparable to that of a moderate
aurora. Petrinec et al. (2000b) examined the X-ray spectra
from PIXIE for two solar flare events during 1998. They
showed that the shape of the measured X-ray spectra was
in fairly good agreement with modeled spectra of solar
X-rays subject to Thomson scattering and Argon fluores-
cence in the Earth’s atmosphere.

Within the past decade, a different and new type of
X-ray source from the Earth has been discovered. Possibly
related to sprites and/or lightening discharges, very short-
lived (1ms) X-ray and g-ray bursts (!25 keV–1MeV) from
the atmosphere above thunderstorms, were fortuitously
recorded from the Compton Gamma Ray Observatory
(CGRO) satellite (Fishman et al., 1994; Nemiroff et al.,
1997) and further supported by the recent Reuvan Ramaty
High Energy Solar Spectroscopic Imager (RHESSI) results
(Smith et al., 2005). It has been suggested that these
emissions are bremsstrahlung from upward-propagating,
relativistic (MeV) electrons generated in a runaway
electron discharge process above thunderclouds by the
transient electric field following a positive cloud-to-ground
lightning event (Lehtinen et al., 1996), and that ‘‘Terrestrial
Gamma-ray Flashes’’ (TGFs) are associated with Sprites
(Roussel-Dupré and Gurevich, 1996). However, no con-
clusive evidence of production altitude or mechanism has
yet been found, and several missions from space are
planned to study this phenomena (e.g., the French small
satellite TARANIS and the ESA ASIM on the ISS).

X-ray emissions are also produced in Earth’s exosphere
(corona), which is described in Section 5 on Geocoronal
X-rays.

4. Lunar X-rays

The Moon’s X-ray emissions have been studied in two
ways: close up from lunar orbiters (e.g., Apollo 15 and 16,
SMART-1, and from planned missions such as SELENE,
Chandrayaan-1, and Chang’e), and more distantly from
Earth-orbiting X-ray telescopes (e.g., ROSAT and Chan-
dra). In addition to a low level of scattered solar radiation
and perhaps a very low level of bremsstrahlung from solar-
wind electrons impacting the surface, lunar X-rays result
from fluorescence of sunlight by the surface. Thus, X-ray
fluorescence studies provide an excellent way to determine
the elemental composition of the lunar surface by remote
sensing, since at X-ray wavelengths the optical properties
of the surface are dominated by elemental abundances
(rather than mineral abundances, which determine the
optical properties at visible and longer wavelengths).
Elemental abundance maps produced by the X-ray
spectrometers (XRSs) on the Apollo 15 and 16 orbiters
were necessarily limited to the equatorial regions but
succeeded in finding geochemically interesting variations in

the relative abundances of Al, Mg, and Si (Adler et al.,
1972a, b, 1973). Although the energy resolution of the
Apollo proportional counters was low, important results
were obtained, such as the enhancement of Al/Si in the
lunar highlands relative to the mare. These derived Al/Si
ratios were consistent with the dichotomy of plagioclase-
rich highland and basaltic mare in returned samples,
providing confirmation that the Moon’s highland crust is
differentiated and of feldspathic composition. Currently,
the D-CIXS instrument on SMART-1 is obtaining
abundances of Al, Si, Fe, and even Ca at 50-km resolution
from a 300-km altitude orbit about the Moon (Grande
et al., 2005). Upcoming missions planned for launch in
2007–2008 by Japan (SELENE), India (Chandrayaan-1),
and China (Chang’e), will each carry XRSs to obtain
further improved maps of the Moon’s elemental composi-
tion, at !20-km resolution from !100 to 200 km altitude
polar orbits. It is important to recall that the solar X-ray
irradiance and spectrum is highly variable, so that the
XRSs in lunar orbit must also monitor the solar spectrum
in order to accurately derive elemental abundances.
Early observations from Earth orbit were made by

Schmitt et al. (1991) using the ROSAT PSPC proportional
counter and a marginal detection by ASCA using CCDs
was recorded by Kamata et al. (1999). Fig. 9 shows the
Schmitt et al. (1991) data, while the right image is
unpublished ROSAT data from a lunar occultation of
the bright X-ray source GX5-1 (the higher energy X-rays
from GX5-1 have been suppressed in this figure, but a faint
trail to the upper left of the Moon remains). The power of
the reflected and fluoresced X-rays observed by ROSAT in
the 0.1–2 keV range coming from the sunlit surface was
determined by Schmitt et al. (1991) to be only 73 kW,
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Fig. 9. ROSAT soft X-ray (0.1–2 keV) images of the Moon at first (left
side) and last (right side) quarter. The dayside lunar emissions are thought
to be primarily reflected and fluoresced sunlight, while the faint night side
emissions are foreground due to charge exchange of solar wind heavy ions
with H atoms in Earth’s exosphere. The brightness scale in R assumes an
average effective area of 100 cm2 for the ROSAT PSPC over the lunar
spectrum.
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10. Comets

The discovery of high-energy X-ray emission in 1996
from C/1996 B2 (Hyakutake) has revealed the existence of
a new class of X-ray emitting objects (Lisse et al., 1996).
Observations since 1996 have shown that the very soft
(Eo1 keV) emission is due to an interaction between the
solar wind and the comet’s atmosphere, and that X-ray
emission is a fundamental property of comets. Theoretical
and observational work has demonstrated that CX
collisions of highly charged solar wind ions with cometary
neutral species is the best explanation for the emission.
Now a rapidly changing and expanding field, the study of
cometary X-ray emission appears to be able to lead us to a
better understanding of a number of physical phenomena:
the nature of the cometary coma, other sources of X-ray
emission in the solar system, the structure of the solar wind
in the heliosphere, and the source of the local soft X-ray
background. We mostly focus here on X-ray comet
observations made up to 2003.

The observed characteristics of cometary X-ray emission
can be organized into the following 4 categories: (1) spatial
morphology, (2) total X-ray luminosity, (3) temporal
variation, and (4) energy spectrum. Any physical mechan-
ism that purports to explain cometary X-ray emission must
account for all of these characteristics.

X-ray and EUV images of C/1996 B2 (Hyakutake) made
by the ROSAT and EUVE satellites look very similar
(Lisse et al., 1996; Mumma et al., 1997) (Fig. 33). Except
for images of C/1990 N1 (Dennerl et al., 1997) and C/Hale-
Bopp 1995 O1 (Krasnopolsky et al., 1997), all EUV and
X-ray images of comets have exhibited similar spatial
morphologies. The emission is largely confined to the
cometary coma between the nucleus and the Sun; almost

no emission is found in the extended dust or plasma tails.
The peak X-ray brightness gradually decreases with
increasing cometocentric distance r with a dependence of
about r!1 (Krasnopolsky, 1997; Dennerl et al., 1997). The
brightness merges with the soft X-ray background emission
(McCammon and Sanders, 1990; McCammon et al., 2002)
at distances of 104 km for weakly outgassing comets, and
can be as large as 106 km for the most productive and
luminous (Dennerl et al., 1997; Fig. 34). The region of peak
emission is crescent-shaped with a brightness peak dis-
placed towards the Sun from the nucleus (Lisse et al., 1996,
1999). The distance of this peak from the nucleus
appears to increase with increasing values of the gas
production rate, Q, and for Hyakutake was located at
rpeakE2" 104 km (Fig. 33b).
The observed X-ray luminosity, Lx, of C/1996 B2

(Hyakutake) was 4" 1015 ergs/s (Lisse et al., 1996) for an
aperture radius at the comet of 1.2" 105 km. (Note that the
photometric luminosity depends on the energy bandpass
and on the observational aperture at the comet. The quoted
value assumes an ROSAT photon emission rate of
PXE1025/s (0.1–0.6 keV), in comparison to Krasnopolsky
et al.’s (2000) EUVE estimate of PEUVE7.5" 1025/s
(0.07–0.18 keV and 120,000 km aperture).) A positive
correlation between optical and X-ray luminosities was
demonstrated using observations of several comets having
similar gas to dust production rate, Qgas to Qdust (as
measured by Afr, following A’Hearn et al., 1984) emission
rate ratios (Fig. 35) (Lisse et al., 1997b, 1999, 2001;
Dennerl et al., 1997; Mumma et al., 1997; Krasnopolsky
et al., 2000). Lx correlates more strongly with the gas
production rate Qgas than it does with Lopt#Qdust#Afr
(Figs. 34 and 35). If anything, the cometary dust seems to
attenuate the X-ray emission, most likely by providing
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Fig. 33. Cometary X-ray Emission Morphology: (a) Images of C/Hyakutake 1996B2 on 26–28 March 1996 UT: Left) ROSAT HRI 0.1–2.0 keV X-ray,
middle) ROSATWFC .09–0.2 keV extreme ultraviolet, and Right) visible light, showing a coma and tail, with the X-ray emission contours superimposed.
The Sun is towards the right, the plus signs mark the position of the nucleus, and the orbital motion of the comet is towards the lower right in each image.
From Lisse et al. (1996). Image credits: Dennerl, K., Pye, J. (b) Morphology as a function of comet gas production rate (given in terms of molecules s-1 in
the lower right of each panel), following Bodewits et al. (2004). Note the decreasing concentration of model source function and the increasing importance
of diffuse halo emission in the extended coma as the gas production rate increases (from Lisse et al., 2005).
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X-ray sources, X-ray events occurring during the 41 ms nec-
essary to read out each 3.2 s ACIS accumulation appear as a
streak, or trailed image, in the data. For our ACIS Jupiter
observations, optical photons from the planet’s disk do not
contribute to a trailed image, as 41 ms is too short a time for
sufficient accumulation to mimic an X-ray event. The trailed
image from Jupiter’s true X-ray events is a small effect for
E >! 440 eV, where we have reasonably accurate knowl-
edge of Jupiter’s X-ray spectrum. From an extrapolation of
Jupiter’s X-ray spectrum to lower energies, we infer that the
trailed image is also not a dominant effect for our analysis of
the IPT at energies down to 250 eV. The trailed image is
unimportant for our analysis of X-ray emission from the
Galilean satellites. Since we wished to remove X-ray events
associated with Jupiter, we removed events within 34>4 of
the planet’s center from the HRC-I data.

2.1. The Galilean Satellites

In order to search for emission from each Galilean satel-
lite, we removed Chandra’s orbital motion and transformed
the data into a comoving frame using an ephemeris obtained
from the Jet Propulsion Laboratory. The size of the detect
cells was set equal to the root sum square of the satellite’s
radius and 200. For the background, we determined an aver-
age number of events per detect cell in a larger region
around the satellite in its own frame. This region was
98>9" 98>9 for ACIS and 98>7" 98>7 for HRC-I. The
number of events within the detect cell centered on each sat-
ellite compared with this background value determines a
probability of chance occurrence according to Poisson sta-
tistics. The results of this analysis appear in Table 1. Since
these objects move across the field of view,Chandra’s spatial
resolution at their position varies, so in each case we also
compared the radial distribution of events around the satel-
lite with that around 100 points chosen at random in the sur-
rounding region. Io is detected in both the ACIS and

HRC-I data, while Europa is detected in the ACIS data
only. Ganymede appears at the 99% confidence level in the
ACIS data. A simple calculation of joint probabilities con-
firms the detection of Io and Europa, with results that we
find tantalizing for Ganymede and Callisto. The nominal
energies of the X-ray events range from 300 to 1890 eV and
seem to show a clustering between 500 and 700 eV. The
mean energy, weighted appropriately by Chandra’s effective
area, of the events is 515 and 664 eV for Io and Europa,
respectively. The corresponding estimated energy flux at the
telescope and emitted power from the satellite are
4:1" 10#16 ergs s#1 cm2 and 2.0MW for Io, and 3:0" 10#16

TABLE 1

X-Ray Emission from the Galilean Satellites

Parameter Io Europa Ganymede Callisto

ACISa (1999Nov 25–26)

Nmoon
b................ 11 12 5 3

hNbkgdi c ............. 1.26 1.94 1.25 1.27
Pr[N$Nmoon]

d .... 1.03" 10#8 1.46" 10#7 9.09" 10#3 0.137

HRC-I (2000Dec 18)

Nmoon
b................ 10 3 3 6

hNbkgdie .............. 2.88 3.08 3.58 3.24
Pr[N$Nmoon]

d .... 8.06" 10#4 0.595 0.694 0.110

Joint (ACIS+HRC-I)

Pr[N$Nmoon]
d .... 3.47" 10#9 2.36" 10#4 0.116 0.041

a 250–2000 eV.
b Number of counts in detect cell centered on the satellite.
c Average number of counts per detect cell in a 98>9" 98>9 region

surrounding the satellite.
d Probability of chance occurence forN $ Nmoon.
e Average number of counts per detect cell in a 98>7" 98>7 region

surrounding the satellite.

Fig. 1.—ACIS images of Io and Europa (250 eV < E < 2000 eV). The images have been smoothed by a two-dimensional Gaussian with ! ¼ 2>46 (5 ACIS
pixels). The axes are labeled in arcsec (100 ’ 2995 km), and the scale bar is in units of smoothed counts per image pixel ð0>492" 0>492Þ. The solid circle shows
the size of the satellite (the radii of Io and Europa are 1821 and 1560 km, respectively) and the dotted circle the size of the detect cell.
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the range 0.4–0.5 keV and solar abundances, after includ-
ing additional Mg10+ and Si12+emission (at 1.35 and
1.86 keV, respectively): the presence of these lines in the
spectrum is a likely consequence of solar activity, which we
know was enhanced over the October–November 2003
period. The XMM-Newton spectral data, then, appear to
give support to the view that Jupiter’s low-latitude disk
X-rays are scattered solar radiation (Branduardi-Raymont
et al., 2006b,c). Similar results showing the disk emission to
be harder than the auroral emission, were reached from the

February 2003 Chandra ACIS-S observation of the planet
(Bhardwaj et al., 2004; Bhardwaj et al., 2006). These
Chandra observations also appear to confirm a correlation
(originally found by ROSAT) between regions of low
magnetic field strength and somewhat higher soft X-ray
count rate, suggesting the possible existence of a secondary
component in addition to the scattered solar X-ray flux.
Unlike the auroral X-ray emission, X-ray emission from
Jupiter’s disk does not show any variability on timescales
from 10 to 100min.
The conclusions derived from spectral studies of Jupiter

are strengthened by the observation, again in November
2003 by XMM-Newton, of similar day-to-day variability in
the solar and Jovian equatorial X-ray fluxes. A large solar
X-ray flare occurring on the Jupiter-facing side of the Sun
is found to have a corresponding feature in Jupiter’s disk
X-ray lightcurve (see Fig. 30, taken from Bhardwaj et al.,
2005a). This finding lends support to the view that indeed
Jupiter’s low latitude X-rays are largely scattered radiation
of solar origin. Recent calculations of the effects of albedo
(Cravens et al., 2006) are consistent with the observed
fluxes, under the hypothesis that scattering, elastic and
fluorescent, is at the origin of the observed emission. These
results, however, do not rule out the presence of other
source(s) of low-latitude X-ray emission, e.g., precipitation
of energetic S and O ions from Jupiter’s radiation belts,
especially into regions of low magnetic field (Bhardwaj
et al., 2006).

9. Saturn

By analogy with Jupiter, X-ray emission from Saturn
might be expected since it possesses a magnetosphere with
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Fig. 28. Jovian X-ray morphology first obtained with Chandra HRC-I on
18 December 2000, showing bright X-ray emission from the polar
‘auroral’ spots, indicating the high-latitude position of the emissions,
and a uniform distribution from the low-latitude ‘disk’ regions (from
Gladstone et al., 2002).

Fig. 29. Combined XMM-Newton EPIC spectra from the November 2003 observation of Jupiter. Data points for the North and South aurorae are in
black and red, respectively. In green is the spectrum of the low-latitude disk emission. Differences in spectral shape between the aurorae and the disk
emission are very clear (see text for details) (from Branduardi-Raymont et al., 2007).
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Jupiter’s radiation beltergs s!1 cm2 and 1.5 MW for Europa. Figure 1 shows
smoothed ACIS images of Io and Europa.

2.2. The Io Plasma Torus

Figure 2 shows the HRC-I image zoomed back from
Jupiter, in the planet’s frame of reference. There is a
region of diffuse emission on the dusk side of the planet,
and a fainter region of diffuse emission on the dawn side
of the planet. This morphology is similar to the dawn-
dusk asymmetry seen in Extreme Ultraviolet Explorer
(EUVE) data (Hall et al. 1994; Gladstone & Hall 1998).
The paths traced by Io, Europa, and Ganymede during

the HRC-I observation are also shown. Io and Europa
pass through the dusk-side region of diffuse X-ray emis-
sion. We associate these regions of diffuse emission with
the IPT. The background-subtracted HRC-I count rates
are 3:2" 10!3 counts s!1 arcmin2 on the dawn side of
Jupiter and 5:6 7:1" 10!3 counts s!1 arcmin2 on the
dusk side of Jupiter. The larger rate for the dusk-side
region applies to a circular source region of 1.36 arcmin2

and the smaller to the larger elliptical source region of
2.43 arcmin2 suggested by the ACIS observations. The
rate for the dawn-side region applies to both the smaller
and larger source regions.

Fig. 2.—HRC-I image of the IPT (2000December 18). The image has been smoothed by a two-dimensional Gaussian with ! ¼ 7>38 (56 HRC-I pixels). The
axes are labeled in units of Jupiter’s radius,RJ, and the scale bar is in units of smoothed counts per image pixel (7>38" 7>38). The paths traced by Io (solid line,
semimajor axis 5.9 RJ), Europa (dashed line, semimajor axis 9.5 RJ), and Ganymede (dotted line, semimajor axis 15.1 RJ) are marked on the image. Callisto
(semimajor axis 26.6 RJ) is off the image to the dawn side, although the satellite did fall within the full microchannel plate field of view. For this observation,
Jupiter’s equatorial radius corresponds to 23>9. The regions bounded by rectangles were used to determine background. The regions bounded by dashed
circles or solid ellipses were defined as source regions.

Fig. 3.—ACIS image of the IPT (1999 November 25–26) for 250 eV < E < 1000 eV (left) and for 504 < E < 621 eV (center). The image has been smoothed
by a two-dimensional Gaussian with ! ¼ 7>38 (15 ACIS pixels). The axes are labeled in units of Jupiter’s radius, RJ, and the scale bar is in units of smoothed
counts per image pixel (7>38" 7>38). For this observation, Jupiter’s equatorial radius corresponds to 23>8. The paths traced by Io (solid line on the dawn side),
Europa (dashed line), Ganymede (dotted line), and Callisto (solid line on the dusk side) are marked on the image. The regions bounded by rectangles were used
to determine background. The regions bounded by ellipses were defined as source regions. The exposure (right) varies over the image because four overlapping
observations were concatenated, and because we discarded data within 34>4 of Jupiter’s center or within 34>4 of the center of the bump in the bias frame.
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exhibiting considerable brightening on the sunward limb
(Fig. 15); the LETG/ACIS-S data showed that the
spectrum was dominated by O–Ka and C–Ka emission

(Fig. 16), and both instruments indicated temporal
variability of the X-ray flux. An average luminosity of
55714MW was found, which agreed well with that
predicted by Cravens and Maurellis (2001) for scattering
of solar X-rays. The LETG/ACIS–S spectrum showed, in
addition to the C–Ka and O–Ka emission at 0.28 and
0.53 keV, also evidence for N–Ka emission at 0.40 keV. An
additional emission line was indicated at 0.29 keV, which
might be the signature of the C 1 s-p* transition in CO2.
Dennerl et al. (2002) performed detailed computer

simulations of fluorescent scattering of solar X-rays on
Venus. The ingredients to the model were the composition
and density structure of the Venusian atmosphere, the
photoabsorption cross-sections and fluorescence efficien-
cies of the major atmospheric constituents, and the incident
solar spectrum at the time of the observation. These
simulations showed that fluorescence is most efficient in the
Venusian thermosphere, at heights of !120 km, where an
optical depth of one is reached for incident X-rays with
energy 0.2–0.9 keV (Fig. 17a). Images derived from the
simulations (Fig. 18a–c) show a pronounced brightening of
the sunward limb, in agreement with the observed X-ray
image (Fig. 18d), while the optical image (Fig. 18e) is
characterized by a different brightness distribution.
The reason for the different appearance of Venus in the

optical and X-ray band is that the optical light is reflected
from clouds at a height of 50–70 km, while scattering of
X-rays takes place at higher regions extending into the
tenuous, optically thin parts of the thermosphere and
exosphere (Fig. 17b). From there, the volume emissivities
are accumulated along the line of sight without consider-
able absorption, so that the observed brightness is mainly

ARTICLE IN PRESS

Fig. 14. Observed and background-subtracted spectra from the September 2001 Chandra observation of the dark side of the Moon, with 29-eV binning.
Left panel is from the higher-QE but lower-resolution ACIS S3 CCD; right panel shows the higher-resolution ACIS front-illuminated (FI) CCDs. Oxygen
emission from charge exchange is clearly seen in both spectra, and energy resolution in the FI chips is sufficient that O Lyman a is largely resolved from O
Ka. High-n H-like O Lyman lines are also apparent in the FI spectrum, along with what is likely Mg Ka around 1340 eV. From Wargelin et al. (2004).

Fig. 15. First X-ray image of Venus, obtained with Chandra ACIS-I on 13
January 2001. The X-rays result mainly from fluorescent scattering of
solar X-rays on C and O in the upper Venus atmosphere, at heights of
120–140km. In contrast to the Moon, the X-ray image of Venus shows
evidence for brightening on the sunward limb. This is caused by the fact
that the scattering takes place on an atmosphere and not on a solid surface
(from Dennerl et al., 2002).

A. Bhardwaj et al. / Planetary and Space Science 55 (2007) 1135–1189 1149
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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−1 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 (Holmström 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.

Ma
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Bhardwaj+07, Dennerl+10, Ezoe+11



X-ray production mechanisms

• Mercury, Venus, Earth, Mars, Jupiter, Saturn, Moon, Io, Europa, 
Ganymede, Asteroids, Io Plasma Torus, Comets, Heliosphere, …
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• Elastic and K-shell fluorescent  
scattering of solar X-rays 

• Charge exchange (CX) 
e.g., H + O7+ → H+ + O6+ + hν 
solar wind or magnetospheric ions 

• Electron bremsstrahlung 

• Electron/Ion collisions with line emission 

• Electron inverse Compton scattering

Remote X-ray observations are being established as new  
diagnostics of planetary atmospheres and magnetospheres

Crevens+05 
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X-rays from Jupiter

• First detection with Einstein 
　→ aurora by heavy ion precipitation & charge exchange ? 

• High angular resolution imaging & spectroscopy  
by Chandra and XMM  
　→ two components = aurora and disk (low & middle latitude)

Gladstone+02

Branduardi-Raymont+07

north

south electron 
bremss

OVII by CX

disk coronal emission

Metzger+83 
Horanyi+88 
Waite+88

XMM EPIC
Chandra HRC



Jupiter’s aurora

• Chandra detection of X-ray pulsation with a ~45 min period 
      faster than the rotational period 10 hrs but similar to QP radio bursts 
         -> Not detected in subsequent observations 

• Broad OVII and OVIII components (+/- 5000 km/s) in XMM RGS spectrum 
      corresponding to MeV/amu oxygen ions  
          <-> electric field potential along magnetic field lines

Gladstone+02

Branduardi-Raymont+07

XMM RGS 
210 ks 

Cravens+03 
Bunce+04



Open questions

• Do solar wind conditions affect X-ray 
auroral emission ? 

• Correlation with solar wind radial 
velocity ? 

• 45 min pulsation ? Why so rare ? 

• What is the origin of ions ?  
solar wind or magnetospheric or both 

• Larger velocity shear at the 
boundary of magnetosphere can 
cause particle injection ? 

• XMM EPIC and Suzaku detected 
low energy line(s) : CVI (0.37 keV)  
or SXI, SXII (0.32, 0.34 keV) ?

Kimura+ JGR submitted

 569 

Branduardi-Raymont+07, Ezoe+10



A way forward to Athena

• Athena X-IFU will reveal  :  
(1) ion species, (2) velocity distributions of ions, (3) energy distribution 
of electrons and (4) their time variabilities
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Athena will settle the long debate on the origin of ions and will test theories  
of particle transportation and acceleration in the Jupiter’s m-sphere
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JUICE
Exploring the emergence of

habitable worlds around gas giants

European Space Agency

JUICE (2030 orbit insertion) 
In-situ particle measurements  

⇔ Global X-ray imaging spectroscopy



Galilean satellites, the IPT, radiation belts

• X-rays from Io and Europa :  
   energetic ion impact on the  
   surfaces → fluorescent lines ? 

• The Io Plasma Torus : 
   Soft continuum + OVII line 

• Diffuse X-rays from radiation belts :  
   Inverse Compton scattering by  
   tens MeV electrons ? → PL

11 counts

Chandra ACIS 
86 ks 

Elsner+06

12 counts

Ezoe+10

Suzaku XIS 160 ks, 1-5 keV

Athena can characterize their spectra  
and time variabilities

ergs s!1 cm2 and 1.5 MW for Europa. Figure 1 shows
smoothed ACIS images of Io and Europa.

2.2. The Io Plasma Torus

Figure 2 shows the HRC-I image zoomed back from
Jupiter, in the planet’s frame of reference. There is a
region of diffuse emission on the dusk side of the planet,
and a fainter region of diffuse emission on the dawn side
of the planet. This morphology is similar to the dawn-
dusk asymmetry seen in Extreme Ultraviolet Explorer
(EUVE) data (Hall et al. 1994; Gladstone & Hall 1998).
The paths traced by Io, Europa, and Ganymede during

the HRC-I observation are also shown. Io and Europa
pass through the dusk-side region of diffuse X-ray emis-
sion. We associate these regions of diffuse emission with
the IPT. The background-subtracted HRC-I count rates
are 3:2" 10!3 counts s!1 arcmin2 on the dawn side of
Jupiter and 5:6 7:1" 10!3 counts s!1 arcmin2 on the
dusk side of Jupiter. The larger rate for the dusk-side
region applies to a circular source region of 1.36 arcmin2

and the smaller to the larger elliptical source region of
2.43 arcmin2 suggested by the ACIS observations. The
rate for the dawn-side region applies to both the smaller
and larger source regions.

Fig. 2.—HRC-I image of the IPT (2000December 18). The image has been smoothed by a two-dimensional Gaussian with ! ¼ 7>38 (56 HRC-I pixels). The
axes are labeled in units of Jupiter’s radius,RJ, and the scale bar is in units of smoothed counts per image pixel (7>38" 7>38). The paths traced by Io (solid line,
semimajor axis 5.9 RJ), Europa (dashed line, semimajor axis 9.5 RJ), and Ganymede (dotted line, semimajor axis 15.1 RJ) are marked on the image. Callisto
(semimajor axis 26.6 RJ) is off the image to the dawn side, although the satellite did fall within the full microchannel plate field of view. For this observation,
Jupiter’s equatorial radius corresponds to 23>9. The regions bounded by rectangles were used to determine background. The regions bounded by dashed
circles or solid ellipses were defined as source regions.

Fig. 3.—ACIS image of the IPT (1999 November 25–26) for 250 eV < E < 1000 eV (left) and for 504 < E < 621 eV (center). The image has been smoothed
by a two-dimensional Gaussian with ! ¼ 7>38 (15 ACIS pixels). The axes are labeled in units of Jupiter’s radius, RJ, and the scale bar is in units of smoothed
counts per image pixel (7>38" 7>38). For this observation, Jupiter’s equatorial radius corresponds to 23>8. The paths traced by Io (solid line on the dawn side),
Europa (dashed line), Ganymede (dotted line), and Callisto (solid line on the dusk side) are marked on the image. The regions bounded by rectangles were used
to determine background. The regions bounded by ellipses were defined as source regions. The exposure (right) varies over the image because four overlapping
observations were concatenated, and because we discarded data within 34>4 of Jupiter’s center or within 34>4 of the center of the bump in the bias frame.

No. 2, 2002 SOFT X-RAY EMISSION FROM IO, EUROPA, AND IPT 1079



Saturn

• Disk and polar X-rays show similar coronal spectra unlike Jupiter 

• Good correlation b/w X-ray 
and solar 10.7 cm flux 
→ scattering of solar X-rays 

• Saturn’s Ring :  
fluorescent scattering of solar  
X-rays on H2O icy ring

Chandra ACIS, 37 ks, 36 ks

Ness+04a,b 
Bhardwaj+05a,b
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Figure 1.  Chandra ACIS X-ray images of Saturnian system in the 0.49–0.62 keV band 

on 20 and 26-27 January, 2004. The X-ray emission from the rings is clearly present in 

these restricted energy band images (see Fig. 2); the emission from the planet is relatively 

weak in this band (see Fig. 1 of Bhardwaj et al. 2005a for an X-ray image of Saturnian 

system in the 0.24–2.0 keV band). The false color images, with brightness in Rayleighs 

(R), show X-ray photons as seen in a frame moving across the sky with Saturn, smoothed 

with a two dimensional gaussian with ! = 0.984 arcsecond (twice the ACIS pixel width). 

The conversion to Rayleighs used a value for effective area of 195 cm2 at 0.525 keV " 

the energy of the atomic oxygen K# emission line. The horizontal and vertical axes are in 

units of Saturn’s equatorial radius (RS). The white scale bar in the upper left of each 

panel represents 10 arcseconds. The superimposed graticule shows latitude and longitude 

lines at intervals of 30°. The solid grey lines are the outlines of the planet and rings, with 

the outer edge of A ring and inner edge of C ring shown in white. The dotted white line 

defines the region within which events were accepted as part of Saturn's disk unless 

obscured by the rings. The two images taken a week apart, and shown on the same color 

scale, indicate substantial variability in X-ray emission from the rings.  

Athena will push search  
for X-ray aurorae and 

understanding of X-rays 
from the ring to much 

greater depth

0.49-0.62 keV

0.24-2 keV

Jan 20, 2004 Jan 26, 2004



X-rays from Mars

• Disk by scattering of solar X-rays in its upper 
atmosphere and halo by CX in its exosphere

714 K. Dennerl et al.: High resolution X-ray spectroscopy of Mars

Table 2. Emission lines in the RGS spectra of Mars and its halo.

Observed line position Photon flux Line id Line origin λ E Photon flux [10−6 cm−2 s−1]
λ [Å] E [eV] [10−6 cm−2 s−1] # Abbr Ion Transition [Å] [eV] Total Disk region Halo region

1 Ne72 Ne7+ 2p → 1s 14.21 872.5 (1.8 ± 1.8) (0.5 ± 0.5) 3.8 ± 2.2

15.15 ± 0.10 818.5 ± 5.5 3.9 ± 1.6 2 O74 O7+ 4p → 1s 15.18 817.0 3.9 ± 1.5 (0.4 ± 0.4) (1.6 ± 1.6)
17.34 ± 0.03 714.9 ± 1.2 7.6 ± 2.2 3 O65 O6+ 5p → 1s 17.40 712.5 7.9 ± 2.1 (0.4 ± 0.4) 6.2 ± 1.7
18.99 ± 0.03 652.8 ± 1.0 9.9 ± 2.7 4 O72 O7+ 2p → 1s 18.97 653.6 9.9 ± 2.4 4.3 ± 2.1 7.4 ± 2.1

21.09 ± 0.07 587.8 ± 1.8 7.5 ± 3.9 5 N63 N6+ 3p → 1s 20.91 593.0 38.1 ± 30. (2.4 ± 2.4) 22.0 ± 19.

6 O6r O6+ 2 1P1 → 11S0 21.60 574.0 (2.3 ± 2.3) 7.0 ± 3.3 (1.4 ± 1.4)
7 O6i O6+ 2 3P1 → 11S0 21.81 568.5 (1.5 ± 1.5) (1.2 ± 1.2) (2.2 ± 2.2)

22.08 ± 0.02 561.6 ± 0.6 13.5 ± 3.5 8 O6f O6+ 2 3S1 → 11S0 22.11 560.9 12.8 ± 3.2 4.2 ± 2.9 5.3 ± 2.3

23.48 ± 0.02 528.1 ± 0.4 19.8 ± 3.8 9 CO2a CO2 1πg → 1s 23.50 527.7 19.6 ± 3.7 23.2 ± 4.2 3.5 ± 2.8
23.69 ± 0.01 523.3 ± 0.3 23.1 ± 3.7 10 CO2b CO2 3σu → 1s 23.68 523.5 23.6 ± 3.5 21.7 ± 3.8 3.6 ± 2.8

24.76 ± 0.03 500.7 ± 0.7 9.1 ± 2.8 11 N62 N6+ 2p → 1s 24.78 500.3 9.3 ± 2.7 4.5 ± 2.2 7.1 ± 2.2

26.51 ± 0.12 467.7 ± 2.1 4.9 ± 2.2 12 C55 C5+ 5p → 1s 26.36 470.4 5.5 ± 2.2 2.7 ± 2.3 5.5 ± 1.8
26.98 ± 0.08 459.5 ± 1.4 4.2 ± 3.2 13 C54 C5+ 4p → 1s 26.99 459.4 4.5 ± 3.2 5.7 ± 2.8 5.3 ± 2.5
28.52 ± 0.06 434.7 ± 1.0 6.3 ± 2.5 14 C53 C5+ 3p → 1s 28.47 435.6 6.6 ± 2.3 (1.9 ± 1.9) 7.9 ± 2.7

15 N22 N2 3σg → 1s 31.47 394.0 (2.2 ± 2.2) 5.8 ± 2.8 (1.4 ± 1.4)

32.90 ± 0.17 376.8 ± 1.9 8.5 ± 3.9 16 C45 C4+ 5p → 1s 32.75 378.5 9.9 ± 4.2 (2.8 ± 2.8) 8.4 ± 3.1
33.79 ± 0.04 366.9 ± 0.5 14.8 ± 4.5 17 C52 C5+ 2p → 1s 33.74 367.6 16.2 ± 5.2 11.0 ± 4.2 9.1 ± 3.5
︸!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!︷︷!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!︸ ︸!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!︷︷!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!︸ ︸!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!︷︷!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!︸

a) emission lines found at |y| ≤ 50′′ b) line identifications c) 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 1σ errors. A common value (in Å) 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 O6+multiplet. For CO2b, also the transitions 4σg → 1s and 1 πu → 1s may
contribute to the flux. c) The fluxes are given together with their 1σ 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 ∆χ2 = +1.0 approach gives similar results. Brackets mark lines of low
significance where the 1σ error interval includes zero.

common values (in Å) 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) Å for lines #9 and #10, but (0.22 ± 0.07) Å 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 Å) to the width of all lines
except #9 and 10, we obtain a FWHM of (0.20 ± 0.11) Å,
which is similar to that derived for the disk spectrum outside
the strong fluorescence lines. We determined the errors with
both the χ2 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 Å of the expected values (Table 2b). A
common width (in Å) was determined for the lines #9 and #10, as well
as for the other lines. The fit gives a reduced χ2

ν = 1.09 for 30 degrees
of freedom. Fluxes derived from this fit are listed in Table 2c.

Halo, XMM RGS 98 ks

Dennerl+06a, b 
Ishikawa+11
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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−1 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 (Holmström 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.Athena will allow us to study chemical composition of ions and 

neutrals in the Martian exosphere and its atmospheric escape
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emission, the O7! emission has prominent
transitions from levels with high principal
quantum number n. These transitions are
the result of capture into low-angular-mo-
mentum states, especially into p states with
angular momentum l " 1 that promptly
decay by an ncp 3 1s transition (17, 19).
Here, nc is the principal quantum number
into which the electron is captured.

Strong emission is also seen from levels
with n " 3,4. We explain this enhanced
emission by double capture of electrons in the
charge exchange process. Double capture has
been inferred from the loss of more than one
electron by the neutral gas atom in collision
experiments (20). Double capture populates
levels ncl and nc#l#, where nc# ! nc. The two
excited electrons decay preferentially by au-
toionization: One electron is expelled, and
the other drops from nc to the highest excited
level allowed by energy conservation (21). In
oxygen interacting with alcohol, this can be

n " 3 or n " 4. The sole remaining electron
then decays by emitting either a Lyman-$ (3p
3 1s) or Lyman-% (4p 3 1s) x-ray, or by
cascades to the n " 2 level, ultimately emit-
ting a Lyman-& (2p3 1s) x-ray. The relative
magnitude of the n " 3,4 emission to that
from n " nc suggests that double (or multi-
ple) capture is about as likely as single cap-
ture, which is in agreement with collision
experiments (20–22).

The XRS observations also reveal the po-
tential for using cometary x-rays to infer
information about the chemical composition
of the cometary gases. The principal quantum
number of electron capture changes with the
ionization potential of the electron-donating
material. Energy conservation arguments pre-
dict that electrons are captured into higher n
levels if the ionization potential of the donor
electron is lower. The XRS spectra in Fig. 2
show a shift from nc " 6 in the interaction
with ethyl alcohol to nc " 5 and 6 (methane)
and nc " 5 (carbon dioxide).

We used our measurements of the K-
shell emission of hydrogen-like and heli-
um-like carbon, nitrogen, and oxygen to
build an emission model to fit the soft x-ray

spectrum of comet Linear C/1999 S4. We
convolved the six laboratory spectra, in-
volving a total of 24 lines (table S1), with
the 100-eV instrumental function of the
ACIS detector aboard Chandra, and the
contribution from each ion was varied until
the best fit was obtained (Fig. 3). The
spectrum is dominated by the helium-like
O6! and C4! emission, followed by the
C5! and N5! emission. The ion composi-
tion inferred from the fit falls in between
the composition of the slow and fast solar
wind (Table 1). The good fit demonstrates
that a realistic emission model based solely
on charge exchange can account for the
observed spectral structure.
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obtained on 14 July
2000 by the Chandra X-
ray Observatory ACIS-S
instrument. The solid
line indicates the best fit
using the charge ex-
change–induced x-ray
emission from hydro-
gen-like C5!, N6!, and
O7! and helium-like
C4!, N5!, andO6! after
the interactionwith CO2
(color traces) recorded
with the ASTRO-E mi-
crocalorimeter on the Livermore EBIT-I electron beam ion trap.

Table 1. Comparison of heavy ion components of
the solar wind from the fit of comet Linear C/1999
S4 with data for the fast and slow wind from (10).
Values are relative to the O7! abundance.

Ion species Linear fit Slow
solar wind

Fast
solar wind

C5! 11( 9* 1.59 14.57
C6! 0.9( 0.3† 1.05 2.83
N6! 0.5( 0.3† 0.03 0.00
N7! 0.06( 0.02 0.29 0.37
O7! 1.00( 0.04 1.00 1.00
O8! 0.13( 0.03 0.35 0.00

*Uncertainty results from the response function of Chan-
dra, which has a minimum near the carbon lines, and the
strength of (unfitted) L-shell x-ray emission below 300
eV. †The N6! abundance couples to the C6!

component.
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Exoplanets

• X-ray emission at young stages of a star will  
influence physical and chemical evolution  
of planetary atmospheres 

• X-ray transits → absorption by expanded  
atmosphere 

• Star planet interaction → magnetic interplay 

• Flare, stellar wind → atmospheric escape

Exoplanets: transits

picture credit: NASA

X-ray transits (hot Jupiter HD 189733b)

5 X-ray observations co-added, 0.2-2 keV
Poppenhaeger et al., ApJ 2013

HD189773 
d 19 pc 

orbital radius 0.031 AU

Poppenheiger+13

Pilliteri+11 
Lecavelier des Etangs+12

Venus
718 K. Dennerl et al.: High resolution X-ray spectroscopy of Mars

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−1 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 (Holmström 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.

Mars 
XMM

Athena can search for X-ray transits during planetary orbits, confirm star-
planet interaction and search for spectral signatures



ASTRO-H Coming Soon

• ASTRO-H is the 6th Japanese X-ray 
astronomy satellite scheduled to be 
launched in 2016 

• Now the spacecraft is on the 
vibration test  

• Jupiter is a candidate for 
performance verification targets 

• AH - Hisaki - JUNO  
campaign  
is planned

Author: Y. Ezoe, M. Galeazzi, F. S. Porter, K. Ishikawa, M. Eckart, G. Brown, H. Odaka, R.
Smith, on behalf of the NSF team

Title: Revealing ion transportation and particle acceleration in Jupiter’s magnetosphere

Target name: Jupiter, Priority A

Pointing positions: Jupiter is a moving target and extended over ∼ 30 arcsec in diameter.
Assuming a Sun angle constraint of 60-120◦, it will be observable e.g., from 2015 November 12
to 2016 January 14, from 2016 May 3 to July 10. It will move on the sky 0.3∼9 arcmin/day
depending on the observation time. At best, one orbital maneuver per day will be enough to
allow for the orbital motion.

Brief science description: We propose a 100 ks PV observation of Jupiter to investigate
long standing issues, i.e., the plasma transportation and the global acceleration of particles
in Jupiter’s magnetosphere. It is the most luminous planet in X-rays. The X-ray emission is
composed of aurorae and disk. The former is due to charge exchange (CX) of several MeV/u
ions and bremsstrahlung by keV electrons. The latter is due to scattering of solar X-rays
(Branduardi-Raymont et al. 2004, 2007). Suzaku found a sign of diffuse X-ray emission from
inner radiation belts, possibly arising from inverse Compton scattering of solar photons by tens
MeV electrons (Ezoe et al. 2010).

Figure 1 shows simulated spectra. Parameters for the aurora and disk are taken from the
XMM observation in Nov 2003 rev 0726, while the Suzaku observation in Feb 2006 is used for the
inner radiation belts. During the Astro-H PV phase, the solar activity will be similar to these
observations, considering the 11 yr cycle of solar activity. With SXS, the CX emission from the
aurora will be easily detected. For example, the He-like O VII triplet lines will be detected with
>5 σ statistical significance. Emission line centers and line widths will be determined with 1 σ
statistical uncertainty of ± ∼750 km/s, leading to tight constraint on kinematics of the MeV/u
ions (∼5000 km/s), better than the XMM RGS. The actual source of the auroral CX emission
is still problematic. It is not known if the highly charged ions come from the solar wind or
from the volcanoes on Io. If they are from the solar wind, the CX spectral signature will be
dominated by carbon ions. If from Io, they will be dominated by sulfur ions. Because the SXS
will detect emission from carbon and sulfur ions with a 2 to 3 σ significance, the ion source will
easily be determined, and a long standing problem related to Jupiters X-ray emission will be
solved. To improve the line detectability of either ion to the 4-5 σ level, a longer observation
(e.g., 200 ks) is necessary. With SXI and HXI, the auroral and the radiation belt continua will
yield at most 800 counts in 2–80 keV, making it possible to reveal the population of the high
energy electrons. See §3.3 of the white paper for more details on previous studies and prospects.

Figure 1: (a) A 100 ks SXS simulation of Jupiter. C and S lines are added based on the XMM
pn data, to demonstrate detectability. (b) The same as the panel (a) but for SXI and HXI.
Solid lines indicate each model component and the overall sum.

Ezoe+15

AH spacecraft 
Thermal Vacuum Test

Jupiter, SXS 100 ks
aurora+disk

NASA JUNO

polar orbit insertion in 2016



Summary

• Athena investigations of solar system and exoplanets will give 
us ever deeper insights in the complex working of planetary 
atmospheres and magnetospheres 

• These studies will also provide a necessary step to 
understanding the details of CX and particle accelerations, 
and to applying them to wider contexts of Athena main 
science  

• Including solar system and exoplanets as targets for Athena will 
add a new dimension to the mission’s science and a dimension 
that is in itself one of the themes of ESA’s cosmic vision  

• The authors are grateful to SOC and LOC for giving this 
opportunity and to SW team members for good discussions


