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Summary and Outlook

The interaction of the solar wind with the planets, moons and the interstellar medium
has been of key importance for the evolution of our solar system. The interaction with

Earth’s atmosphere is best known for the Northern Lights. In case of Mars, the interac-
tion with the solar wind might have lead to the erosion of its atmosphere. Solar wind-
atmosphere interactions can be studied particularly well in cometary atmospheres, be-
cause in that case the solar wind flow is not attenuated by a planetary magnetic field and
interacts directly with its atmosphere, the coma. The size of the cometary atmosphere
(in the order of 104 − 105 km) allows remote tracking of the ions as they penetrate into
the comet’s atmosphere, offering a unique window on the cometary atmosphere, the solar
wind and the interaction of these two plasmas.

When solar wind ions fly through an atmosphere they are neutralized via charge ex-
change reactions with the neutral gaseous species. These reactions depend strongly on
target species and collision velocity. The resulting X-ray and Far-UV emission can therefore
be regarded as a fingerprint of the underlying reaction, with many diagnostic qualities.

To explore the diagnostics of this emission, I performed experimental studies of charge
exchange reactions typical for cometary and planetary atmospheres by means of a tech-
nique called ‘Photon Emission Spectroscopy’. Here, ions fly through a neutral gas jet. The
velocity of the ions can be controlled via ion optics. The light emitted after electron cap-
ture is observed with an Extreme Ultraviolet spectrometer and this allows for the mea-
surement of state-to-state charge transfer cross sections and the resulting emission cross
sections. Among the typical experiments performed were collisions between solar wind
ions (He2+, O6−7+, N7+, . . . ) and target gases relevant for cometary- and planetary atmo-
spheres, such as H2O, CO2, CO and CH4, all at velocities typical for the solar wind (200
– 1500 km s−1). These experiments were the first comprehensive study that was fully de-
signed for its astronomical application. It showed that for velocities typical for the solar
wind multiple electron capture, a process that thus far had not been accounted for, be-
comes the most important reaction channel in those comet-wind interactions where ion
are severely decelerated.

Based upon the charge exchange cross sections measured in the lab, I have developed
an astrophysical model that calculates cometary Far-UV spectra. This model was used to
analyze existing observations by the Extreme Ultraviolet Explorer of the helium emission
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lines of comets Hale-Bopp and Hyakutake. By combining the model with solar wind data
from the instruments on board ACE and Ulysses, we were able to analyze the observations
of these two comets in terms of solar wind and coma characteristics. In particular the case
of Hale-Bopp was of great interest, as our results indicate severe post-bow shock cooling of
the solar wind in this extraordinary large comet. As such, our studies were the first remote,
quantitative observations ever of local plasma conditions like temperature and density in
the interaction zone, which were thus far only accessible by in situ exploration.

The model was then further expanded to calculate the much more complex cometary
X-ray emission, involving charge exchange of solar wind C, N, and O ions with cometary H,
O, and H2O species. Modern X-ray observatories, such as Chandra and XMM-Newton pro-
vide the observer with spatial, temporal and spectral data. Based on our charge exchange
model, an analytical method to study cometary X-ray spectra was developed, which for
the first time allowed a comparative study of all comets thusfar observed with Chandra.
The spectra were fit using an extensive data set of velocity dependent emission cross sec-
tions for eight different solar wind species. It was demonstrated that a comparison of the
fluxes of the carbon and nitrogen emission below 500 eV, the OVII emission and the OVIII

emission yields a quantitative probe of the state of the wind. In accordance with our mod-
eling, the analysis showed that spectral differences can be ascribed to different solar wind
states, as such identifying comets interacting with (I) fast, cold wind, (II), slow, warm wind
and (III) disturbed, fast, hot winds associated with interplanetary coronal mass ejections.

Last but not least, the model was also used to develop observational strategies and it
served as the basis for successful proposals to observe comet Schwassmann-Wachmann 3
(SW3) with XMM-Newton, Chandra and Swift. SW3 is a unique comet, because both of its
orbit and because of its state. In 1995, SW3 suddenly broke into three pieces and during its
apparition in 2006, some of these cores fragmented even further. The comet’s extremely
close encounter (<0.07 AU) to Earth in May 2006 provided an unprecedented spatial res-
olution of up to 300 km in the areas around the nucleus. As charge exchange emission
is excellent for tracing thin gas, this allowed for an unprecedented study of the interac-
tion of the solar wind with the neutral coma, the macroscopic structure of the magneto-
hydrodynamic flow, and the microscopic physical processes. Even more, these observa-
tions allow for a direct comparison with independent, simultaneous in situ measurements
of solar wind conditions measured by near-Earth satellites like SOHO and ACE. This study
provides a test bed for our insight in such interactions not only for the solar-wind-coma
case but also in the wider context of physical processes in wind-environment collisions.

Thus, my thesis studies have focussed on all aspects relevant for X-ray emission from
comets: experimental studies of state-to-state charge exchange cross sections, observa-
tions of X-ray emission from comets using all X-ray satellites (Chandra, XMM-Newton, and
Swift), and theoretical modeling of the interaction of solar wind ions with cometary gases
and the resulting X-ray emission spectrum. Together, this has greatly improved our under-
standing of the interaction of the solar wind with solar system objects and in more general,
of physical processes in wind-environment collisions. The thorough understanding of co-
metary charge exchange emission has opened the door to the direct observation of more
complex solar wind interactions such as those with Mars and Venus.
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11.1 Outlook

Where to go from here? All three aspects of the study of cometary X-rays mentioned above
have their own challenges, and I will therefore give some suggestions for future work each
of them separately.

11.1.1 Charge Exchange Data

Recent experiments of relevance to comet – solar wind interactions, including those de-
scribed in this thesis, have mainly been focussed on water (see e.g. Chapters 5 – 7 and
references therein). Based on our model however, we concluded that beyond some 105

km from the nucleus, the main electron donors in the coma will be the water dissocia-
tion products OH, H and O. Because of the difficulty of producing dense atomic oxygen
targets only experiments have been performed with protons and He2+ ions (McCullough
et al., 1992; Thompson et al., 1996a,b). Even this data covers only the high energy side
of the relevant collision energies. For highly charged ions, no experimental data is avail-
able. For such complex many-electron targets as O, theory is also still lacking. Calculations
of single- and multiple electron capture for the interaction of multiply charged ions with
atomic oxygen with its four equivalent 2p electrons and open shell structure will be very
involved. Therefore, experimental data is urgently required. Such data by itself may also
serve as an important driver and benchmark for theoretical developments.

11.1.2 Comet Observations

It was demonstrated in this thesis that cometary X-ray spectra are complex but highly di-
agnostic. The current generation of slitless spectrometers cannot completely resolve these
spectra due to the extent of the cometary emission. It was argued in Chapter 10 that co-
metary spectra in the 300 – 1000 eV consist of at least 35 emission lines from the 6 most
abundant solar wind species, and many of these lines overlap. Potential diagnostics such
as triplet-to-singlet ratios (Chapter 7) or hardness ratios (Chapter 10) are therefore not
accessible observationally. This will change with next generation of X-ray observatories
that will carry calorimeters, providing a spectral resolution better than 2 eV. After the un-
fortunate fate of the XRS calorimeters on board Astro-E and Suzaku, the next calorimeter
missions are currently planned for launch after 2015 (XEUS and Constellation-X).

Interestingly, the observational sample of the Chandra comet survey (Chapter 10) did
not seem to contain a comet interacting with the cool polar winds, as all comets observed
at high latitudes were observed in solar maximum and therefore interacted with hot, dis-
turbed winds. The upcoming solar minimum therefore provides an excellent opportunity
for an observation of a comet interacting with the cool, polar wind. In particular, the orbit
of comet 8P/Tuttle is well suited to test this idea, as its orbit is highly inclined with respect
to the ecliptic. It is of note that such observations require careful planning, as the charge
states in the polar wind are much lower. The comet will therefore be very faint above 500
eV.

Within the survey, the case of comet Ikeya-Zhang demonstrated that ICMEs leave uni-
que fingerprints when interacting with neutral gas. The resulting CXE is characterized by
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its enhanced X-ray brightness and the hot charge state distributions visible in the 0.2 – 2.0
keV spectrum, thus providing a very promising X-ray flashlight.

First, these features could be used to track the propagation of an ICME throughout the
inner solar system as it interacts with different solar wind objects. After the disconnec-
tion event in the solar corona, ICMEs move away from the Sun with velocities of 1000 –
2000 km s−1. At these velocities, it takes about 1 – 2 days to travel from the Sun to Earth,
where many space-borne solar wind instruments are available (ACE, SOHO). Beyond 1 AU,
ICMEs quickly decelerate when they plough through the much slower background solar
wind. Current propagation models claim an accuracy of less than 11 hours, whereas a
typical ICME event lasts for more than a day. These timescales allow for triggered X-ray
observations. By combining solar observations (STEREO, SOHO) and solar wind measure-
ments at L1 with triggered Swift observations it becomes possible to track an ICME as it
interacts with various objects on its way. Targets of choice could be any planet or comet
that is well aligned within the ICME propagation direction at the time of the observations.

Secondly, ICMEs can carry about an order of magnitude more heavy ions. Using ICMEs
as X-ray flashlights might allow the study of CXE in objects that are not easily observable
in X-ray under ‘normal’ conditions - for example Jupiter and Saturn.

11.1.3 CXE Emission around Young Stars

Charge exchange occurs whenever highly charged ions from a hot plasma collide with a
neutral gas. Besides comets, there are many environments where such interactions oc-
cur, and the resulting emission might provide a power diagnostics of local conditions. A
significant part of the diffuse X-ray background has been ascribed to the interaction be-
tween the solar wind ions and the in streaming neutral gas from the interstellar medium
(Snowden et al., 2004; Pepino et al., 2004). From these observations, it is to be expected
that charge exchange emission also occurs in astrospheres and disks around other stars.
The strong forbidden line emission following charge exchange is distinctly different from
typical stellar values and is therefore a good tracer of wind-disk interactions. A limited
number of young stars have recently been observed with Chandra, XMM-Newton or even a
combination of the two observatories. These high resolution X-ray spectroscopy observa-
tions resolved the very diagnostic OVII forbidden, resonance and intercombination lines
( f , i and r , respectively). The observations showed very low f /i ratios for the four T Tauri
stars observed (Robrade and Schmitt, 2006). Only one HAeBe star –AB Aur– has been stud-
ied with XMM-Newton and, interestingly, a high f /i ratio was found. The authors explored
several X-ray emission mechanisms in their paper, and tentatively concluded that the X-
ray production may be related to the stellar wind. Signatures of charge exchange might
thus be found either directly in the spectra of young stellar objects, or by examining the
behavior of the relative strengths of the f , i and r lines around stellar disks (as in the case of
the XMM-Mars observations). The discovery of charge exchange emission in disks around
young stars would provide an important new diagnostic, as both Doppler shifts of charge
exchange emission lines and their absolute- and relative intensities can provide informa-
tion on local plasma parameters such as temperatures, velocities, elemental abundances
and charge state distributions of the interacting plasmas.




