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Abstract Charge transfer, or charge exchange, describes a process in which an ion takes
one or more electrons from another atom. Investigations of this fundamental process have
accompanied atomic physics from its very beginning, and have been extended to astrophys-
ical scenarios already many decades ago. Yet one important aspect of this process, i.e. its
high efficiency in generating X-rays, was only revealed in 1996, when comets were discov-
ered as a new class of X-ray sources. This finding has opened up an entirely new field of
X-ray studies, with great impact due to the richness of the underlying atomic physics, as the
X-rays are not generated by hot electrons, but by ions picking up electrons from cold gas.
While comets still represent the best astrophysical laboratory for investigating the physics
of charge transfer, various studies have already spotted a variety of other astrophysical loca-
tions, within and beyond our solar system, where X-rays may be generated by this process.
They range from planetary atmospheres, the heliosphere, the interstellar medium and stars to
galaxies and clusters of galaxies, where charge transfer may even be observationally linked
to dark matter. This review attempts to put the various aspects of the study of charge trans-
fer reactions into a broader historical context, with special emphasis on X-ray astrophysics,
where the discovery of cometary X-ray emission may have stimulated a novel look at our
universe.
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1 Introduction

Charge transfer is a fundamental process in atomic physics which has been studied in various
contexts for a long time. During the last decade, it has received renewed attention, when
the discovery of cometary X-ray emission revealed that this process can be an important
source of X-ray emission, which was overlooked before. Since this discovery (announced on
April 4, 1996; Lisse et al. 1996a) and its correct interpretation as the direct result of charge
transfer between highly charged heavy ions in the solar wind and cometary neutrals (Cravens
1997), investigations on charge transfer reactions have expanded considerably, comprising
experimental studies in the laboratory and theoretical calculations of the underlying atomic
physics as well as astrophysical studies, which are not restricted to comets anymore but
cover a wide range, from planetary atmospheres to clusters of galaxies. The fact that X-rays
are not the result of excitation by hot electrons, but by ions picking up electrons from cold
gas has opened up an entirely new field of X-ray studies, which is likely to continue to grow.

In view of this exciting development it may be now, 14 years after the discovery of
cometary X-ray emission, a good time for a broad review of the history and current sta-
tus of charge transfer studies and their various implications. Specific aspects of this topic
have already been addressed in earlier reviews: Krasnopolsky et al. (2004) and Lisse et al.
(2004) reviewed charge transfer reactions in the context of the X-ray and EUV emission
from comets. Krasnopolsky et al. (2004) discussed also alternative excitation processes and
presented detailed discussions of theoretical modeling methods, spectra, and an extensive
list of relevant laboratory measurements of charge transfer reactions. Bhardwaj et al. (2007)
reviewed the various processes which give rise to X-rays from solar system objects, includ-
ing charge transfer reactions. Wargelin et al. (2008) presented a brief review of the astro-
physical relevance of charge transfer reactions in the solar system and beyond, and focused
on charge exchange spectra, experimental approaches, and theoretical modeling efforts.

This review attempts to provide a concise overview on the various aspects of charge
transfer reactions in a historical context, with specific emphasis on X-ray astrophysics. It
is outlined in the following way: In Sect. 2, a short overview about the physics of charge
transfer and its investigations by theoretical studies, laboratory experiments, and astrophys-
ical observations, will be given. Section 3 will cover the history of charge transfer studies,
from its very beginnings to the present, and the next two sections will summarize our current
knowledge about the astrophysical environments where charge transfer reactions are known
or expected to take place, both in the solar system (Sect. 4) and beyond (Sect. 5). The paper
will close with conclusions and a short outlook in Sect. 6.

An alternative name for charge transfer is charge exchange. Both notations will be
adopted in this paper, with some preference for the designation which appears to be more
common in the corresponding context. For brevity, the abbreviation CXE will be used for
Charge Exchange (or Charge Transfer) induced X-ray Emission.

2 Physics of Charge Transfer

In its basic principle, charge transfer is a very simple process: charge (in the form of one
or more electrons) is transferred from an atom or molecule to an ion that gets into an ex-
cited state, from which it may deexcite by releasing electromagnetic radiation. If the initial
charge of the ion was sufficiently high, then the energy of the radiation can be in the X-ray
range. The main characteristics of charge transfer are a very high cross section (of the order
of 107!% cm?) and characteristic line emission at X-ray energies and below. Despite its ap-
parent simplicity, however, a detailed understanding of this fundamental process is a most
challenging task. In the following, various investigation methods will be briefly summarized.
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2.1 Theoretical Studies of Charge Transfer

A detailed theoretical description of charge transfer is so challenging that several approxima-
tive techniques have been developed. In the following, their main characteristics are briefly
listed, according to Hasan et al. (2001). The most elementary approach is the classical over-
the-barrier (COB) model (Ryufuku et al. 1980), which gives an estimate of the capture cross
section into the classically most likely n-level, but does not predict the distribution of n- and
£-levels. A more sophisticated approach, which takes the three-body dynamics between the
projectile ion, the target ion, and one active target electron into account, is the classical
trajectory Monte Carlo (CTMC) technique (Cornelius et al. 2000). This method mimics
certain quantum characteristics by choosing an ensemble of projectile-target configurations,
computed by numerically solving Hamiltons equations for a mutually interacting three-body
system, and propagates them by classical mechanics in order to simulate the collision. How-
ever, it neglects the detailed molecular states associated to the vibrationally excited levels of
the target (Otranto et al. 2006) and is of limited use at energies below 1 keV /amu, where the
structure of the projectile ion is important (Kallman and Palmeri 2007).! Another approach,
the Landau-Zener (LZ) approximation, can often elucidate the general behaviour of the
cross sections and can be adopted for estimating the state-selective capture, but is of limited
accuracy. The most reliable theoretical approach is the quantum-mechanical close-coupling
(CC) method, which treats the relevant atomic and/or quasi-molecular structure and reac-
tion dynamics, but this method is very challenging in terms of technique and computational
resources.

The methods listed above are typically applied to single electron capture (SEC). While
this is usually the most important capture channel in slow collisions of multiply charged
ions with atoms and molecules, multi-electron capture (MEC) can be collectively as im-
portant and sometimes even more important than SEC (Ali et al. 1994; Hasan et al. 2001;
Rigazio et al. 2002; Otranto et al. 2006). The challenges for a correct theoretical treatment
of MEC, however, are even higher than for SEC. Another important aspect for a realistic
theoretical description is to take the variation of n- and ¢-levels of the captured electron
with the collision velocity into account, as well as other reaction channels, like dissociative
and nondissociative, Auger and radiative relaxation (Hasan et al. 2001).

2.2 Laboratory Studies of Charge Transfer

While laboratory studies of the charge transfer process have been performed for many
decades (Sect. 3.1; for a concise overview, see also Kallman and Palmeri 2007), the dis-
covery of cometary X-ray emission has intensified this kind of research in recent years.
Laboratory-based investigations have been performed by at least four independent groups
(e.g. Otranto and Olson 2008):

— the Jet Propulsion Laboratory (JPL), focusing on the determination of total cross sections
for highly charged C, N, O, and Ne ions interacting with H,O, He, H,, and CO, at typical
solar wind velocities (Greenwood et al. 2000, 2001)

— the Lawrence Livermore National Laboratory (LLNL), using an Electron Beam Ion Trap
(EBIT) with a microcalorimeter detector in order to obtain very high resolution X-ray
data, though at lower collision energies, from stationary ions which result from charge

IFor solar wind ions, the energy range of interest is between ~ 0.8 keV/amu and ~ 3.0 keV /amu for the
slow and fast solar wind.
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exchange of various ions, e.g., O%*, with CO,, CHy4, N, He, and alcohol (Beiersdorfer
et al. 2000, 2001, 2003, Wargelin et al. 2005, 2008)

— at KVI Groningen, investigating collisions that emit photons in the EUV range, such as
He?* on H,0, CO, CO,, CHy, and O°t on H,O (Bodewits et al. 2006; Bodewits and
Hoekstra 2007)

— at Belfast, focusing on 0%t collisions with H,O, CO,, CH,, and C** on CH,4 by means
of the Translational Energy Spectroscopy (TES) technique (Seredyuk et al. 2005)

— in addition, several groups have used the Cold Target Recoil Ion Momentum Spectroscopy
(COLTRIMS) technique (Dorner et al. 2000) to obtain state-selective charge exchange
cross sections (e.g., Chesnel et al. 1998; Hasan et al. 2001; Edgu-Fry et al. 2004).

Mawhorter et al. (2007) find that the CTMC calculations yield total single electron capture
cross sections which are consistently smaller than the measurements by typically 15-50%.
They note that one source of the discrepancy might be the presence of autoionizing multiple
electron captures to adjacent energy levels in present experiments, which leave just one
single electron captured and hence contribute to the true single capture cross section, while
CTMC calculations include only the direct single electron capture. Another source of the
offset, assuming that the classical nature of CTMC is not the limiting factor at these collision
energies, my lie in the assumption that there is only one active electron.

Despite all the efforts in laboratory studies of the charge transfer process, there are,
however, also general limitations of this approach. Some of the emitted photons from the
metastable state, e.g., may not be detected in neutral-ion-beam experiments: due to the long
lifetime of ~ 1073 s of the O*%*(23S) state, metastable ions with a velocity of 400 km/s
move about 400 m without any emission (Kharchenko 2005). This problem is avoided by
EBIT experiments, where the ions are trapped. These experiments, however, collect only
spectra and cannot measure absolute charge exchange cross sections.

2.3 Astrophysical Studies of Charge Transfer with Comets

In the year 1996 (Sect. 3.2) a new window opened, offering a third option for the study of the
physics of charge transfer: by observing the X-ray emission of comets (Lisse et al. 1996b;
Dennerl et al. 1997; Mumma et al. 1997). This emission is the direct result of charge transfer
between highly charged heavy ions in the solar wind and cometary neutrals (Cravens 1997).
As the gas around comets is cold, there is essentially no thermal X-ray emission, and as it
is not subject to a strong electric or magnetic field, X-ray emission by energetic electrons is
negligible.> Furthermore, the cometary nucleus is so small, and the gas and the embedded
dust grains are so diluted, that there are not enough targets for solar X-ray scattering to
become important.® This has the exciting consequence that the X-ray emission of comets is
essentially pure CXE.

2The idea that X-rays might be generated by energetic electrons was the motivation for the first (unsuccessful)
X-ray observation of a comet, with the Einstein satellite (Hudson et al. 1991), and it was among the early
suggestions for explaining the X-ray emission of comets detected since 1996 (Bingham et al. 1997, 1998;
Northrop et al. 1997; Northrop 1997; Uchida et al. 1998; Shapiro et al. 1999; Torney et al. 2001). However,
energetic electrons were found to contribute only 0.025% (Wegmann et al. 1998) or 0.2%—4% (Krasnopolsky
2001) to the observed X-ray and EUV emission.

3 Also dust grains were considered as a possible origin of the X-ray emission, either by collisions with in-
terplanetary dust (Ibadov 1990, 1996) or themselves (Ip and Chow 1997), or by scattering of solar X-rays
(Wickramasinghe and Hoyle 1996). However, none of these possibilities could be unambiguously proven to
date.
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Thus, comets represent perhaps the best laboratory for studying the physics of charge
transfer. With highly charged heavy ions streaming into the cold cometary gas, nature is
providing a clean experimental setup and a textbook example of a system which is far away
from thermal equilibrium. For observing such a system, the full range of capabilities of
current X-ray instrumentation, concerning their spatial, temporal, and spectral resolution,
can be utilized: the cometary X-ray emission is so extended that it can be spatially resolved,
allowing studies of its morphology, the temporal resolution makes it possible to correct
for the apparent motion and to investigate the temporal variability of the X-ray signal, and
spectral resolution is the key for revealing the elusive properties of charge transfer.

Like the theoretical or laboratory approach, this third option for the study of charge trans-
fer, by using X-ray observations of comets, is not free from challenges either. Comets are
moving targets, exhibiting extended X-ray emission which may fill or even overfill the field
of view. Therefore, the discrimination of the cometary signal from other celestial X-ray
sources, in particular from the diffuse soft X-ray background, is a nontrivial task, as well as
discrimination from the detector noise of X-ray CCDs, which may contribute significantly
to the total count rate at the lowest energies. The other challenge is the spectral modeling,
which requires an accurate knowledge of the detector response at energies below ~ 1 keV,
where most of the cometary X-ray emission is observed. This, however, is also the most dif-
ficult spectral region to calibrate, because there the distortion of spectral lines is highest, and
because there are not many celestial sources for providing independent checks of the energy
response, which may also change with time. Furthermore, the density of cometary emission
lines is considerably increasing towards energies below ~ 300 eV, so that the spectral re-
construction may not be unique due to spectral blends. While high resolution spectroscopy
with slitless X-ray gratings avoids some of these limitations and offers unique possibilities,
it poses an additional challenge, because there the spectral response is affected by the spatial
extent of the comet along the dispersion direction. In view of all these challenges, it appears
that the promising potential of cometary X-rays for charge transfer studies has not yet been
fully utilized.

As soon as a good quantitative and detailed understanding of cometary X-ray spec-
tra, consistent with theoretical calculations and laboratory measurements, will have been
achieved, it is likely that other research areas using plasma diagnostics will benefit, not
only in astrophysical context, but also in applied science, like in the development of nu-
clear fusion devices (Sect. 3.1). Thus, X-ray observations of comets can be considered as
benchmarking experiments for testing our understanding of the physics of charge transfer.

3 History of Charge Transfer Studies

For our knowledge of the role of charge transfer in X-ray astrophysics, the year 1996 marks
an important dividing point. Before 1996, the physics of charge transfer was studied in
various contexts, but one important aspect was completely overlooked: charge transfer can
be so efficient that it can be a major or even the by far dominant source of X-ray emission
for particular objects. This section will give a brief overview of this exciting development.

3.1 The Situation Before 1996
The study of charge transfer reactions has a long history. As these reactions are likely to

occur whenever ions encounter neutral atoms, one may argue that charge transfer has ac-
companied atomic physics from its very beginning, starting with the investigations of the

@ Springer



62 K. Dennerl

scattering of He ions in solids by Geiger and Marsden (1909), which led Rutherford (1911)
to deduce the fundamental structure of the atom. Specific studies of the physics of charge
transfer were performed already more than 75 years ago, when, e.g., Massey and Smith
(1933) investigated the dynamic properties of the passage of ions through gas by a quantum
mechanical treatment of the collisions, and when Mulliken (1939) performed a theoretical
study of the spectral properties of charge transfer. A very early review about charge exchange
studies was presented by Riichardt (1933).

In the next decades, the investigations continued (for reviews, see Massey and Burhop
1952; Allison and Warshaw 1953) and were also extended to astrophysical scenarios. Per-
haps the first of these investigations was devoted to comets: Biermann (1953) suggested that
the CO™ ions observed in their tails might be predominantly the result of charge transfer
reactions between solar wind protons and neutral cometary CO molecules, and Harwit and
Hoyle (1962) concluded that charge transfer may lead to the formation of a magnetic bar-
rier around the cometary nucleus. In the solar system, another study of charge transfer was
devoted to the interaction of solar wind protons with neutral particles in the vicinity of the
Sun, in order to explain the fast neutral particles entering the Earth atmosphere (Fahr 1968).
Wallis (1973) considered strong cooling associated with charge transfer ionizations as one
possibility of weakening the shocks ahead of Venus and Mars, and Dalgarno et al. (1980)
investigated the effect of charge transfer between O* and He ions on the ion chemistry of
the upper atmospheres of these planets as well as on the terrestrial ionosphere.

Charge transfer studies, however, were not restricted to our solar system. In the super-
nova remnant Cas A, charge transfer with protons was suggested to be responsible for the
observed excitation of oxygen in its optical spectrum (Chamberlain 1956), and for the pres-
ence of broad iron lines in its X-ray spectrum (Serlemitsos et al. 1973). Watson (1976),
Blint et al. (1976), Christensen et al. (1977), and Rule and Omidvar (1979) investigated the
effect of charge transfer between low-energy cosmic rays and the interstellar gas for the
production of X-ray line emission. Bussard et al. (1978) calculated the X-ray production at
~ 6.8 keV from Fe ions moving through a medium with solar abundances, following both
charge transfer and collisional excitation, and applied it to the galactic center and to the
galaxy Cen A. Tarter et al. (1979) studied the influence of double charge transfer processes
on the ionization structure and emission spectra of a cosmic gas excited by a variety of
ionizing sources. According to Pequignot et al. (1978) and Pequignot (1980b), the problem
of explaining the ionization structure of the planetary nebula NGC 7027 by static models
based on the standard photoionization theory can be successfully eliminated by including
charge transfer reactions with hydrogen. Halpern and Grindlay (1980) considered the ef-
fect of charge transfer on the ionization structure of X-ray photoionized nebulae. In their
modeling of a bright filament of the Crab Nebula by stationary photonionization, Pequig-
not and Dennefeld (1983) took also charge transfer reactions into account. By performing
ionization equilibrium calculations for interstellar gas at 10*~10° K subject to diffuse UV
and X-ray radiation, Suchkov and Shchekinov (1983) concluded that charge transfer reac-
tions will contribute significantly to the ionization balance, and Wise and Sarazin (1989)
investigated the contribution of charge transfer reactions to the X-ray emission of supernova
remnants (Sect. 5.1).

From 1973 to 1981, the flybys of the Pioneer and Voyager spaceprobes on Jupiter and
Saturn provided unique opportunities for in-situ studies of charge transfer processes (which
were usually referred to as ‘charge exchange’). During the encounter of Pioneer 10 with
Jupiter, it was found that there is a ‘plasmasphere’ of protons inside the flux tubes of Io
with sufficiently high densities to limit the azimuthal extent of the partial torus of hydrogen
gas from o by the mechanism of charge exchange (Frank et al. 1975). In their investigation
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of the heat transport in the Jovian magnetosphere, Machida and Nishida (1978) suggested
that hot protons produced at Io’s orbit are replaced by cool protons by charge exchange in
Io’s hydrogen torus. The subsequent Voyager 1 flyby revealed that just outside the orbit of
Io, the ion angular distributions are most sharply peaked at 90° local pitch angle, consistent
with diffusion of the particles inward from large radial distances. However, inside the orbit
of Io, the angular distributions of lower energy ions were found to be depleted at 90° local
pitch angles, suggesting the possibility of charge exchange scattering loss in the vicinity of
the Io torus due to neutral atomic and molecular clouds emitted from Io (Lanzerotti et al.
1981; Ip 1981). Also at Saturn, measurements obtained during the Voyager 1 flyby indicated
that charge exchange of energetic ions with satellite tori is an important loss mechanism
there (Kirsch et al. 1981). Charge exchange at Jupiter was considered by Horanyi et al.
(1988) as one of the basic processes in their theoretical modeling of the energy deposition
by precipitating energetic oxygen ions, in order to explain the high UV flux which was
observed at the auroral regions with the Voyager 1 and 2 spacecraft and the International
Ultraviolet Explorer (IUE) satellite. Cravens et al. (1995) extended this model, which had
originally included only the lowest four charge states of oxygen, to all its charge states, and
concluded that the auroral X-ray emission of Jupiter observed by the Rosat satellite (Waite
et al. 1994) can be explained by heavy ion precipitation.

In addition to the effects listed above, charge exchange has another important conse-
quence: the ions which are neutralized in this process are freed from the electromagnetic
field that confines the ion population, and can move to remote regions, providing a sample
of the parent ion population to distant observers. Ion populations of different origins pro-
duce different Energetic Neutral Atom (ENA) signatures in terms of flux levels, and energy,
spatial, and temporal dependence (e.g. Hsieh et al. 1992b). ENAs emitted from the Earth’s
magnetosphere were detected with the IMP 7/8 and ISEE 1 spacecraft during the recovery
phase of two moderate geomagnetic storms in Nov. 1973 and Dec. 1977 at 33 and 20 Earth
radii, respectively. They were produced when singly charged trapped ions collided with the
neutral hydrogen in Earth’s exosphere (Roelof et al. 1985). Hsieh and Curtis (1988) pre-
sented a model for the production of ENAs in the Saturn/Titan system and concluded that
charge exchange between oxygen and hydrogen in the inner magnetosphere is sufficient to
account for all the ENA oxygen production observed by Voyager 1 (Kirsch et al. 1981).
There may even be a practical application of ENAs: Hsieh et al. (1992a) suggested to use
energetic neutral hydrogen atoms produced during the transit phase of an Earth-directed
coronal mass ejection (CME) by charge exchange, which can travel ahead of the CME, to
forecast a magnetic storm. This would be possible because CMEs decelerate continuously
after their ejection, while the neutral atoms continue to propagate at their initial high speeds.

As the detection of ENAs from different directions provides remotely a global picture of
the plasma distribution, it should be possible to utilize the ENAs produced by charge ex-
change between energetic ions and neutral atoms for the imaging of magnetospheres. This
concept, proved at Earth by Roelof (1987), who obtained an ENA image of the storm-time
ring current from data taken with ISEE 1 in 1978, opened a promising new experimental
technique for investigating the global dynamics of planetary magnetospheres (Keath et al.
1989; Curtis and Hsieh 1989). In the following years, it became apparent that global mag-
netospheric imaging through the detection of ENAs would be a crucial tool for the ad-
vancement of magnetospheric research via remote sensing techniques (Orsini et al. 1994).
For Mars, Barabash et al. (1995) presented the basic ideas of how the solar wind protons
and accelerated planetary ions can be converted there into ENAs via the charge exchange
process, and described a detector which was designed to carry out the first imaging of en-
ergetic neutrals from another planet. The idea of using ENAs produced by charge exchange
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between energetic ions and ambient neutral atoms as a diagnostic tool to study planetary
magnetospheres from a distance was extended to the investigation of the heliosphere (e.g.
Grzedzielski and Rucinski 1990). Here, charge exchange between the different energetic ion
populations and the neutral gas in and out of the heliosphere provides a means to investigate
the energetic ions of various origins in the heliospheric regions otherwise inaccessible to us
(Hsieh et al. 1992b). Based on the Voyager 1/2 energetic ion measurements, Roelof (1992)
explored the feasibility of ENA imaging of shock-associated energetic proton populations
in the heliosphere. The results indicated that useful heliospheric ENA imaging could be
accomplished with the technology which was available at that time.*

A very interesting aspect, in view of the later discovery of charge exchange induced X-
rays from comets in 1996, is the fact that in the years before, charge exchange at comets
was intensively studied: Gombosi et al. (1983) showed that charge exchange between the
solar wind and cometary gas, where a fast solar wind ion and a slow cometary neutral are
replaced by a fast neutral particle and an slow heavy ion, removes a significant amount of
momentum from the solar wind flow and effectively increases the distance of the contact
discontinuity (separating the ionosphere of a comet and the solar wind) from the nucleus.
Galeev et al. (1985) examined the solar wind flow near comets analytically, taking charge
exchange cooling of the mass loaded solar wind into account. In 1986, the possibility to
perform in-situ measurements at comet Halley had stimulated further studies of this effect.
Shelley et al. (1987) found that charge exchange may be an important solar wind loss process
in the coma of comet Halley at ~ 10 km distances from the nucleus. Ip (1989) investigated
the charge exchange effect in the vicinity of the cometopause (separating the solar wind
controlled external and the heavy cometary ion dominated inner regions) of comet Halley in
order to explain the densities measured with the Vega and Giotto spaceprobes during their
encounters with this comet, and Fuselier et al. (1991) reported that the Giotto observations
of solar wind ions show charge exchange effects and solar wind compositional changes in
the coma of comet Halley.

Parallel to the astrophysical investigations of charge exchange, this process was also in-
vestigated in the context of developing an X-ray laser (Scully et al. 1974; Louisell et al. 1975;
Krasilnikov 1975), because a significant population inversion can be obtained by resonance
charge transfer pumping (Elton et al. 1978). This approach has the advantage that, by pick-
ing up an electron in the outer shell of a H-, He-, or Li-like ion, the rapid Auger rates which
are characteristic of many other X-ray laser schemes can be avoided (Cantrell et al. 1974).
It is also interesting to note that Presniakov and Shevelko (1982) reported the presence of
intense X-ray emission when the burst of a hot laser plasma reaches a solid surface, and
attributed this effect to charge exchange of multiply charged ions with neutral atoms and
low charge ions near the solid surface.

In the late 1970s it was found that charge transfer reactions can be utilized as a valuable
diagnostic tool in nuclear fusion, because charge exchange between neutral H and ionized
impurities provides a unique method for measuring the concentrations of impurity nuclei.
Since that time, the use of charge exchange spectroscopy (CXS) as a diagnostic technique
in high temperature (particularly tokamak) plasmas has become widespread (Carolan et al.
1987). CXS provides fundamental parameters for characterizing fusion plasmas, unparal-
leled by any other diagnostic technique in detail, accuracy, reliability, and experimental ease

4Currently this observational technique is being successfully applied: the ENA imagers on the Cassini-
Huygens mission to Saturn (Krimigis et al. 2009) and on the International Boundary Explorer (IBEX; Mc-
Comas et al. 2009; Fuselier et al. 2009; Funsten et al. 2009; Schwadron et al. 2009; Mdbius et al. 2009) have
revealed an unexpected, bright, narrow ribbon of ENA emission from the outer heliosphere, which was not
predicted by any model or theory.
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(Isler 1994). Charge exchange is also the dominant process in tokamak fusion devices dur-
ing neutral beam heating and in the edge regions of magnetic fusion plasmas (Boileau et al.
1989; Isler 1994; Beiersdorfer et al. 1999), and the associated energy loss may be the key
for the success of radiative divertors in future reactor-type devices (Beiersdorfer et al. 2000).
There was also a connection to astrophysics, as the observations of X-ray emission due to
charge exchange in laboratory fusion devices (e.g. Rice et al. 1986) motivated Wise and
Sarazin (1989) to perform detailed calculations about the possible occurrence of CXE in
supernova remnants, but they found its contribution to the overall X-ray emission not to be
significant (Sect. 5.1).

As this short and not necessarily complete overview illustrates, there has been a long
history and a wide variety of detailed studies of the charge transfer process, by theoret-
ical and experimental investigations and applications. A major fraction of these studies
was devoted to astrophysical scenarios, in particular in the solar system. While the im-
portance of charge transfer reactions for calculating line emissivities and determining the
ionization balance of astrophysical plasmas was recognized (Field and Steigman 1971;
Williams 1973; Baliunas and Butler 1980; Pequignot 1980a; Dalgarno and Sternberg 1982;
Shields et al. 1983; Allan et al. 1988) as well as their thermal effects (Kallman and Mc-
Cray 1982), the perhaps most important aspect of charge transfer reactions for astrophysics,
namely their high efficiency for generating ‘standalone’ X-rays under appropriate condi-
tions, was overlooked.

3.2 Charge Transfer Reactions in the Rosat Era and Beyond

The discovery of the importance of charge transfer reactions for X-ray astrophysics is closely
related to a particular satellite: Rosat. This link is not coincidental. Our Sun is a source of
highly charged ions, which originate in the hot solar corona and are ejected in the solar
wind with velocities of ~ 400 km s~ or more. Due to the rapidly expanding solar wind
plasma, they have no possibility to recombine, and remain in their highly charged state until
they encounter gas, as it is present in, e.g., the atmosphere of the Earth and comets. Then,
recombination by charge transfer becomes possible, and X-rays may be emitted. Due to the
high cross section of charge transfer, these are extended sources, which may even span the
whole sky, as the Earth exosphere, when viewed from inside. The fact that the ~ 10° K
temperature in the solar corona is frozen in the charge states of the heavy ions, implies that
the emission following charge transfer occurs mainly at energies below 1 keV. Thus, the
ideal satellite to discover solar wind charge exchange (SWCX) induced X-rays would be
one which is sensitive to low energy X-rays, provides a large field of view at a very low
instrumental background, and would preferentially scan the whole sky.

The key mission design of Rosat (Triimper 1982) was to perform the first ever all-sky
X-ray survey with an imaging telescope. For this purpose, the X-ray telescope was opti-
mized for high sensitivity and a large field of view (2° diameter). These two design goals,
together with the requirements of high reflectivity of the X-ray mirrors at grazing incidence
angles, restricted the spectral bandpass to energies less than ~ 2 keV. The detector, a posi-
tion sensitive proportional gas counter (PSPC; Pfeffermann and Briel 1983), was equipped
with a highly efficient five sided anticoincidence system (Metzner 1986) to suppress the par-
ticle induced background to less than 1 count per day per arcmin® (Plucinsky et al. 1993).
During its all-sky survey, the satellite was continuously scanning the sky along great circles,
providing an essentially unlimited field of view. Although charge exchange was not con-
sidered in the design of the Rosat mission, it appears that, in retrospect, this mission was
specifically tailored to revealing this yet undiscovered fundamental process for the genera-
tion of celestial X-rays.
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FIRST X-RAY COLOR IMAGE OF A COMET
Comet Levy « C/1990 K1 E=0.1-2.0keV

solar wind
ROSAT PSPC

g 1990 Sept. 6.50 - 7.10

1991

Fig. 1 Evidence for charge exchange induced X-ray emission recorded in the first months after the launch
of Rosat: a X-rays from the geocorona which appear to come from the direction of the dark Moon (reprinted
with permission from Schmitt et al. 1991), b X-rays from comets, e.g., Comet C/1990 K1 (Levy), one of four
comets which were serendipitously observed during the Rosat all-sky survey, ¢ enhanced X-ray flux observed
during specific scans in the Rosat all-sky survey

In fact, already on 29 June 1990, only 28 days after launch, when Rosat was still in its
performance verification phase, the Moon was observed (Schmitt et al. 1991). The image
exhibited X-rays which appeared to originate from the dark side of the Moon (Fig. 1a),
a phenomenon which was not understood at that time. Soon afterwards, on 31 July 1990,
just one day after the regular Rosat all-sky survey had started, the first comet (45P/Honda-
Mrkos-Pajdusakova) happened to get into the field of view (Dennerl et al. 1997). Its faint
X-ray signal, however, was well hidden among the ~ 100000 X-ray sources which Rosat
detected in its survey (Voges et al. 2000). Four other comets, serendipitously observed in a

@ Springer



Charge Transfer Reactions 67

total of six occasions during the survey (e.g. Fig. 1b), shared the same fate (Dennerl et al.
1997). During the survey phase, however, another phenomenon was observed: ‘a mysteri-
ous X-ray background that varies on a timescale of ~ 1-2 days’ (Snowden et al. 1994).
These ‘long term enhancements’ clearly show up in the uncorrected Rosat all-sky image as
brightenings along the scan direction (Fig. 1c).

Today we know that all these effects are caused by the same process: charge transfer
reactions between highly charged heavy solar wind ions and neutral gas around the Earth
or a comet. Finding this explanation was triggered by a rare celestial event: a very close
encounter of the Earth with a comet. On 25 March 1996, comet C/1996 B2 (Hyakutake)
passed the Earth at a distance of only 0.10 astronomical units. It was mainly the unique
opportunity to search for unusual and low luminosity phenomena which motivated an ob-
servation of this comet with Rosat. There were some vague ideas how X-rays might be
generated, but these did not include charge transfer reactions. Even after the discovery that
this comet was a bright X-ray source, when various possible scenarios were investigated,
charge transfer reactions were not among them (Lisse et al. 1996b). Despite the difficul-
ties in finding a satisfactory explanation, the subsequent detection of X-ray emission from
comets in archival Rosat data (Dennerl et al. 1996a, 1996b, 1996¢) and additional observa-
tions of C/1996 B2 (Hyakutake; Lisse et al. 1996¢) and C/1996 Q1 (Tabur; Dennerl et al.
1996d) clearly showed that X-ray emission is a class property of comets. It also indicated
that the emission is related to their gas rather than their dust content (Dennerl et al. 1997).
The fact that there was obviously a mechanism capable of causing the cold cometary gas to
emit X-rays suggested that, independent of the missing explanation, a similar effect might
also operate in the Earth’s exosphere, causing it to glow in X-rays (Dennerl et al. 1997,
Cox 1998; Freyberg 1998). This would immediately explain the ‘long term enhancements’
observed in the Rosat all-sky survey and the X-rays which appeared to come from the direc-
tion of the dark Moon.

The mystery of cometary X-ray emission was solved by Cravens (1997), who suggested
that the emission is caused by charge transfer of solar wind heavy ions and cometary gas.
His model combined known properties of comets, of the solar wind, and of atomic physics,
to make detailed predictions about the observable X-ray morphology, luminosity, and spec-
trum as well as a general prediction of the temporal variability. These predictions were found
to agree with the Rosat data of all the comets which were observed in the all-sky survey
(Dennerl et al. 1997) and of comet Hyakutake (Wegmann et al. 1998), as well as with data
obtained with EUVE (Krasnopolsky 1997; Krasnopolsky et al. 1997; Mumma et al. 1997;
Krasnopolsky and Mumma 2001). Also the further X-ray and Extreme Ultraviolet (EUV)
observations of comets, obtained with Rosat (Lisse et al. 1999) and EUVE (Krasnopolsky
et al. 2000), were found to be consistent with solar wind charge exchange (SWCX).> In
particular, detailed comparisons between the morphology observed with Rosat and XMM-
Newton and that expected for charge exchange yielded excellent agreement (Wegmann et al.
2004), and by utilizing the high sensitivity of XMM-Newton, it was even possible to deduce
the location of the cometary bow shock (Wegmann and Dennerl 2005). The improvement in
spectral resolution, which became available, just at the right time, with X-ray CCDs onboard
the satellites Chandra and XMM-Newton, directly revealed the characteristic X-ray emission
lines expected from charge transfer reactions (Lisse et al. 2001; Krasnopolsky et al. 2002;

5An X-ray observation of Comet C/1995 O1 (Hale-Bopp) with BeppoSAX was interpreted by scattered solar
X-rays on very small dust grains (Owens et al. 1998, 1999a, 1999b), but CXE could not be observationally
ruled out (Schulz et al. 2000), and Kharchenko and Dalgarno (2001) have interpreted the X-ray spectrum in
terms of CXE characteristic of a slow solar wind.
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Dennerl et al. 2003; Kharchenko et al. 2003), which were resolvable before only in the EUV
range (Krasnopolsky and Mumma 2001). The X-ray spectrum with the highest resolution
currently available, obtained from comet C/2000 WM1 (LINEAR) with the Reflection Grat-
ing Spectrometers onboard XMM-Newton (RGS; den Herder et al. 2001), even allows the
multiplet of He-like O VII emission to be resolved and to prove unambiguously the presence
of charge transfer reactions (Dennerl et al. 2011). In short, comets can now be considered as
the best natural laboratory for studying charge transfer reactions. They have demonstrated
the efficiency of these reactions for creating X-rays and have directed our attention to the
fact that nature is capable of producing extremely favorable conditions for the generation of
CXE. This, however, was overlooked for a long time and only discovered by chance.

In retrospect, with the facts presented above in mind, it may seem surprising that the dis-
covery of cometary X-ray emission in 1996 was considered as such a big surprise, because
all the ingredients necessary to predict this emission were already available since 1968: the
properties of the cometary coma (Haser 1957), the solar wind velocity (Biermann 1951) and
its heavy ion content (Bame et al. 1968; Hundhausen et al. 1968), the average cross sections
of charge transfer reactions (Bohr and Lindhard 1954), and the energies released in the sub-
sequent recombination (e.g. Tucker and Gould 1966). All what would have been needed in
order to get an estimate of the X-ray luminosity Ly of a comet was to multiply the following
numbers:®

LX ~ vSWnSWyXEXSC

i.e., the solar wind velocity v, ~ 400 km s~!, the solar wind particle density at the location
of a comet ng, ~ 10 cm™3, the fraction of heavy ions in the solar wind capable of releasing
an X-ray photon in a charge exchange event y, ~ 1073, the average X-ray energy E, ~
0.3 keV released per charge exchange event, and the projected area of the cometary coma
Se=r2m~5-10" km?. With these values, an impressive X-ray luminosity of ~ 10° W
results, corresponding to an easily observable X-ray flux of ~ 1.6 photons s~! from 10% km
distance. Thus, the prediction that comets constitute a new class of X-ray sources would
have been possible already in 1968.

The lack of such a prediction is even more surprising if one considers that, on the one
hand, there were ideas around how the emission generated by charge transfer could be uti-
lized in the laboratory, and that, on the other hand, charge transfer was intensively studied
for decades in astrophysics, in particular at comets, culminating with in-situ measurements
at comet Halley, where the Giotto data showed the charge of solar wind oxygen and carbon
ions to decrease with decreasing distance to the cometary nucleus, a clear indication for the
presence of charge transfer (Fuselier et al. 1991).

The serendipitous aspect in the discovery of the importance of charge transfer for X-ray
astrophysics, by revealing the X-ray emission of comets, has a famous counterpart in X-ray
astronomy: the serendipitous discovery of X-rays from an accreting neutron star, Sco X-1, in
June 1962 (Giacconi et al. 1962). This discovery, which marks the birth of X-ray astronomy,
was also considered as a big surprise. However, with the information which was available at
that time, i.e., the concept of neutron stars (Landau 1932; Baade and Zwicky 1934) and of
Roche lobe overflow in close binaries with subsequent accretion (Crawford and Kraft 1956),

6This estimate is based on the fact that, due to the high cross section of charge transfer, essentially each heavy
ion in the solar wind is subject to at least one charge transfer process in the coma within its assumed extent,
and that the released X-rays can leave the coma unattenuated, because the cross section for interaction of
X-ray photons is four orders of magnitude lower than that of heavy ions.
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Fig. 2 Cumulative number of refereed publications on charge transfer reactions which are related to the
discovery of cometary X-ray emission (except for some publications on Jupiter, which describe indepen-
dent charge transfer studies). The publications are grouped according to the categories listed in the legend.
Publications which cover several topics are assigned to their main category

it would have been a straightforward exercise’ to predict the dominance of accreting neutron
stars in the X-ray sky. However, in 1962, it was expected that lunar fluorescence from solar
X-rays might be the strongest source in the night sky (Giacconi 2003).

After the discovery of CXE in comets, the importance of charge transfer reactions for
generating X-rays in astrophysical environments became obvious and has stimulated many
further investigations of CXE, including new dedicated laboratory experiments and theoret-
ical calculations as well as astrophysical studies. The expansion of this field of research is
clearly visible in Fig. 2, where the cumulative number of refereed publications on charge
transfer reactions since 1996 is displayed. With the exception of some publications on
Jupiter, where charge transfer was independently investigated, only those publications were
included which are explicitly related to the discovery of cometary X-ray emission. Figure 2
illustrates how this discovery has stimulated the interest of the astrophysical community in

TMatter falling onto a neutron star with a mass M = 1 Mgyp and aradius R = 10 km releases GM R 1c2=
15% of its rest mass as thermal energy. By balancing the gravitational pressure and the radiation pressure, it
follows that, for spherical inflow, an accretion rate of ~ 1.5 - 10-8 Mgun yr*1 is already sufficient to saturate
the accretion process. From the corresponding Eddington luminosity, Lggq ~ 1.3 - 1038 erg s~1, the tem-
perature T of the emitting plasma can be estimated by Lgqq = 47 R%6 T*. The resulting high temperature,
T~2-10"K, implies that the energy is mainly radiated in the X-ray range. The X-ray luminosity is so high
that even from a distance of 1 kpc, a flux of 1076 erg em~2 s~ is observed. This is four orders of magnitude

higher than the X-ray flux which we get from the Moon.
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the CXE mechanism: while papers on comets dominate the publications on CXE in the first
years after 1996, this field has expanded so much that, by 2009, the publications on comets
comprise less than one quarter. This is a clear indication that the consequences of this dis-
covery go far beyond cometary research. The following two Sections will attempt to present
a concise overview on our current knowledge about the various locations where CXE is
known or likely to occur and has or may have been detected.

4 Solar System X-rays due to Charge Transfer Reactions

The fact that the Sun is emitting highly charged heavy ions which are producing CXE when-
ever they encounter gas, and that gas is found at various places in the solar system, makes
our solar system rich in CXE sources, as will be described in this section.

4.1 Comets

Comets are the most prominent CXE sources. Their importance for fundamental studies
of the charge transfer process was already discussed in Sect. 2.3, and in Sect. 3.2 a short
summary of some scientific highlights on cometary X-ray emission was presented. Here,
a novel possibility of utilizing the X-ray emission of comets is briefly addressed: remote
sensing of the heavy ion content of the solar wind.

After it was realized that cometary X-ray emission is the result of charge transfer interac-
tions between heavy solar wind ions and neutral gas, it became obvious that comets can be
used as natural probes for monitoring the heavy ion content of the solar wind (Dennerl et al.
1997; Kharchenko and Dalgarno 2000), because each ion leaves its characteristic signature
in the X-ray spectrum. Around solar minimum, two types of solar wind are present: a fast
(v ~ 700 km s~ 1), steady polar component at latitudes above ~ 20 degrees, characterized
by low density and low ionization, and an equatorial component, which is typically slow
(v ~ 400 km s™"), dense, and highly ionized, but also highly variable in these parameters.
Outside solar minimum, the equatorial component is expanding to higher latitudes, so that
the clear distinction between both components disappears around solar maximum. Before
the discovery of cometary X-ray emission, an investigation of the chemical composition and
ionization state of the solar wind required in-situ measurements, and to date only one instru-
ment, SWOOPS on Ulysses (Bame et al. 1992), was able to perform such measurements at
high heliographic latitudes (McComas et al. 2003).

In this context, the cometary X-ray emission holds a high scientific potential. The large
extent of the cometary coma combined with the large cross section for charge transfer re-
actions makes comets act as sensitive sensors (cf. Fig. 4b) which probe locally the heavy
ion content of the solar wind and transmit this information by electromagnetic radiation
(X-rays) over large distances. Moreover, due to the fact that, unlike all other solar system
objects, the paths of comets are not restricted to low ecliptic latitudes, they allow a full 3D
sampling of the solar wind. As the Oort cloud and the Kuiper belt provide, on the long-term
average, a constant supply of comets, the solar wind can be monitored over all phases of
the 11 year solar activity cycle. Thus, comets are ideally suited for deriving observational
information about fundamental properties of the solar wind, which would be very difficult to
obtain otherwise. This information is not only important for our understanding of the Sun,
but also of solar-type stars in general.

The first quantitative attempts to deduce solar wind properties from cometary X-
rays were made by Schwadron and Cravens (2000), using archival Rosat data of comet
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C/1990 K1 (Levy), the brightest comet which was observed in the all-sky survey,® and by
Kharchenko and Dalgarno (2001), who also included the EUVE spectrum of comet Encke
and the BeppoSAX spectrum of comet Hale-Bopp. These two investigations, however, ar-
rived at different conclusions about the solar wind properties. This discrepancy is probably
not only related to different assumptions, but also to the limited spectral resolution which
was available in these early data. In the year 2000 the situation improved considerably with
the launch of Chandra and XMM-Newton, which are both equipped with X-ray CCDs. Over
the last decade, a sufficient number of comets was observed with these satellites to allow for
improved studies of whether they can indeed be utilized as remote sensors of the heavy ion
content of the solar wind. Krasnopolsky (2006) analyzed the X-ray spectra of four comets
which were observed with Chandra in a consistent way and found significant variability of
the flow, chemical composition, and charge state of the solar wind.

Bodewits et al. (2007) analyzed the X-ray spectra of all the comets, eight in total, which
were observed with Chandra in the period 2000 to 2006, covering the transition from solar
maximum to solar minimum. The analysis was done in a consistent way for all the comets,
by keeping the relative intensities of all transitions of each ion (i.e., CV, C VI, N VI, N VII,
O VII, O VIII) fixed according to emission cross sections which were independently deter-
mined for several collision velocities, and by adding two emission lines of Ne IX and Ne X.
In this way, the number of free parameters could be reduced from 35 to 8, making the spec-
tral fits tractable. Figure 3a shows the (background subtracted raw) spectra of all the comets,
and Figs. 3b, ¢ show at which ecliptic latitude and phase in the solar cycle the spectra were
observed. It is immediately obvious that there are spectral differences. In Fig. 3a, three spec-
tral bands are indicated, dominated by emission from (i) CV, C VI, N VI (‘C 4+ N’), (ii) by
O VII, and (iii) by O VIII ions, and the spectra are arranged in the way that, from top to
bottom, flux is systematically shifted from lower to higher energy bands. The quantitative
results of the spectral fits clearly show that the flux in the C 4+ N band is anticorrelated to
that in the O VIII band (Fig. 3d), indicating that the comets were exposed to different solar
wind conditions.

As can be seen in Fig. 3b and c, all the comets which were observed at high latitudes hap-
pened to be there during solar maximum, when the equatorial solar wind had expanded into
these regions. This implies that, until 2006, Chandra had not observed any comet exposed
to the polar wind. This situation changed in October 2007, during solar minimum, when
comet 17P/Holmes experienced a spectacular outburst, which increased its optical bright-
ness within hours by almost a million times, from under 17 mag to 3 mag, making it the
optically by far brightest comet which was observable with Chandra since its launch. Comet
17P/Holmes was placed at a sufficiently high latitude (19°) to be exposed to the polar wind.
It was thus expected that this comet would exhibit considerably different X-ray properties,
and in fact this was observed: 17P/Holmes became the first comet where Chandra did not
detect any significant X-ray emission at all (Christian et al. 2010). The most likely explana-
tion for this dramatic X-ray faintness is that the polar wind was so diluted and its ionization
so low that only very little CXE was generated at energies above ~ 300 eV. An instrumental
effect, i.e., a loss of sensitivity, can definitively be ruled out, because only two months later,
another comet, 8P/Tuttle, was observed with Chandra, and this comet, at low latitude (3°),
was clearly detected in X-rays (Christian et al. 2010).

8A spectral analysis of the Rosat data of comet Hyakutake was not possible, because this comet was observed
with an X-ray detector (‘HRI’) of insufficient energy resolution. The comets which were found in the data of
the Rosat all-sky survey, however, were observed with a proportional counter (‘PSPC’) which provided some
spectral information.
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Fig. 3 Summary of the spectral results obtained with Chandra for all the comets (denoted by A—H) which
were observed from 2000 to 2006: a the 0.3—1.0 keV pulse height distributions, b the ecliptic latitudes and
¢ phases in the solar cycle of the observed comets, and d the deduced information about the solar wind
heavy ion content. All the comets were exposed to the equatorial solar wind, because of their low ecliptic
latitude (E-H) or the fact that they were observed during solar maximum (A-D), when the equatorial solar
wind extends to high latitudes. Three spectral bands are shown in (a), which are dominated by emission from
C+ N, O VII, and O VIII, respectively; the spectra are arranged in the way that they become progressively
harder from top to bottom. Consequently, the flux ratios in the three bands derived by spectral fits (d) fall into
three categories, indicative of cold, fast (fop), warm, slow (middle), and hot, fast, disturbed (bottom) solar
wind conditions. a, ¢, d were adapted from (Bodewits et al. 2007)

These observations have demonstrated how sensitively the cometary X-ray emission re-
sponds to changes in the solar wind, and that comets can indeed be used for remote sensing
of the heavy ion flux. However, they also show that the spectral resolution which can be ob-
tained from the X-ray CCDs onboard Chandra and XMM-Newton is a limiting factor below
E ~ 300 eV, where the density of emission lines becomes so high that a unique reconstruc-
tion of the incident photon spectrum is not possible without model assumptions. Higher
spectral resolution will be required in order to fully exploit the scientific potential contained
in cometary X-rays.
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4.2 Nonmagnetic Planets with Atmospheres

At nonmagnetic planets possessing atmospheres, i.e., Venus and Mars, the solar wind inter-
acts in a similar way with their outer atmospheres (exospheres) as it interacts with comets.
In this respect, Venus and Mars can be considered as planetary analogs to comets. Com-
pared to the coma of a comet, however, there are marked differences (e.g. Dennerl 2009):
the atmosphere of a planet is much more condensed, which implies that only the outermost
atmospheric regions are capable of emitting X-rays by charge exchange, because the so-
lar wind heavy ions are exhausted when they reach the inner atmospheric layers. Thus, the
charge exchange induced surface X-ray brightness of a planetary atmosphere does not ex-
ceed that of the dense inner part of a collisionally thick cometary coma. As the atmospheres
of Venus and Mars subtend a considerably smaller solid angle than comets, when observed
from near Earth, their CXE flux is easily exceeded by that of a comet.

The high density of a planetary atmosphere has another consequence: it causes a compet-
ing process for the production of X-rays to become important: scattering of solar X-rays. As
the cross sections for scattering (<107'8 cm?) are at least three orders of magnitude smaller
than those for charge exchange (~ 107!5 cm?), scattering requires a sufficient density of
the target gas in order to obtain a sufficient optical depth for photoabsorption and subse-
quent reemission. This is the case in a planetary atmosphere (at a height of 110 km, e.g.,
the atmospheric density is ~ 10'2 cm™ at Mars, and ~ 10'* cm™ at Venus), but not in a
cometary coma (even for an active comet with a gas production rate of 10%° molecules s,
the density at 1000 km distance from the nucleus is only ~ 107 cm~3). Depending on the
relative strengths of the solar X-ray and heavy ion flux, scattering of solar X-rays may even
dominate the overall X-ray flux. This was the case in the first X-ray observations of Venus
(Dennerl et al. 2002) and Mars (Dennerl 2002). These observations have shown that the
scattering occurs predominantly in the form of fluorescence on C, O, and N atoms (the main
atmospheric constituents), where an X-ray photon is emitted after removal of an innershell
electron by photoionization. The atomic transitions which give rise to the emission of an
X-ray photon are similar to those in the deexcitation process after charge exchange. How-
ever, in the case of CXE, the atom is in a higher ionization state, which implies that there
are less electrons present to shield the positive nuclear charge, thus increasing the binding
energy of the inner shells. Consequently, the X-ray energies resulting from CXE are some-
what (by a few percent) higher than the corresponding transitions from fluorescence. This
offers a possibility to spectrally distinguish between both processes. With the high spectral
resolution which is provided by X-ray gratings, it is even possible to resolve fine structure
in the fluorescent emission, resulting from molecular transitions in CO,, as demonstrated on
Venus with Chandra (Dennerl et al. 2002) and on Mars with XMM-Newton (Dennerl et al.
2006).

The additional presence of scattered solar X-rays (Cravens and Maurellis 2001) poses a
major challenge for observing CXE (Holmstrom et al. 2001, 2002) at nonmagnetic planets.
A separation between components can be achieved, within limitations, by utilizing the spec-
tral, spatial, and temporal information available. For Mars, which possesses a very extended
exosphere due to its low mass (only 10.7% of the Earth), the spatial separation is fairly
straightforward. Indications for CXE from an extended X-ray halo were found already in
the first Chandra observation, though at low statistical significance (Dennerl 2002). The ex-
istence of the halo was confirmed by a subsequent XMM-Newton observation with higher
sensitivity (Dennerl et al. 2006), which made it even possible to image the extended emis-
sion in the light of individual X-ray line transitions (Fig. 4a). For Venus, being 7.6 times
more massive than Mars, the exosphere is considerably more compact, which makes a spa-
tial discrimination between CXE and scattered solar X-rays a very challenging goal. This
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Fig. 4 Demonstration of the capability of charge exchange induced X-ray emission of revealing tenuous
amounts of gas. a XMM-Newton/RGS image of Mars, showing emission from ionized solar wind oxygen
and carbon in blue and green, respectively, while fluorescence of solar X-rays on neutral carbon and oxygen
is coded in orange (Dennerl et al. 2006). b XMM-Newton/EPIC pn image of Comet C/2000 WM1 with
contour lines, superimposed on an optical image (Dennerl et al. 2003). In both images, the Sun is to the left

goal can be attained by utilizing the following two circumstances: (i) Simulations indicate
that CXE should be almost exclusively confined to the limb (Gunell et al. 2007), while the
limb brightening expected from scattered solar X-rays should be less pronounced (Dennerl
et al. 2002). (ii) The solar X-ray luminosity, and thus the solar X-ray flux scattered off the
Venusian atmosphere, is considerably higher modulated with the ~ 11 year solar cycle than
the equatorial solar wind. As the X-ray image of Venus is a superposition of a scattered solar
X-ray image with moderate limb brightening and a CXE image with high limb brightening,
the overall limb brightening should increase from solar maximum to solar minimum. Chan-
dra observations from 2001 (solar maximum) to 2007 indeed show this behaviour, as well
as indications for a spectral transition from primarily scattered solar X-rays to CXE from
the center to the limb (Dennerl 2008). Thus, for Venus and Mars, the presence of CXE has
been observationally established.

X-ray observations of charge exchange interactions between atmospheric constituents
and solar wind ions in planetary exospheres have a high scientific potential, because this
process is considered as an important nonthermal escape mechanism, which may be respon-
sible for a significant loss of the atmosphere. Although this escape process is mainly due
to charge exchange with solar wind protons, which are ~ 1000 times more abundant than
heavy ions and which do not produce X-rays, the high cross section makes CXE an efficient
tracer of planetary outgassing (e.g. Fig. 4a). X-ray observations open up a completely new
possibility of remote, global imaging of planetary exospheres, and their spatial and temporal
variability (Dennerl 2006).

4.3 Magnetic Planets with Atmospheres
Charge exchange occurs also in the atmospheres of magnetic planets, and in fact this is
where hints to this process had first been found (Sect. 3.1). Compared to nonmagnetic plan-

ets, the presence of a strong magnetic field deflects and accelerates the heavy ions and mod-
ifies the charge exchange mechanism considerably. When ions precipitate at high kinetic
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energies into a planetary atmosphere, collisions with atmospheric atoms and molecules re-
duce the ion translational energies and increase the fraction of highly charged ions. Thus,
in contrast to nonmagnetic environments, the charge of the precipitating ions may increase
and decrease many times in sequential collisions with the atmospheric gas. In this case, the
X-ray spectra depend strongly on the kinetic ion energies, while in the nonmagnetic case,
they are determined by the composition of the solar wind. This was investigated in detail by
Kharchenko et al. (2008) for Jupiter.

Jupiter is the planet with the highest magnetic field in the solar system, and a powerful
X-ray source. X-rays from Jupiter, coming from both polar regions, had already been de-
tected in observations with the Einstein satellite in 1979 and 1981 (Metzger et al. 1983).
Further observations with Rosat in 1994 revealed additional X-ray emission at low latitudes
(Waite et al. 1997). A detailed interpretation, however, was hampered by the limited spa-
tial and spectral resolution available. Substantial progress in the interpretation was obtained
with the satellites Chandra (e.g. Gladstone et al. 2002; Elsner et al. 2005a; Bhardwaj et al.
2006)° and XMM-Newton (e.g. Branduardi-Raymont et al. 2004, 2006, 2007b, 2008; Bhard-
waj et al. 2005b). They showed that the equatorial component is predominantly caused by
scattered solar X-rays (Maurellis et al. 2000; Bhardwaj et al. 2005b; Cravens et al. 2006;
Branduardi-Raymont et al. 2007b), similar to Venus and Mars, and indicated that charge ex-
change is the basic explanation of the polar component for X-ray energies below ~ 2 keV,
while bremsstrahlung of energetic electrons precipitating from the magnetosphere may be
responsible for the X-ray emission at higher energies (Branduardi-Raymont et al. 2004,
2006, 2007a, 2008). In contrast to the nonmagnetic planets, however, where the heavy ions
are supplied by the solar wind, the heavy ions could also originate from the Jovian magne-
tosphere, by acceleration and subsequent additional ionization of ambient sulfur and oxygen
ions in a field-aligned potential (Bunce et al. 2004), as explored by Cravens et al. (2003),
who considered the second possibility more likely. Also Hui et al. (2009) favored the idea
that ions of magnetospheric origin dominate in driving the auroral X-ray emission, because
fits to the X-ray spectra of the Jovian aurora obtained with Chandra showed no improvement
by including carbon, which would be abundant in the solar wind.

Saturn also possesses a high magnetic field, rotates fast, exhibits powerful UV auro-
rae, and has been detected in X-rays with XMM-Newton and Chandra (Ness et al. 2004a,
2004b). Thus, by analogy with Jupiter, one might expect that auroral X-ray emission should
be observable at Saturn, too. None, however, has been detected to date. Almost all of the
observed X-ray flux from Saturn is caused by scattered solar X-rays (Bhardwaj et al. 2005a;
Cravens et al. 2006), with the possible exception of X-rays from its rings (Bhardwaj et al.
2005¢), where other processes may also contribute, like lightning induced electron beams,
which might energise the icy particles in the rings and cause them to emit fluorescent
0-K,, radiation (Branduardi-Raymont et al. 2010). The lack of any observable auroral X-ray
emission from Saturn is consistent with its low FUV emission compared to Jupiter, and by
its at least ~ 20 times lower surface magnetic field, magnetic moment, and magnetic particle
density, which makes it likely that any auroral X-ray emission is below the sensitivity limit
of current instrumentation, as pointed out by Branduardi-Raymont et al. (2010). The same
authors estimated that the expected auroral X-ray flux from Uranus and Neptune is also too
faint to be currently detected (for Uranus, this estimate is in agreement with a non-detection
by Chandra in August 2002; Bhardwaj et al. 2007), and that in-situ observations are the only
feasible way to search for auroral X-ray emission from Uranus and Neptune.

9The Chandra observations also revealed X-ray emission coming from Jupiter’s moons Io and Europa, and
the To plasma torus (Elsner et al. 2002, 2005b).
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Lack of in-situ measurements is not a problem for the last remaining magnetic planet
with an atmosphere: the Earth. In contrast to Jupiter’s aurora, which is largely powered by
energy extracted from planetary rotation, Earth’s aurora is generated through the interaction
of the solar wind with the magnetosphere (Waite et al. 2001), and its X-ray emission is not
caused by charge exchange of energetic heavy ions, but by bremsstrahlung from precipi-
tating electrons (e.g. Bhardwaj 2006). Charge exchange, however, does occur in the Earth
exosphere, or geocorona. While this has been known for a long time (Sect. 3.1), its implica-
tions for X-ray astronomy were not realized before the discovery of cometary X-rays: Earth
is surrounded by an extended X-ray emitting cloud (cf. Fig. 4a), which superimposes a dif-
fuse X-ray glow to observations which are performed from a low Earth orbit. This specific
viewing geometry makes it very challenging to disentangle the X-ray emission resulting
from charge exchange interactions in the geocorona from other components in the diffuse
X-ray sky. For this reason, the implications of charge exchange at Earth are discussed in a
separate section.

4.4 Geocorona and Heliosphere

As mentioned in Sect. 3.2, CXE produced near the Earth was recorded already in 1990 with
Rosat (cf. Fig. 1), but it was either not recognized (comets), or not understood (‘long term
enhancements’) or misinterpreted (Moon) at that time. Soon after the discovery of cometary
X-ray emission, however, it became apparent that CXE from the Earth has far-reaching
consequences, because the fact that this emission appears to come from larger distances
can easily lead to misinterpretations. This problem is not restricted to the geocorona. Also
the heliosphere is glowing in X-rays due to CXE. Thus, any X-ray observation made from
within the solar system may be affected by charge exchange (e.g. Wargelin et al. 2004).

Soon after the discovery of the importance of charge exchange for the generation of
cometary X-rays, it was realized that the same process should also operate at the geo-
corona (Dennerl et al. 1997; Cox 1998; Freyberg 1998). This was directly demonstrated
by Chandra observations of the dark Moon, which revealed the spectral signatures of CXE
(Wargelin et al. 2004). Cox (1998) also considered another source of diffuse X-ray emis-
sion, due to charge exchange between the solar wind and the stream of interstellar matter
flowing through the solar system, causing also the heliosphere to glow in X-rays. There may
be yet another source of CXE present which can be attributed to the solar system, caused by
instabilities at the heliopause (Borovikov et al. 2008). Compared to the geocoronal compo-
nent, the heliospheric emission is expected to exhibit slower temporal variations and a dif-
ferent large-scale spatial distribution (Robertson et al. 2001; Robertson and Cravens 2003;
Lallement 2004b). A clear distinction between these contributions, however, and especially
a determination of their absolute flux, is very difficult, because of the similarity of these
components and of the diffuse X-ray emission originating outside the solar system.

The most straightforward method for discriminating the geocoronal and heliospheric
CXE from extrasolar X-ray emission is to utilize its temporal variability. In a pioneering
study, Snowden et al. (2004) compared four successive XMM-Newton observations of the
same part of the sky (the ‘Hubble Deep Field North’) which does not contain bright X-ray
sources, and found that the first three were statistically the same, while the last one ex-
hibited additional flux with a spectral distribution which was consistent with that expected
from SWCX. Smith et al. (2005) found evidence for SWCX emission in Chandra obser-
vations toward the nearby molecular cloud MBM 12, and Fujimoto et al. (2007) reported
the detection of SWCX emission in Suzaku observations of a blank field in the direction
of the north ecliptic pole. Carter and Sembay (2008) performed extensive systematic inves-
tigations of the XMM-Newton data archive in order to identify observations which were
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affected by SWCX. The most extreme case exhibited a rich emission line spectrum up to
Si XTIV at 2.0 keV, indicating that a cloud of plasma associated with a coronal mass ejection
had passed the Earth’s exosphere (Carter et al. 2010).

While temporal variability studies are capable of identifying periods of enhanced geo-
coronal and heliospheric X-ray flux, they cannot be used to determine the zero level of the
quiescent component. In recent years, the potential implications of solar system CXE for
studying extended soft X-ray sources have received increased attention. Charge exchange
is now more generally considered as an X-ray ‘background’ component, no matter whether
the data were obtained with XMM-Newton (e.g. Galeazzi et al. 2007; Snowden et al. 2008;
Gupta et al. 2009), Chandra (e.g. Smith et al. 2005), or Suzaku (e.g. Smith et al. 2007;
Miller et al. 2008; Yoshino et al. 2009). The controversial discussion of a claimed detec-
tion of emission from warm-hot gas in the intergalactic medium (Vikhlinin et al. 2001;
Arnaud et al. 2001; Kaastra et al. 2003; Finoguenov et al. 2003; Bowyer and Vikhlinin 2004;
Bregman and Lloyd-Davies 2006; Nevalainen et al. 2007) illustrates the far-reaching conse-
quences of geocoronal and heliospheric X-rays.

The object which is most severely affected by charge exchange induced X-rays from
the solar system is the Local Bubble, an irregularly shaped cavity of ~ 60 pc radius around
the Sun, supposed to contain a plasma of ~ 10° K, producing diffuse X-ray emission with
spatial and spectral characteristics that are very similar to SWCX. This implies that the qui-
escent diffuse soft X-ray flux, which was solely attributed to the Local Bubble before the
discovery of cometary X-rays, has to be shared with geocoronal and heliospheric CXE (e.g.
Cox 1998; Cravens et al. 2001; Lallement 2004b; Henley and Shelton 2008). This new situa-
tion has stimulated many efforts to determine how much flux comes from the Local Bubble.
In a first attempt, (Cravens 2000) estimated that heliospheric X-ray emission can account
for about 25%—-50% of the observed soft X-ray background intensities. Koutroumpa et al.
found that SWCX can entirely explain the diffuse emission in the 3/4 keV band (dominated
by O VII and O VIII emission; Koutroumpa et al. 2007), that it contributes significantly in
the 1/4 keV band (Koutroumpa et al. 2008), and that it can account for most of the observed
emission at low galactic latitudes, but not at galactic latitudes above 30° (Koutroumpa et al.
2009). Robertson et al. (2009) estimated that about half of the soft X-ray background mea-
sured during the Rosat all-sky survey is due to emission produced within the heliosphere.
Thus, the discovery of SWCX induced X-ray emission requires many previous conclusions
and models about the Local Bubble to be revisited (e.g. Shelton 2008, 2009; Lallement
2009).

An interesting possibility to identify the SWCX contribution to the diffuse X-ray flux
would be offered by observations with very high spectral resolution, which directly resolve
the multiplets of He-like ions, because charge exchange produces characteristic flux ratios
there (e.g. Pradhan 1985; Kharchenko et al. 2003; Pepino et al. 2004).'% Such observations,
with a spectral resolution of ~ 4 eV, have already succeeded with XMM-Newton for Mars
(Dennerl et al. 2006). The high spectral resolution here, however, was achieved by slitless
X-ray grating spectroscopy (RGS; den Herder et al. 2001), a technique which is not applica-
ble to completely diffuse emission. In this case, the required high spectral resolution could
be achieved by a microcalorimeter. McCammon et al. (2002) have already presented a com-
posite spectrum of ~ 10% of the sky with a microcalorimeter, where a spectral resolution
of ~ 9 eV was obtained. An upcoming mission with a microcalorimeter will be ASTRO-H,
currently scheduled for launch in 2013. Its Soft X-ray Spectrometer (SXS) is expected to

1Ol-lowever, there might still be a contribution of CXE of extrasolar origin; Sect. 5.1.
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provide an energy resolution of 4-7 eV (Mitsuda et al. 2010). An even higher spectral res-
olution, of 2.5 eV, is planned to be obtained with the X-ray Microcalorimeter Spectrometer
(XMS) onboard the International X-ray Observatory (IXO; den Herder et al. 2010).

5 Extrasolar X-rays due to Charge Transfer Reactions

Although CXE was discovered in the solar system and can be best studied here, observations
of this process are not necessarily restricted to the solar system. In recent years, an exciting
search has started for evidence of CXE from outside the heliosphere. CXE in the context of
extrasolar X-ray studies was already discussed in Sect. 4.4, but there it was considered as a
contaminant, while this section will deal with potential sources of extrasolar CXE.

5.1 Interstellar Medium

The Interstellar Medium is a very interesting potential location for generating CXE, in par-
ticular at interfaces between hot gas and cool clouds. Lallement (2009) noted that, for an H
atom entering a hot plasma, the mean free path against charge transfer is often of the same
order as the mean free path against collisional ionization, and that the CXE expected from
high velocity clouds in a hot halo is of about the same order as the emission detected with
Rosat towards some high velocity clouds (e.g. Kerp et al. 1998).

Lallement (2009) presented evidence for CXE of the North Polar Spur (NPS), an elon-
gated region of extended X-ray emission approximately north of the galactic center, which
is already apparent in the uncorrected data from the Rosat all-sky survey (Fig. 1c). The NPS
is the brightest filament of the Loop I superbubble, which is known to be the largest coherent
structure on the X-ray sky, probably produced by a series of supernovae and stellar winds
from the nearby Sco-Cen OB association. Lallement (2009) noticed that the highest quality
X-ray spectra of the NPS, obtained with XMM-Newton (Willingale et al. 2003) and Suzaku
(Miller et al. 2008), both exhibit a peculiar feature: the emission from the (unresolved) multi-
plets of the He-like ions O VII and Ne IX is systematically shifted (by ~ 10-15 eV) to lower
energies relative to the H-like ions O VIII and Ne X. Exactly this behaviour is expected for
charge exchange, because this process tends to brighten the flux of the spin forbidden mag-
netic dipole transition (at 561 eV for O VII) with respect to that of the resonance transition
(at 574 eV for O VII), thus causing a systematic shift to lower energies (e.g. Smith et al.
2001; Kharchenko et al. 2003; Pepino et al. 2004). The fact that the energy shift is observed
with respect to the emission from the H-like ions O VIII and Ne X (where no energy shift
is expected) excludes the possibility that this shift is caused by uncertainties in the absolute
energy calibration of the detectors.

Supernova Remnants are another location which contain interfaces between hot gas and
cool clouds. As already mentioned in Sect. 3.1, investigations of the role of charge exchange
in supernova remnants have a long history (Chamberlain 1956; Serlemitsos et al. 1973).
Wise and Sarazin (1989) performed a detailed study of the X-ray emission of supernova
remnants which is expected to arise from charge exchange between neutral hydrogen and
highly ionized heavy ions in the periphery of a fast shock, and compared this flux with that
released by collisional ionization, recombination, and excitation processes between ions and
electrons. They found that CXE does not contribute more than 10% of the emission of the
shock heated gas within the remnant, though this emission could be enhanced if unshocked
neutral gas would be mixed into the hot shocked gas. They also noted that charge exchange
occurs mainly to highly excited states of the ion and can thus produce spectral features
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characteristic of a recombining plasma in what would otherwise be described as an ioniz-
ing shock. A more recent investigation by Lallement (2004a) also came to the conclusion
that CXE from the interface regions is negligible, although charge exchange could slightly
increase the limb brightening if they happen to be oriented along our line of sight.

The role of charge exchange was also investigated in the context of the Galactic ridge
X-ray emission, originating from a disk-like region around the Galactic center, with a ra-
dius of several kpc and a scale height of ~ 100 pc. Tanaka et al. (1999) considered charge
exchange interactions between low energy cosmic ray heavy ions with interstellar hydro-
gen as a possible explanation of the Galactic ridge emission. This process, which had al-
ready been investigated earlier for the production of X-ray line emission (Watson 1976;
Blint et al. 1976; Christensen et al. 1977, Sect. 3.1), would in general agree with the
Suzaku spectra, which show the Galactic ridge emission to be characterized by intense
emission lines of Fe and all abundant lower Z elements (Tanaka 2002). However, this
possibility was not supported by more recent observations with Suzaku (Koyama 2007;
Ebisawa et al. 2008). As an alternative explanation, (Revnivtsev et al. 2006) suggested that
the bulk of the Galactic Ridge emission is composed of weak X-ray sources, mostly cata-
clysmic variables (White Dwarfs in binary systems, accreting matter from their companions)
and coronally active binaries. This was confirmed by an ultradeep 10° s Chandra observa-
tion of a small field near the Galactic Center, where more than 80% of the Galactic Ridge
X-ray emission could be resolved into point sources (Revnivtsev et al. 2009).

5.2 Stars

Wargelin and Drake (2001) proposed a novel method of studying stellar winds from late
spectral type (F-M) dwarf stars through searching for CXE signatures. By applying this
method to Chandra observations of Proxima Centauri, where no X-ray halo was detected,
Wargelin and Drake (2002) could reduce the upper limit on the mass loss rate by orders
of magnitude. Based on XMM-Newton observations of the 09.7 Ib supergiant ¢ Orionis,
Pollock (2007) suggested that the X-rays do not originate in cooling shocks in the accel-
eration zone of the stellar wind, but in its terminal velocity regime in collisionless shocks
controlled by magnetic fields. He noted that the conditions immediately behind a stellar
wind shock are far away from equilibrium, so that charge exchange between ions is likely to
be of fundamental importance during the initial phase of the post shock relaxation and may
be responsible for the production of many highly charged ions. Pollock (2007) concluded
that charge exchange is likely to be as important in stellar winds as it is for the generation
of cometary X-rays in the solar wind.

5.3 Galaxies

In recent years, indications for CXE have also been detected in the starburst galaxy M 82.
Tsuru et al. (2007) concluded from a deep observation of M 82 with Suzaku that charge ex-
change may make a significant contribution to the observed O-K emission in an X-ray bright
area of its extended X-ray halo, where the ionized superwind from M 82 can be assumed to
collide with cool ambient gas. Evidence for charge exchange processes was also reported
by Ranalli et al. (2008) for the central region of M 82, where one of two emission lines seen
in XMM-Newton spectra which cannot be accounted for by thermal plasma emission could
be explained by CXE from excited O VIII ions. Evidence for CXE has also been found in
the bulge of M 31 with XMM-Newton, where Liu et al. (2010) have observed an intensity
excess from the O VII multiplet. This and the fact that, within the O VII multiplet, the contri-
bution from the spin forbidden transition would be unusually high for pure thermal emission
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(Sect. 5.1), led Liu et al. (2010) to suggest the presence of CXE originating at the interface
between the hot gas and a known cool gas spiral.

5.4 Clusters of Galaxies

According to Lallement (2004a), the relative importance of CXE compared to thermal emis-
sion of a hot plasma, is proportional to the product vn.n,~2, where v is the relative velocity
between the hot and cold gas, n. the cold gas density, and 7, the hot gas density at the in-
terface. Thus, CXE is particularly important when a tenuous hot plasma encounters a dense
cold cloud at a high velocity. In this respect, the interaction between cold interstellar clouds
and the intracluster gas represents a favorable case for CXE. If there is a significant contri-
bution from charge exchange to the X-ray spectra of very low density gas in galactic halos
and intracluster space, then their interpretation in terms of classical thermal plasma emis-
sion may be partially misleading, because the observed intensity along the line of sight does
not scale with the emission measure, but depends on the characteristics of the interfaces
and their number. Thus, at low spectral resolution, CXE can mimic global hot gas cool-
ing. However, this is not global cooling, but instead accelerated cooling restricted to small
physical areas, associated with the relative motions of the neutral clouds. Lallement (2004a)
concluded that, if CXE is a non negligible contributor to the total X-ray diffuse emission
in galaxy clusters, then the cooling strength would be overestimated, and thus the deposited
mass. In this way, charge exchange may even be linked to dark matter.

6 Conclusions and Outlook

Charge transfer processes are still one of the most important research fields in atomic and
molecular physics. This interest stems not only from the fundamental aspects involved, but
also from their importance in astrophysical and laboratory plasmas (Chi et al. 2008). The
discovery of CXE from comets has had a great impact not only because the intensity of
the emission was unexpected but because of the richness of the underlying atomic physics
(Otranto et al. 2008). It has opened up an entirely new field of X-ray studies: instead of
excitation by hot electrons, these X-rays are produced by ions picking up electrons from
neutral gases (Beiersdorfer 2003). After having been overlooked for a long time, the astro-
physical importance of CXE is now beginning to receive general attention. Various studies
have already spotted a variety of possible astrophysical locations for the generation of CXE,
inside (Sect. 4) and outside (Sect. 5) our solar system. While the consequences of consid-
ering the presence of CXE are subtle or still speculative in some cases, they are severe in
others, including a paradigm change for the Local Bubble.

It is not unlikely that this development, which has just started, will continue, and that
evidence for CXE will be found at additional locations. Thus, it may be worthwhile to con-
sider which astrophysical settings are favorable for the generation of CXE. According to
Lallement (2004a), these are in particular the interfaces between hot gas and cool clouds,
which may be identified by the following criteria:

— tight correlations between H, and X-ray patterns

— enhanced X-ray limb brightening at interfaces

— spectral and abundance ‘anomalies’, because CXE spectra differ from thermal spectra
and contain only emission lines, resulting in some biases when they are interpreted with
classical models.
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A clear discrimination of the characteristic CXE signatures from other sources of X-ray
emission, which produce overall similar spectra, requires very high spectral resolution.
While such resolution can be achieved already with (slitless) X-ray grating spectroscopy,
this technique is only applicable to objects with an extent of less than a few arcminutes.
In this context, microcalorimeters will have a high scientific potential, like the Soft X-ray
Spectrometer (SXS) onboard ASTRO-H (Mitsuda et al. 2010) or the X-ray Microcalorimeter
Spectrometer (XMS) planned for the International X-ray Observatory (IXO). These instru-
ments are expected to provide a non-dispersive spectral resolution of 4-7 eV and 2.5 eV.

Considering the potential impact of CXE on various research areas, as indicated by the
studies which have already been performed, it will be exciting to follow the future develop-
ment. This development had started in 1996 with the discovery of cometary X-ray emission.
If all the astrophysical implications are considered, one may conclude that this discovery
has stimulated a novel look at our universe.
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