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Abstract   With the advent of Chandra and XMM-Newton X-ray observatories, several new solar system bodies have been discovered to be an X-ray source at energies below 2 keV: leading to significant advances in the field of planetary X-ray emission and astronomy during the last one decade. Apart from the Sun, the known X-ray emitters now include Venus, Earth, Mars, Jupiter, and Saturn, planetary satellites (Moon, Io, Europa, and Ganymede), all active comets, the Io plasma torus, the rings of Saturn, the exospheres of Earth, Venus and Mars, and the heliosphere. Progress in modeling X-ray emission and laboratory studies of X-ray production have also greatly contributed in enhancing our understanding of X-rays from the solar system bodies. This chapter provides an overview of the planetary X-rays, their production source processes and important characteristics. 
Introduction
Soon after the first detection of solar X-rays in 1949, the first planetary X-rays detected were terrestrial X-rays in the 1950s. In 1962, the foremost attempt to detect X-rays from the moon failed, but it resulted in the birth of the field of X-ray astronomy through the discovery of the first extra-solar source, the Scorpius X-1. Thus, X-ray astronomy is one of the youngest branches of astronomy. 
Generally, X-ray emission is thought to originate from hot collisional plasma such as the million-degree gas residing in the solar and stellar coronae, where X-rays are mainly produced by thermal bremsstrahlung and by excitation of highly stripped ions. However, in the solar system X-rays have been observed from rather cold planetary and cometary atmospheres and surfaces, thus requiring an external source to power the production.  This makes the field of planetary X-rays an interesting discipline, where X-rays are produced from a wide variety of phenomena and under a broad range of conditions (cf. Bhardwaj et al. 2007, Bhardwaj and Lisse 2007). 
Launch of the first X-ray satellite UHURU in 1970 marked the beginning of satellite-based X-ray astronomy. Apollo 15 and 16 missions, in early 1970s, studied fluorescently scattered X-rays from the Moon. In 1979, the Einstein observatory discovered, after a long search (see Bhardwaj and Gladstone, 2000 for history), X-rays from Jupiter (Metzger et al. 1983). Till 1990, the 3 objects known to emit X-rays were Earth, Moon and Jupiter. In 1996, Rontgensatellit (ROSAT) made an important contribution to the field of planetary X-rays by discovering X-ray emission from comet (Lisse et al. 1996). This discovery revolutionized the field of solar system X-rays and highlighted the importance of solar wind charge exchange (SWCX) mechanism (Cravens 1997, 2002) in the production of X-rays in the solar system.
The field of planetary X-ray astronomy has grown rapidly over the past 2 decades and today it’s a very dynamic and at the forefront of new research. This has been possible due to observations made by satellite-based orbiting observatories – starting with Einstein, followed by ROSAT, and in the new millennium, by the more sophisticated X-ray observatories, viz., Chandra and XMM-Newton, and the legacy is continued by Suzaku (Astro-E2) and SWIFT. This has resulted in several new solar system objects being now known at X-ray emitters at energies generally below 2 keV (cf. Table 1). Apart from the Sun, the known X-ray emitters (cf. Figure 1) now include planets – Venus, Earth, Mars, Jupiter, and Saturn; planetary satellites – the Moon, Io, Europa, and Ganymede; all active comets, the Io plasma torus, the rings of Saturn, the coronae (exospheres) of Earth, Mars and Venus, and the heliosphere. 
This chapter discusses the production mechanisms and characteristics of the X-ray emission from the solar system bodies. Readers are referred to recent reviews for more detailed and different perspectives (e.g., Bhardwaj and Gladstone 2000, Cravens 2002, Lisse et al. 2004, Krasnopolsky et al. 2004, Bhardwaj 2006, Bhardwaj and Lisse 2007, Bhardwaj et al. 2007, Dennerl, 2008). This chapter is largely based on the review of Bhardwaj et al. (2007).
Table 1.   Classes of Solar System Objects Detected in X-rays

	Class
	Object(s)

	Star
	Sun

	Planets
	Venus, Earth, Mars, Jupiter, Saturn

	Satellites
	Moon, Io, Europa, Ganymede, [Titan]*

	Minor Bodies 
	Comets, Asteroids

	Planetary Coronae (exospheres)
	Geocorona, Martian and Venusian Exospheres

	Extended Objects (around planets)
	Io Plasma Torus, Rings of Saturn 

	Large Cavity
	Heliosphere


*X-rays from Titan have not been observed, but in a rare celestial event captured by the Chandra X-ray Observatory on January 5, 2003, Titan passed in front of the Crab Nebula. The X-ray shadow cast by Titan allowed astronomers to make the first X-ray measurement of the extent of its atmosphere. Adopted from Bhardwaj et al. (2007).
Processes of Planetary X-ray Production 
Several physical mechanisms are responsible for the production of X-ray emission from planets. These will be briefly described here; reviews covering some aspects of this topic can also be consulted (Krasnopolsky et al. 2004, Lisse et al. 2004, Cravens 2002, Bhardwaj et al. 2007). The major mechanisms that produce X-rays in solar system bodies include: (1) collisional excitation of neutral species and ions by charged particle impact (particularly electrons) followed by line emission, (2) electron collisions with neutrals and ions producing continuum bremsstrahlung emission, (3) solar photon scattering from neutrals in planetary atmospheres – both elastic scattering and K-shell fluorescent scattering, (4) charge exchange of solar wind ions (energies of about 1 keV/amu) with neutrals, followed by X-ray emission, and (5) X-ray production from the charge exchange of energetic (energies of about a MeV/amu) heavy ions of planetary magnetospheric origin with neutrals or by direct excitation of ions in collisions with neutrals.

X-ray emission can be understood by considering a highly-excited atom or ion. Fig. 2 is a schematic showing the electron energy levels for a hydrogenic atomic species. The energies for a species with nuclear charge, Z, and just one electron are given by the Bohr energy expression:  En = - Z2 13.6 eV / n2, where n is the principal quantum number. The ground-state energy for atomic hydrogen (Z=1) is – 13.6 eV (this is also the ionization potential), whereas for O7+ ions (Z=8), the ground-state energy (n=1 level) is 64 times this, or - 870 eV. The energy levels for a multi-electron atom/ion are not so easily described but the X-ray emission processes are the same in their essential features. The types of transitions include bound-bound (denoted bb), bound-free (bf), and free-free (ff). For example, collisions with fast electrons can excite an atom from the ground-state to an excited state. This would then be followed by the emission of one, or more, photons in the form of line emission. For example, the n=2 to n=1 transition in H produces Lyman alpha photons with energies of 10.2 eV ( = 121.6 nm – ultraviolet radiation), whereas the same transition for O7+ ions produces 653 eV photons ( = 1.9 nm – soft X-ray radiation). 
Electron collision – line and Bremsstrahlung emission

Energetic electrons impacting neutrals and ions can produce X-rays. Fast electrons can collide with the target species and excite them to either bound states or to the continuum (resulting in ionization). The former can lead to line emission, including X-ray emission as occurs at the solar corona and in Earth’s auroral regions (i.e, characteristic inner-shell line emissions of Nitrogen (Kα at 0.393 keV), Oxygen (Kα at 0.524 keV) and Argon (Kα at 2.958 keV, Kβ at 3.191 keV)). However, free-free collisions will produce continuum X-ray emission (i.e., the bremsstrahlung process). According to the thick-target bremsstrahlung theory the energy of the X-ray photon produced in this process have any energy up to the energy of the incoming particle, but the probability distribution increases exponentially at lower energies. The X-ray bremsstrahlung production efficiency depends on the square of the deceleration and thus is proportional to 1/m2 where m is the mass of the precipitating particle. This implies that electrons are 106 times more efficient than protons at producing X-ray bremsstrahlung. The production efficiency is a non-linear function of energy, with increasing efficiency for increasing incident energies. For example, for a 200 keV electron the probability of producing an X-ray photon at any energy below 200 keV is 0.5%, while the probability for a 20 keV electron to produce an X-ray photon below 20 keV is only 0.0057%. 

Bremsstrahlung is an important process for the formation of the X-ray continuum of the Sun, and it also explains the X-ray emission in the terrestrial aurora, and the Jovian auroral X-rays at energies >2 KeV (Singhal et al. 1992; Branduardi-Raymont et al. 2007). For the auroral cases, the fast electrons responsible are produced externally to the planetary atmosphere in the magnetosphere and then precipitate along magnetic field lines into the atmosphere. In a “thermal plasma”, such as the solar corona, in which the electron energy distribution is Maxwellian, “thermal bremsstrahlung” radiation is produced.  Thermal bremsstrahlung is important in the Sun and it might also be important for explaining some of the emission from hot plasma in the Io Plasma Torus (Elsner et al. 2002).

Solar photon scattering and fluorescence from planetary atmospheres and surfaces

X-rays can be both absorbed and elastically scattered (both incoherently and coherently) by atoms or molecules in an atmosphere. In particular, solar X-rays can be scattered from planetary atmospheres, which act, in effect, as diffuse mirrors. In the soft X-ray part of the spectrum scattering cross sections are much smaller than absorption cross sections, and only a small fraction of incident solar X-rays will reflect from the target atmosphere. However, planetary X-rays produced by this process have been observed. On Earth, Jupiter and Saturn scattered X-rays have been observed both during major solar flares as well as during non-flaring conditions (cf. Bhardwaj et al. 2007, Bhardwaj 2008). 
The absorption of X-rays, usually beyond the K-shell edge, can also result in X-ray emission. In the K-shell fluorescence process, ionization from the K-shell leaves a vacancy and an X-ray photon is emitted when a valence electron makes a transition to fill this vacancy. However, the excess energy is usually taken up by the emission of an Auger electron rather than a photon. For oxygen, the photon yield is only about 0.2% in the soft X-ray part of the spectrum. K-shell fluorescence from carbon (found in atmospheric methane for Jupiter or in carbon dioxide for Venus or Mars) makes a minor contribution to the disk emission of the outer planets, but is the dominant X-ray source at Venus and Mars, for which carbon dioxide is the major neutral species (Dennerl 2008, Dennerl et al. 2006, Bhardwaj et al. 2007). L-shell fluorescence can also occur, but the radiative yields are much lower than for the K shell. Theoretical calculations have demonstrated that solar scattering and K-shell fluorescence are not important as X-ray sources for comets (Krasnopolsky et al. 2004). The reason is that to obtain a unit optical depth for X-ray absorption requires a neutral column density of ≈1020 cm-2 (the inverse of the total cross section) that is easy to obtain in a planetary atmosphere, but not in the more tenuous cometary atmospheres.

The fluorescence mechanism can also operate when solar X-ray photons are absorbed by solid surfaces, such as the surface of the Moon, the surfaces of the Galilean satellites or ring particles at Saturn. The ultimate energy source for this emission derives from the solar photons (and, hence, the solar corona) rather than the relatively low-temperature surfaces themselves.

Charge exchange of highly ionized heavy solar wind ions
Another X-ray production mechanism important for many solar system environments is the solar wind charge exchange (SWCX) mechanism (cf. Cravens 1997, 2002, Krasnopolsky et al. 2004, Lisse et al. 2004, Bhardwaj and Lisse 2007). X-rays are generated by ions left in excited states after charge transfer collisions between highly ionized solar wind ions and target neutrals. Such solar wind ions are found as minor, heavy ions that account for about 0.1% of the solar wind and exist in highly charged states such as: O7+, O6+, C6+, C5+, N6+, Ne8+, Si9+, and Fe12+. The source of the solar wind is the million degree solar corona, which is the ultimate source of power for the X-ray emission in the SWCX mechanism. This mechanism was first proposed to explain the surprising ROSAT observations of soft X-ray and extreme ultraviolet emission from comet Hyakutake in 1996 (Cravens 1997). Since then, the SWCX mechanism has also been shown to operate in the heliosphere, in the terrestrial magnetosheath (geocoronal emission), and at Mars and Venus exospheres (cf. Bhardwaj et al. 2007, Dennerl, 2008).
Charge exchange and direct collisional excitation of very energetic heavy ions
X-rays have been observed from the high-latitude auroral regions of Jupiter. The harder (>2 keV) X-rays are largely produced by electron bremsstrahlung, but most of the observed X-ray power is in softer X-rays with energies less than 1 keV (e.g., Bhardwaj and Gladstone 2000, Bhardwaj et al. 2007, Branduardi-Raymont et al. 2007). The explanation for this X-ray emission is the precipitation of energetic (~1 MeV/amu) heavy ions into Jovian polar atmosphere.
For this mechanism, ambient ions (such as O+ and S+) in Jupiter’s outer magnetosphere are accelerated to high energies and precipitate into the upper atmosphere. Collisions of relatively low-charge ion species with a neutral atmosphere (e.g., H2 or H in Jupiter’s atmosphere) will not produce X-rays because the transitions are in the ultraviolet part of the spectrum rather than the X-ray part. However, at energies of a few hundred keV/nucleon or more (e.g., Kharchenko et al. 2008), the ions can undergo electron removal (or stripping) collisions and become more highly-charged. The cross section for this process remains high for ion energies down to as low as a few hundred keV per nucleon. X-rays are then emitted from these highly charged ions primarily by charge transfer collisions. Direct excitation of heavy ion transitions in collisions might also be possible.

Summary

At Jupiter and Earth, both auroral and non-auroral disk X-ray emissions have been observed. X-rays have been detected from Saturn's disk, but no convincing evidence of X-ray aurora has been observed. The first soft (<2 keV) X-ray observation of Earth’s aurora by Chandra shows that it is highly variable. The non-auroral X-ray emissions from atmospheres of Jupiter, Saturn, and Earth, and those from Mars’ and Venus’ atmospheres, and Moon’s surface, are mainly produced due to scattering of solar X-rays. The spectral characteristics of X-ray emission from comets, heliosphere, geocorona, and Martian and Venusian exosphere are quite similar: they all are produced by SWCX mechanism, but they appear to be quite different from those of Jovian auroral X-rays. 

Table 2 summaries our current knowledge of soft X-ray emission from solar system objects. All the solar system X-ray emission (except that from the Sun) is powered by one or more of the three sources: (1) Solar X-ray photons,  (2) Highly ionized heavy ions of solar wind, and  (3) Planetary magnetospheric energetic plasma (electrons and ions).

These sources produce X-ray emission on a variety of solar system bodies via mechanisms described in previous section. The first source produces X-rays via resonant and fluorescent scattering of incident solar X-rays from an atmosphere or the surface. The second source produces X-rays in charge exchange collision with neutrals (SWCX). The third source generates X-rays via precipitation of energetic plasma from planetary magnetosphere into the atmosphere or onto the surface. In the first case, the incident X-ray photons are basically recycled (except for change in wavelength). However, in the second and third cases new X-ray photons are generated.  In the second source process, the production of X-rays reduces the charge state of the incident solar wind ions. In the third source process, the conversion of the energy of the precipitating particles into X-ray photons provides diagnostics of the energetic plasma species and their energy in the planetary magnetosphere. At the Earth auroral X-rays have been used to estimate the characteristics of the precipitating particles (mainly electrons) in the auroral regions (cf. Bhardwaj et al. 2007). At Jupiter auroral X-rays have provided constraints on the energetics of the precipitating particles (mainly ions) and their composition (cf. Kharchenko et al. 2008). At atmosphere-less bodies X-rays (mainly fluorescently scattered solar X-rays) have been used to derive elemental composition of the surface (e.g., on the Moon and asteroids).

The solar wind charge-exchange process operates at almost all bodies in the solar system having neutrals that can interact with solar wind ions. Due to its high cross section this process is very efficient at bodies with a tenuous atmosphere or exosphere. What happens in individual cases then depends on the heliospheric distance and on the local conditions. For example, even though Venus is closer to the Sun, the Venusian exospheric X-ray emission is weaker than that of the Mars because of the smaller extent of the Venusian exosphere. This process is also expected to be operating in the exospheres of Jupiter and Saturn, but the corresponding fluxes would be too weak to detect and distinguish from the background X-ray emission. 

Mainly driven by SWCX, cometary X-rays provide an observable link between the solar corona, where the solar wind originates, and the solar wind where the comet resides. Thus, comets can be used as probes to measure the solar wind throughout the heliosphere. This will be especially useful in monitoring the solar wind in places that are hard to reach with spacecraft – such as over the solar poles, at large distances above and below the ecliptic plane, and at heliocentric distances greater than a few AU. For example, ~1/3 of the observed soft X-ray emission from comets is found in the 530-700 eV oxygen O+7 and O+6 lines; observing photons of this energy will allow studies of the oxygen ion charge ratio of the solar wind, which is predicted to vary significantly between the slow and fast solar winds. Further, the solar wind velocity might be inferred from cometary X-ray spectra and images (cf. Bhardwaj et al. 2007). 

The Martian and Venusian exospheric X-rays provide another possibility to infer charge state ratios and other solar wind properties near the planet. Also, the study of exospheric X-rays is important for Mars, particularly because charge exchange interaction between atmospheric constituents and solar wind ions is considered as a vital nonthermal escape mechanism that may be responsible for a significant loss of the Martian atmosphere. Thus, X-ray observation of Mars provides a novel method for studying exospheric processes on a global scale, and may lead to a better understanding of the state of the Martian atmosphere and its evolution. 

Another interesting fact that has emerged from studying planetary X-rays is that the upper atmospheres of planets (Mars, Venus, Jupiter, and Saturn) act as “diffuse mirrors” that backscatter incident solar X-rays. Thus, X-rays from planets might be used as potential remote-sensing tools to monitor X-ray flaring on portions of the hemisphere of the Sun facing away from near-Earth space weather satellites. Also, in the longer run, measured X-ray intensities from the planetary disk regions could be used to constrain both the absolute intensity and the spectrum of solar X-rays. Unfortunately, none of the currently planetary orbiting satellite missions, Mars Express (Mars), Venus Express (Venus), Cassini (Saturn), have any kind of X-ray instrument onboard.
Although, we now have a broad understanding of the X-ray production mechanisms at most solar system bodies, there are several interesting questions that need to be answered (see Bhardwaj et al. 2007 for details), which need longer systematic observations from established X-ray observatories, viz., Chandra, XMM-Newton, and from those more recently commissioned, viz., Suzaku (earlier known as Astro-E2), and Swift. Next generation observatories (like the proposed Constellation-X and XEUS), that will have larger collecting area and better sensitivity, will also help significantly to advance the study of solar system X-rays. 

With a fleet of satellites in (or going to be in) lunar orbit (e.g., Selene (Kauyga), Chang’e, Chandrayaan-1, LRO), the Moon is the focus of X-ray studies mainly for determining elemental composition and its variations at higher spatial resolution. Similarly, X-rays from Mercury will be studied for the first time by the XRS (X-ray Spectrometer) aboard NASA’s Messenger spacecraft during its flyby of the planet in 2008-2009. The Messenger XRS will provide information on the elemental composition of Mercury’s surface by observing the K( lines of the elements present, lines that are induced by solar X-rays as well as by high-energy electron precipitation. Such X-ray measurements will continue after insertion of Messenger in the Hermean orbit in 2011, and are likely to be followed up by investigations with the Bepi-Colombo mission to Mercury. These types of observations provide a map of the composition at airless bodies, which reveal critical information concerning their origin and evolution.

Several other solar system bodies, which include Uranus, Neptune, Titan, and the inner-icy satellites of Saturn, are also expected to be X-ray sources, but are probably too faint to be detected even with modern X-ray observatories. Like Jupiter and Saturn, Uranus and Neptune ought to be X-ray sources due to the scattering and fluorescence of solar X-rays and to particle precipitation in the polar regions. An attempt to detect X-rays from Uranus by Chandra on August 7, 2002 during a 30 ksec exposure time has been unsuccessful. Titan could be an X-ray source due to scattered solar X-rays and particle precipitation from Saturn’s magnetosphere. At times when Titan is outside Saturn’s magnetosphere, X-rays from Titan could be produced by the SWCX process. Similar to the Galilean satellites, the X-ray emission from the satellites of Saturn could be produced by the precipitation of magnetospheric plasma onto their surfaces.

Table 1.  Summary of the characteristics of soft X-ray emission from solar system bodiesa
	Object 
	Emitting Region
	Power Emittedb
	Special Characteristics
	Production Mechanism

	Earth
	Auroral atmosphere
	10-30 MW
	Correlated with magnetic storm and substorm activity
	Bremsstrahlung from precipitating electrons, and characteristic line X-rays from atmospheric neutrals due to precipitating electron impact

	
	Non-auroral atmosphere
	40 MW
	Correlated with solar X-ray flux
	Fluorescent scattering of solar X-rays by atmospheric gases

	Moon
	Dayside
	0.07 MW
	Correlated with solar X-rays
	Scattering and fluorescence due to solar X-rays by the surface elements on dayside

	
	Geocoronal (Nightside )
	
	Nightside emissions are ~1% of the dayside missions
	SWCX with geocorona

	Venus
	Sunlit atmosphere
	50 MW
	Emissions from ~120-140 km above the surface
	Fluorescent scattering of solar X-rays by C and O atoms in the atmosphere

	
	Exosphere
	1-5 MW
	Emissions confined largely within 1.5 Venus radii
	SWCX with Venusian exosphere

	Mars
	Sunlit atmosphere
	1-4 MW
	Emissions from  ~ 110–130 km above the surface
	Fluorescent scattering of solar X-rays by C and O atoms in the upper atmosphere 

	
	Exosphere
	1-10 MW
	emissions extend out to ~8 Mars radii
	SWCX with Martian corona

	Jupiter
	Auroral atmosphere
	0.4-1 GW
	Pulsating (~20-60 min) X-ray hot spot in north and south polar regions
	Energetic ion precipitation from magnetosphere and/or solar wind + electron bremsstrahlung 

	
	Non-auroral atmosphere
	0.5-2 GW
	relatively uniform over disk
	Mainly scattering of solar X-rays + possible ion precipitation from radiation belts

	Saturn
	Sunlit disk
	0.1-0.4 GW
	Varies with solar X-rays 
	Scattering of solar X-rays (+ Electron bremsstrahlung?)

	Comets
	Sunward-side coma
	0.2-1 GW
	Intensity peaks in sunward direction ~105-106 km ahead of cometary nucleus
	SWCX  with cometary neutrals 

	Io Plasma Torus
	Plasma torus
	0.1 GW
	Dawn-dusk asymmetry observed
	Electron bremsstrahlung + ?

	Io
	Surface
	2 MW
	Emissions from upper few microns of the surface
	Energetic Jovian magnetospheric ions impact on the surface 

	Europa
	Surface
	1.5 MW
	Emissions from upper few microns of the surface
	Energetic Jovian magnetospheric ions impact on the surface 

	Rings of Saturn
	Surface
	30-80 MW
	Emissions confined to a narrow energy band around at 0.53 keV.
	Fluorescent X-ray emission from atomic oxygen in H2O ice excited by incident solar X-rays + ?

	Asteroid
	Sunlit surface
	
	Emission vary with solar X-ray flux
	Fluorescent X-ray emission from elements in the surface excited by incident solar X-rays

	Heliosphere
	Entire heliosphere
	1016 W
	Emissions vary with solar wind variation
	SWCX with heliospheric neutrals


aTaken mainly from Bhardwaj et al. (2007) and Bhardwaj and Lisse (2007).
bThe values quoted are those at the time of observation. X-rays from all bodies are expected to vary with time. For comparison the total X-ray luminosity from the Sun is 1020 W.

SWCX = charge exchange of heavy highly ionized solar wind ions with neutrals.
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Figure 1. Chandra montage of solar system X-ray sources. Clockwise, from upper left: Chandra images of Venus, Mars, comet C/Ikeya–Zhang 2001, Jupiter, and Saturn. Middle panel, left, Saturn rings, middle, Earth, and right, Moon. Bottom panel: left top, Io, Left bottom, Europa, and right, Io plasma torus.
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Figure 2.  Schematic of energy levels for a hydrogen-like atom.  Free-free (ff), bound-free (fb), and bound-bound (bb) transitions are indicated.

