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Abstract Both heliophysics and planetary physics seek to understand the
complex nature of the solar wind’s interaction with solar system obstacles like
Earth’s magnetosphere, the ionospheres of Venus and Mars, and comets. Much
e↵ort has been devoted to simulating and identifying the plasma density struc-
tures generated by each of the many proposed interaction mechanisms, because
the significance of each mechanism can be evaluated on the basis of how often
its density signatures are observed as a function of solar wind conditions. This
paper reviews e↵orts to image the diagnostic density structures in soft (low
energy, 0.1-2.0 keV) X-rays produced when high charge state solar wind ions
exchange electrons with the exospheric neutrals surrounding each solar system
obstacle. The introduction motivates studies of the global interactions, notes
that each of the many processes proposed to govern these interactions gener-
ates diagnostic plasma structures, and outlines not only the successes but also
the limitations of past missions that employed in situ and remote observations
to detect these structures. The next section describes proposed interaction
mechanisms in greater detail with an emphasis on the plasma density struc-
tures that they generate and the questions that remain as yet unanswered
Subsequent sections outline the physics underlying the charge exchange gen-
eration of soft X-rays and list other sources of soft X-rays that may be observed
by soft X-ray imagers. Simulations employing state of the art magnetohydro-
dynamic models for the solar wind-magnetosphere interaction and models for
Earths exosphere demonstrate that boundaries and regions such as the bow
shock, magnetosheath, magnetopause, and cusps can readily be identified in
images of charge exchange emissions. A review of observations by (generally
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narrow) FOV astrophysical telescopes confirms the presence of the emissions
at the intensities predicted by the simulations. A section describing the design
of a notional wide FOV telescope capable of imaging the global interactions is
followed by one demonstrating how information concerning the global interac-
tion of the solar wind with solar system obstacles could readily be extracted
from the images obtained from such a “lobster-eye” telescope. The conclusion
outlines the prospects for missions employing such wide FOV imagers.

Keywords X-rays · Magnetosheath · Instrumentation · Solar Wind · X-ray
Background · Charge Exchange · Comets · Planets · More

1 Introduction

The Earth’s magnetic field carves out a cavity in the oncoming solar wind
known as the magnetosphere. Because the magnetosphere extracts all of the
mass, momentum, and energy that powers geomagnetic storms from the solar
wind, quantifying and understanding the flow of these quantities from the Sun
outward through the heliosphere, through the Earth’s magnetosphere, and into
the Earth’s ionosphere is one of the primary goals of the heliophysics disci-
pline. Similar objectives govern the planetary discipline which seeks, amongst
other tasks, to determine the nature of the solar wind’s interaction with comets
and the other planets within our solar system, and in particular to quantify
the role that plasma processes play in the loss of their atmospheres. Once
the conditions governing the occurrence patterns of the various fundamental
processes (including reconnection, di↵usion, instabilities, particle acceleration,
and ion-neutral interactions) that control the mass, energy, and momentum
flow are well understood, it will become possible to construct numerical sim-
ulations that provide accurate space weather predictions for the immediate
environment of the Earth and other solar system objects (e.g., Bertucci et al.
2011).

Figure 1 presents results from state-of-the-art hybrid code simulations for
the plasma interactions that occur in the vicinity of Venus, Mars, and the
Earth. From a global perspective, the density structures, and thus the pro-
cesses that govern these interactions exhibit many similarities. A bow shock
(BS) separates the higher density magnetosheath plasma of solar wind origin
from the solar wind itself. A sharp magnetopause or ionopause (I) separates
the magnetosheath from the planetary obstacle, whether it be the high density
ionospheres with plasmas of planetary origin at Venus and Mars or the low
density magnetosphere at Earth. The panels for Venus and Mars show bound-
ary locations for a stable interplanetary magnetic field (IMF) transverse to
the Sun-Earth line, while the third panel shows boundaries near Earth during
the passage of a solar wind tangential discontinuity (TD).

Many micro- to macro-scale processes have been predicted and observed to
occur in the vicinity of the bow shock and magnetopause, as well as through-
out the foreshock, magnetosheath, and outer magnetosphere. These processes
are often identified on the basis of the diagnostic density structures that they
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Fig. 1 Cuts through hybrid simulations of the solar wind-magnetosphere interaction show-
ing the density of plasma with a solar wind origin at (a) Venus (Bößwetter et al. 2007), (b)
Mars (Shimazu 2001b), and (c) Earth (Omidi and Sibeck 2007). The panels for Venus and
Mars show boundary locations for a stable IMF transverse to the Sun-planet line, while the
third panel shows boundaries near Earth during the passage of a solar wind TD at which the
IMF rotates from northward and antisunward to dawnward. Here BS stands for bow shock
and I for ionopause. Distances in the second panel are measured in planetary radii, in the first

and third panel they are measured in terms of the ion skin depth (c/!
pi

= c[4⇡ne2/M ]�
1
2 ),

where c is the speed of light, M the mass of a proton, n
p

the proton density, and e the charge
of an electron). Densities in the first and third panel have been normalized to those in the
solar wind. Note the multiple shock structures at Venus and the north/south asymmetries
in bow shock and ionopause locations at Mars. TBD - Can we and do we want to redo

this figure with more reasonable units?

generate. Macroscale structures include the bow shocks, magnetosheaths, and
either the ionopauses or magnetopauses that stand upstream from both comets
and planets. The location and motion of these boundaries depend not only on
the time-varying conditions within the solar wind but also on conditions within
the magnetospheres and ionospheres. Mesoscale features include dawn/dusk
asymmetries in foreshock and magnetosheath parameters, waves and riplets
driven by variations in solar wind parameters or instabilities on the bound-
aries, boundary layers of intermingled magnetosheath and magnetospheric or
ionospheric plasma, and cusps filled with magnetosheath-like plasma that link
Earth’s magnetopause to its ionosphere and atmosphere. Microscale features
include the kinetic structures generated by wave-particle interactions within
the foreshock and the structure of the bow shock and density variations asso-
ciated with magnetosheath waves.

The significance of each interaction process depends upon its spatial extent
and the solar wind/magnetospheric conditions under which it occurs. While
statistical studies of in situ observations can provide considerable information
concerning the occurrence patterns of various phenomena, reconstructing the
global configuration of density structures from isolated in situ measurements is
no easy task. Global magnetohydrodynamic and, more recently, hybrid kinetic
simulations provide considerable insight, but need validation by equally global
measurements.

Pending the launch of constellation-type missions with up to a hundred
spacecraft in a wide array of orbits (e.g., The Magnetospheric Constellation,
MC: Global Dynamics of the Structured Magnetotail, NASA 2004), imaging
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Fig. 2 ENA images of the dayside magnetosphere from the IBEX mission. The left panel
presents measurements of ENAs from the subsolar magnetosheath (adapted from Fuselier
et al. 2010), while the right shows ENAs from the cusps (Petrinec et al. 2011).

a↵ords the best (and most cost-e↵ective) means of (1) determining the overall
configuration of the Earth’s magnetosphere, (2) identifying the extent and sig-
nificance of the processes governing the solar wind-magnetosphere interaction
on the basis of their diagnostic plasma density signatures, and (3) validat-
ing the numerical simulations. Missions like DE-1 (Frank et al. 1981), Viking
(Anger et al. 1987), Freja (Murphree et al. 1994), Polar (Frank et al. 1995;
Imhof et al. 1995; Torr et al. 1995), and IMAGE (Mende et al. 2003) employed
visible, ultraviolet, and X-ray imagers to take global pictures of the auroral
oval, a region to which many of the most basic processes in the magnetosphere
map. However, it can be di�cult to determine both the processes and the
locations of distinctive features in the magnetosphere that map to features in
the auroral oval. The need for global images of the magnetosphere led to the
launch of IMAGE and TWINS. These missions took extraordinarily fascinat-
ing and instructive images of the plasmasphere in extreme ultraviolet, of the
cusp and subsolar magnetosheath in low-energy neutral atoms, of the auro-
ral oval in previously unobserved far ultraviolet wavelengths, and of the ring
current in higher energy neutral atoms. Discoveries included plasmaspheric
shoulders and notches, surprisingly slow plasmaspheric rotation, a hot oxygen
geocorona, and proton auroras in unexpected locations. TBD - References
needed for these neat discoveries

Observations of the global solar wind-magnetosphere interaction suitable
for direct comparison with the predictions of global numerical models are now
within reach. Operating from vantage points up to 49 RE from Earth, the
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IBEX-Hi TBD reference for IBEX-Hi imager on the spinning (⇠ 4 rpm)
Interstellar Boundary Explorer (IBEX TBD reference for IBEX) spacecraft
has returned rastered images of the bow shock, magnetopause, and cusps in
0.9 � 1.5 keV energetic neutral atoms (ENAs), primarily hydrogen. The so-
lar wind protons acquire electrons from exospheric hydrogen atoms and then
proceed in their pre-exchange directions. Because the decelerated and thermal-
ized solar wind protons gyrate around magnetosheath magnetic field lines, the
pre-existing directions are e↵ectively random over the expected scale lengths
of magnetosheath phenomena, and the ENA flux seen in any direction is ap-
proximately proportional to the integrated line-of-sight (LOS) product of the
plasma ion and exospheric neutral densities. Figure 2 presents examples for
the magnetosheath (Fuselier et al. 2010) and cusp (Petrinec et al. 2011).

Strikingly di↵erent ENA flux levels are observed on LOS integrations that
(1) remain solely in the low plasma and low neutral density solar wind, that (2)
pass through the high plasma and moderate neutral density magnetosheath,
that (3) pass through the high plasma and high neutral density cusps, and
(4) that pass through the very low plasma and high neutral density equa-
torial or polar magnetosphere. Furthermore, the energies, composition, flux,
and direction of the ENAs arriving at the observing location provide impor-
tant information concerning the processes occurring at remote magnetospheric
locations (Taguchi et al. 2004; Collier et al. 2005a; Hosokawa et al. 2008).

On the other hand, the 7�⇥ 7� single pixel IBEX-Hi imager requires times
ranging from 11 to 20 hours to raster individual global ENA images, with
inherent spatial resolutions in the noon-midnight meridional plane ranging
from 3.7 R

E

for spacecraft locations just outside the bow shock to 6.1 R

E

at
49 R

E

apogee. By contrast, cadences on the order of minutes to tens of minutes
and spatial resolutions less than 1 R

E

are needed to capture the dynamics of
the processes that govern the solar wind-magnetosphere interaction at the
bow shock and magnetopause. Even if instantaneous global snapshots could
be taken, the finite times-of-flight required for individual ENAs to arrive at
the observing instrument would result in individual images representing the
convolution of particles with di↵erent energies coming from di↵erent locations
at di↵erent times.

An alternative method for imaging the magnetosphere o↵ers the poten-
tial to obviate these problems. Exospheric neutral charge exchange with high
charge state solar wind ions generates soft X-rays with energies from 0.05 �
2.0 keV. Currently existing wide field-of-view (FOV) soft X-ray telescopes
provide an opportunity to image not only the dayside solar wind-terrestrial
magnetosphere interaction, but also the interactions that occur at the Moon,
Venus, Mars, and comets. This paper begins with a review of those scientific
topics raised by modeling and past in situ missions that can be addressed by
imaging missions. It then discusses the physical processes governing the gener-
ation of soft X-rays, in particular charge exchange with high charge state solar
wind ions. Numerical simulations employ models for the solar wind composi-
tion, exosphere, solar wind-magnetosphere interaction, and soft X-ray back-
ground to predict the integrated LOS emission intensities observable by wide
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FOV soft X-ray imagers and define the cadence and spatial resolution required
from such an imager. A review of previously reported observations by narrow
FOV astrophysical telescopes demonstrate that the emissions are present at
the predicted level from all of the proposed targets. Wide FOV soft X-ray
telescopes capable of making global observations with the required spatial res-
olution and cadences have already flown and are scheduled for forthcoming
missions. The features seen within the global images can be readily associated
with density structures observed by in situ spacecraft on suitable orbits. The
paper concludes with comments concerning prospects for wide FOV soft X-ray
telescopes.

2 Scientific Objectives

Global images of the soft X-rays generated when high charge state solar wind
ions (e.g., C6+, O7+, O8+, Fe12+) exchange charges with neutrals can pro-
vide crucial information concerning the nature of the solar winds interaction
with planetary atmospheres and magnetospheres, including those of the Earth,
Venus, Mars, the Moon, and comets. As illustrated in Figure 1, the reason for
this is that the processes governing the interaction of the solar wind with these
heliospheric obstacles generate a host of density structures that can be used
to diagnose the nature of those interactions. At the Earth, the size, shape,
structure, and motion of the magnetopause and cusps define the global char-
acteristics of magnetic reconnection, the strength of various magnetospheric
current systems, and the response of the magnetosphere to varying solar wind
and foreshock input. Observations of transients at the magnetopause and in
the cusps quantify their extent and occurrence patterns, hence their signifi-
cance to the overall interaction. Observations of the magnetosheath structure
and its time variability provide the outer boundary conditions for the mag-
netosphere. The location of the bow shock yields information concerning the
thermodynamics of the collisionless solar wind, while the structure of the bow
shock defines its ability to reflect and energize particles, a fundamental helio-
spheric process. Observations of the foreshock are needed to understand and
quantify the e↵ects of the particles accelerated at the bow shock upon the
bulk parameters of the incoming solar wind and therefore upon the overall
solar wind-magnetosphere interaction.

2.1 Earth’s Magnetopause

There are parallel research problems to be addressed by imaging comets, the
Moon, Venus, and Mars. These topics concern the interaction of the solar wind
with obstacles that have little or no intrinsic magnetic field. In the cases of
comets, Venus, and Mars, studies that focus on the location, structure, and
motion of the bow shock and ionopause yield information concerning atmo-
spheric loss rates. In the case of the Moon, studies focus upon the structure,
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composition, and sources of the tenuous lunar exosphere. This section describes
potential research questions.

TBD - Mike P - needs a figure showing the global morphology of
Earth’s magnetopause, magnetosheath, bow shock, foreshock, cusps,
like Figures 8 or 11

A host of factors, including the solar wind thermal and dynamic pres-
sures, the IMF latitude and cone angle, the dipole tilt, and the strength of
various current systems within and bounding the magnetosphere determine
the location of the magnetopause. Although they can predict widely divergent
magnetopause locations for the same solar wind conditions, global magnetohy-
drodynamic simulations all indicate that the solar wind dynamic pressure and
north/south component of the IMF are the most important factors determin-
ing magnetopause location (Samsonov et al. 2016). As illustrated in the top
panel of Figure 3, empirical studies based on large numbers of magnetopause
crossings paired with time-averaged solar wind measurements suggest that the
magnetopause expands and contracts in a self-similar manner in response to
variations in the solar wind dynamic pressure (Sibeck et al. 1991; Roelof and
Sibeck 1993; Lin et al. 2010; Wang et al. 2013). Some case studies disagree
(Stüdemann et al. 1986). Both case studies (e.g., Kaufmann and Konradi 1969)
and numerical simulations (Samsonov et al. 2015) confirm that the response of
the magnetopause to step-function changes in the solar wind pressure is more
complicated than self-similar contractions and expansions.

By contrast, in response to changes in the IMF orientation, the dayside
magnetopause moves Earthward (Aubry et al. 1970), the cusps move equator-
ward (Newell et al. 1989), and the magnetotail flanks move outward (Maezawa
1975) during intervals of southward IMF orientation, thereby producing a
blunter magnetosphere with a greater magnetopause flaring angle. This in-
ward motion of the dayside magnetopause and outward motion of the mag-
netotail magnetopause can be attributed to magnetic reconnection, a process
that removes magnetic flux from the dayside magnetosphere and adds it to
the magnetotail, although it has recently been noted that a (small) portion of
the inward motion may result from the enhancements of the pressure near the
subsolar magnetosheath known to occur for the blunter magnetopause shapes
during intervals of southward IMF orientation (Shue et al. 2013). Soft X-ray
images will provide an opportunity to determine the instantaneous shape of the
global magnetopause and define its evolving response to solar wind variations,
thereby distinguishing between the possibilities outlined above.

Because it is the dominant process enabling the transfer of solar wind mass,
energy, and momentum into the magnetosphere, understanding reconnection is
a fundamental heliophysics objective. In conjunction with solar wind observa-
tions, magnetopause locations and shapes can be used to deduce the magnetic
field strengths just inside the magnetopause, the strengths of the relevant
magnetospheric current systems, the amount of flux eroded from the dayside
magnetosphere, and as a result, the global response of reconnection to varying
solar wind conditions (Sibeck et al. 1991). At rest, the magnetopause lies along
the locus of points where the sum of thermal and magnetic pressures balance
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Fig. 3 Results from an empirical model for the locations of the equatorial magnetopause
as a function of (a) 5 solar wind pressures (0.54� 0.87, 0.87� 1.47, 1.47� 2.60, 2.60� 4.90,
and 4.90�9.90 nPa) and (b) 6 values of IMF Bz (-6 to -4, -4 to -2, -2 to 0, 0 to 2, 2 to 4, and
4 to 6 nT) (Sibeck et al. 1991). The plots are in geocentric solar ecliptic (GSE) coordinates

in Earth radii (RE) with R =
p

y2 + z2.
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in the magnetosheath and magnetosphere. Under both elastic and inelastic re-
flection hypotheses, the magnetosheath pressure applied locally to the dayside
magnetopause is proportional to the fraction of the solar wind dynamic inci-
dent upon the flaring magnetopause surface (e.g., Spreiter et al. 1966). With
the exception of the cusps, where plasma pressures are high, the total pres-
sure applied by the magnetosheath to the magnetopause is balanced almost
exclusively by the magnetic pressure just inside the magnetopause. However,
the magnetic fields that contribute to this magnetic pressure are themselves
just the sum of contributions from all magnetospheric current systems.

Thus, together with a measure of the solar wind dynamic pressure, soft
X-ray observations of the location and shape of the magnetopause can be
used to infer magnetic field strengths just inside the magnetopause and in
turn variations in magnetospheric current systems as a function of solar wind
conditions. In the case of reconnection, the relevant current systems are the
Region 1 Birkeland current and, to a much lesser degree, the cross-tail current
systems (Maltsev and Lyatsky 1975; Tsyganenko and Sibeck 1994). Operat-
ing in tandem, these current systems reduce dayside magnetospheric magnetic
field strengths, transfer magnetic flux to the magnetotail, and allow the dayside
magnetopause to move inward during intervals of southward IMF orientation.
With their strengths inferred from observations of the dayside magnetopause
location, the amount of flux eroded by reconnection from the dayside magne-
tosphere can be determined for any combination of solar wind or geomagnetic
parameters (Sibeck et al. 1991; Shue et al. 2001).

Observations of magnetopause motion can be used to determine the time-
dependence of reconnection. Although both in situ and ground-based observa-
tions provide evidence for steady and impulsive reconnection, the conditions
governing when and where each occur remain unknown. Steady reconnection
predicts a gradual inward motion of the dayside magnetopause following south-
ward IMF turnings, perhaps several Earth radii over a period of one to two
hours (e.g., Aubry et al. 1970). It is not yet known how or whether the rate
of this inward erosion changes with time. By contrast, sporadic reconnection
models predict a sequence of abrupt earthward leaps, perhaps once each 8
minutes or so, corresponding to the equatorward jumps seen in ground-based
radar and optical observations of the cusps when the IMF turns southward
(Lockwood et al. 1989; Sandholt et al. 1998). Figure 4 shows one such se-
quence of events reported in ground-based observations of auroral emissions
at 557.7 nm and 630.0 nm (Oksavik et al. 2005). With simultaneous solar
wind observations, one can determine whether the bursts of reconnection cor-
responding to the leaps are triggered by intrinsic magnetopause instabilities
or fluctuations in the IMF orientation (Lockwood and Wild 1993).

As a corollary, global images of the magnetopause location could be used
to determine the time scale required for the magnetopause to move outward
following a substorm onset or a northward IMF turning, and the mechanisms
by which it does so. The outward motion of the magnetopause under these cir-
cumstances implies an addition of magnetic flux to the dayside magnetopause.
The flux might be added by appending magnetosheath field lines to the day-
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Fig. 4 Meridian scanning photometer measurements from Svalbard. The top panel presents
the 630.0 nm line while the bottom panel is the 557.7 line. Periodic poleward moving en-
hancements are observed. (Adapted from Oksavik et al. 2005).

side magnetosphere via either steady or unsteady simultaneous reconnection
poleward of both cusps (Song and Russell 1992). Alternatively, the flux might
be returned by sunward convection within the magnetosphere that continues
even when the IMF turns northward (e.g., Øieroset et al. 1997).

Global perspectives can provide important information about the location
and extent of reconnection. Component reconnection models predict erosion
of the magnetopause along a tilted line passing through and centered on the
subsolar point (Gonzalez and Mozer 1974; Laitinen et al. 2007). For many IMF
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orientations, antiparallel reconnection models predict reconnection at locations
far from the subsolar point (Crooker 1979; Sandholt and Farrugia 2003). In
the former case, magnetopause motion should begin at the subsolar point, in
the latter case it should begin at locations away from the subsolar point. The
manner in which reconnection spreads must also be determined. It could be
initiated simultaneously over a wide region of the magnetopause as inferred
from the sudden appearance of transient events in the high-latitude dayside
auroral ionosphere (e.g., Lockwood et al. 1990), spread in the direction of the
current at the speed of the current carriers for weak guide fields (Lapenta et al.
2006), or spread both along and opposite the current simultaneously at the
Alfveń velocity for strong guide fields (Shepherd and Cassak 2012).

The ultimate extent of the reconnection line must also be determined.
In some models, reconnection is very localized (Russell and Elphic 1979). In
others, both steady and sporadic reconnection occurs along reconnection lines
that extend over many hours in local time (Lockwood et al. 1990; Phan et al.
2000). Finally, reconnection may also occur simultaneously at numerous sites
spread across broad regions of the dayside magnetopause (e.g., Alexeev et al.
1998), in which case di↵erent portions of the magnetopause may move inward
erratically in a disjointed manner.

Inferences concerning the location and thickness of plasma boundary lay-
ers just inside the magnetopause can also provide information concerning the
location of magnetopause reconnection. Wave-driven di↵usion, reconnection
facilitated by nonlinear Kelvin-Helmholtz instabilities, and reconnection at
remote locations can all produce such boundary layers (e.g., Nakamura et al.
2006; Hasegawa et al. 2009). By contrast to di↵usion, which generates bound-
ary layers whose thickness increases with distance downstream from the sub-
solar point, or Kelvin-Helmholtz instabilities, which generate boundary layers
whose thickness depends on downstream distances and magnetopause veloc-
ity shear (i.e., solar wind velocity), reconnection produces boundary layers
of mixed magnetosheath and magnetospheric plasma whose width increases
with distance from the reconnection site (Sonnerup et al. 1981; Gosling et al.
1990). In soft X-ray images the presence of these boundary layers will be de-
tected as a blurring of the plasma boundaries that would otherwise be present.
The presence and absence of these boundary layers can therefore be used to
determine when and where reconnection is occurring, thereby distinguishing
between component, antiparallel, and other reconnection models, each of which
predicts a distinctly di↵erent reconnection location as a function of solar wind
conditions.

We do not know what (if any) influence other solar wind parameters such
as the Mach number, plasma beta, or solar wind dynamic pressure have upon
the rate and mode of reconnection, but this could be readily discerned from
both detailed case and statistical studies of magnetopause erosion employing
global observations of the magnetopause location and motion for di↵erent com-
binations of solar wind parameters. For example, there are reasons to suppose
that reconnection saturates for strong southward IMF orientations. Global
simulations indicate a slowdown and stall in dayside magnetopause erosion,
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overdraped lobes that extend further sunward than the dayside magnetopause,
less magnetotail flaring than would be expected based on an extrapolation of
empirical models, and even a dimple on the subsolar magnetopause for large
negative IMF B

z

(Dmitriev and Suvorova 2000, 2012; Siscoe et al. 2004; Ober
et al. 2002, 2006), all features that should be readily seen in global images.
Thus, global images could be used to determine the precise combination of
solar wind parameters (e.g., dynamic pressure and IMF B

z

) when saturation
sets in (Yang et al. 2003).

Elsen and Winglee (1997) predicted that the location of the subsolar mag-
netopause would exhibit a diminished response to IMF B

z

as the solar wind
pressure increases, and a diminished response to solar wind dynamic pres-
sure as the southward component of IMF B

z

increases. Using the limited in
situ observations available for unusual combinations of solar wind parameters,
both case (Shue et al. 1998, 2001) and statistical (Roelof and Sibeck 1993;
Lin et al. 2010) studies suggest that erosion is indeed non-linear, i.e. that the
radial distance to the dayside magnetopause does not vary linearly with IMF
B

z

, that the rate of erosion by IMF B
z

diminishes for high solar wind dy-
namic pressures, and that the rate at which pressure changes compresses the
magnetosphere diminishes for strong southward IMF B

z

. Global images could
confirm, extend, and quantify these results. Since the magnetopause does not
respond instantaneously to variations in the IMF orientation (or the solar wind
dynamic pressure) it will almost certainly be necessary to include the time his-
tory of the IMF orientation in determinations of magnetopause location (Shue
et al. 2000).

Images can also be used to identify the degree to which radial IMF orien-
tations reduce pressure upon the dayside magnetosphere (Fairfield et al. 1990)
and allow the dayside magnetopause to expand outward (Merka et al. 2003b;
Suvorova et al. 2010; Duš́ık et al. 2010), perhaps in response to kinetic e↵ects
within the foreshock or to magnetohydrodynamic anisotropies (Samsonov et al.
2012, 2013). They can be used to detect the e↵ects, if any, of dawn/dusk or
spiral/orthospiral IMF orientations on the size and shape of the steady-state
magnetosphere. Finally, although the waves (Kaufmann and Konradi 1969;
Samsonov et al. 2015) generated by most solar wind discontinuities probably
sweep along the bow shock and magnetopause too rapidly to be tracked, soft
X-ray images could be used to track the response of both boundaries to very
oblique discontinuities, i.e., those which traverse the dayside magnetosphere
very slowly because their normals lie nearly transverse to the Sun-Earth line
(e.g., Takeuchi et al. 2002).

The magnetospheric magnetic field perturbations associated with the Re-
gion 2 and ring current systems enhance magnetic field strengths in the outer
dayside magnetosphere and might therefore be expected to push the magne-
topause outward. However, theory (Tsyganenko and Sibeck 1994) and some
empirical models (Petrinec and Russell 1993) indicate that the dayside magne-
topause moves outward only slightly during intervals when the ring current is
enhanced. Observations suggest that the duskside magnetopause may (Wrenn
et al. 1981; McComas et al. 1993; Dmitriev et al. 2004, 2005, 2011; Dmitriev



Imaging Solar Wind Interactions in Soft X-rays 13

and Suvorova 2012) or may not (McComas et al. 1994) lie further from Earth
than the dawnside magnetopause in response to an enhanced partial ring cur-
rent.

2.2 The Earth’s Cusps

Reconnection opens formerly closed magnetospheric magnetic field lines and
allows solar wind mass, energy, and momentum to flow into the magneto-
sphere along bundles of open magnetic field lines that map from the magne-
topause down to the high latitude dayside ionosphere (Heikkila and Winning-
ham 1971). Plasma densities on these cusp magnetic field lines are slightly less
than those in the magnetosheath, but far greater than those in the adjacent
magnetosphere (Lavraud et al. 2004; Walsh et al. 2016a). Furthermore, the
cusps extend deep into regions of the exosphere where neutral densities are
very high. Consequently, the cusps must be bright soft X-ray emitters.

Because observations of the cusp are already available from both in situ
(Escoubet et al. 1992; Pitout et al. 2006) and ground-based (Lockwood et al.
1989; Pinnock et al. 1993; Sandholt et al. 1998) observatories, one might ask
why global images are needed. One answer is that it is di�cult to extract com-
plete comprehensive views of cusp behavior from the intermittent snapshots of
in situ measurements along the paths followed by rapidly moving spacecraft.
Another is that the spatially-limited optical views of the low-altitude cusp
provided from a handful of stations in the northern and southern hemisphere
tell us little about the cusp at mid- or high-altitudes. Global soft X-ray images
provide a broader view, one that connects our knowledge of magnetopause phe-
nomena to the features seen on the ground. This section examines the wealth
of information that can be learned about the solar wind-magnetosphere inter-
action from soft X-ray observations of the location, dimensions, motion, and
structure of the Earths cusps.

First consider the location of the cusps in local time. Both component
and antiparallel reconnection predict reconnection along the equatorial mag-
netopause during intervals of strongly southward IMF orientation. Compo-
nent reconnection may continue on the subsolar magnetopause during inter-
vals of strong dawnward or duskward IMF orientation (Gonzalez and Mozer
1974), but antiparallel reconnection moves away from the subsolar point to
o↵-equatorial locations (Crooker 1979). Although cusps produced by compo-
nent reconnection may remain in place near local noon when the IMF has a
dawnward or duskward IMF orientation, the antiparallel reconnection model
predicts that duskward (dawnward) IMF orientations move the northern cusp
duskward (dawnward) but the southern cusp dawnward (duskward). During
periods of strong dawnward or duskward IMF orientation, reconnection may
occur at both high and low latitudes, forming double cusps (Wing et al. 2001;
Berchem et al. 2016). Soft X-ray observations of cusp locations will determine
whether component or antiparallel reconnection prevails as a function of solar
wind conditions.
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Now consider the latitude of the cusps. During periods of southward IMF,
enhanced reconnection rates on the dayside equatorial magnetopause cause
the cusps to move ⇠ 10� equatorward (Burch 1973; Carbary and Meng 1986;
Wing et al. 2001). In the absence of simultaneous measurements in both hemi-
spheres, we might suppose that the northern and southern hemisphere cusps
move in unison to similar geomagnetic latitudes when the IMF turns south-
ward. However, there is plenty of evidence indicating that their latitudes di↵er
(Candidi and Meng 1988), for reasons that remain unclear. Global images with
simultaneous solar wind coverage will a↵ord an unprecedented opportunity to
address this topic.

The response of the cusps to northward IMF orientations also remains to
be fully established. Newell et al. (1989) reported observations indicating that
reconnection moves to locations poleward of the cusp and appends magneto-
sheath magnetic field lines to the magnetosphere during periods of northward
IMF orientation, causing the cusps to move poleward. By contrast, Palm-
roth et al. (2001) presented observations indicating equatorward cusp motion
during intervals of strongly northward IMF and suggested that this might
result from intensified reconnection on the equatorial magnetopause. Other
work indicates that the latitudinal position of the high-altitude cusp does not
move, but rather remains stationary for increasingly northward IMF orienta-
tions (Merka et al. 2002). Soft X-ray images will determine the latitudes of
the cusps in both hemispheres as a function of time and discriminate between
proposed models.

As cusp motion indicates the net rate at which magnetic flux is transferred
from the dayside to the nightside magnetosphere (or vice-versa), determining
the response time of the cusp to changing solar wind conditions and the veloc-
ity at which it moves is important to understand the state of the solar wind-
magnetosphere interaction and time the development of storms and substorms.
Yet the time scale for the cusp to respond to varying solar wind conditions
remains unclear. Past observations indicate that the initial response begins
almost immediately, but that a further 10 to 40 minutes are required to com-
plete cusp relocations (Escoubet and Bosqued 1989; Němeček and Šafránková
2008). Yeoman et al. (2002) employed ground-based radar observations to
track equatorward motion of the cusp during intervals of southward IMF ori-
entation, but found no motion during intervals of northward IMF orientation.
Pitout et al. (2006) reported several case studies in which snapshots from
multipoint in situ observations indicated equatorward motion following south-
ward IMF turnings, but poleward motion following northward IMF turnings.
A wide field-of-view soft X-ray telescope will provide the sequences of images
needed to identify cusp motion and time its velocity as a function of solar
wind conditions. The observations could be used to determine whether or not
steady-state conditions are ever achieved, how the magnetosphere responds
to the onset of dayside and magnetotail reconnection, and how the magneto-
sphere responds to the cessation of dayside reconnection. Since the cusps lie
at the boundary between open and closed magnetic field lines, observations of
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Fig. 5 Cluster 4 CIS instrument measurements of density structure in the cusp. The space-
craft cuts through the high altitude cusp from low to high latitudes, i.e., from GSM (R,�) =
(4.62 RE, 54.5�) at 15:10 UT to (4.84 RE,64.5�) at 1530 UT. The plasma density peaks at
the equatorward edge and gradually decreases with increasing latitude. Here R is the radial
distance from Earth and � is the latitude.

their latitude can be immediately be used to quantify flux erosion from the
dayside magnetosphere.

Just as in the case of the magnetopause, cusp motion can be steady, occur
by leaps in response to individual southward IMF turnings (e.g., Lockwood
et al. 1989), or occur by leaps in response to bursts of reconnection triggered
by local magnetopause instabilities. Little information is available concerning
how the cusp moves in response to northward IMF turnings. The equatorward
motion of the cusps may saturate for large southward IMF orientations (e.g.,
Siscoe et al. 2002; Ober et al. 2006).

Now consider the response of the cusp to variations in the dipole tilt. Em-
pirical models and both low- and high-altitude observations indicate that the
cusps move equatorward in response to sunward diurnal and seasonal dipole
tilts (Newell and Meng 1989; Zhou et al. 1999; Tsyganenko and Russell 1999).
Both the width of the summer cusp and the densities within it exceed those of
the winter cusp (Newell and Meng 1988; Pitout et al. 2006; Wiltberger et al.
2009). Simultaneous soft X-ray images of both cusps can be used to study these
variations on a routine basis for the full range of solar wind and geomagnetic
conditions, thereby quantifying how much plasma enters the magnetosphere
in each hemisphere.

The width of the cusp yields important information concerning magneto-
spheric convection. The cusps span several Earth radii near the magnetopause
(Walsh et al. 2012) but narrow to dimensions of several hundred kilometers
at their high-latitude, low-altitude, ionospheric footprints (Newell and Meng
1992). We adopt a kinetic interpretation to understand the internal structure of
the cusps. The suprathermal magnetosheath particles entering the cusps pre-
cipitate into the high-latitude dayside ionosphere first, followed by the bulk of
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the distribution, and then the slower moving subthermal particles. Since the
reconnected magnetic field lines within the cusps move in response to pres-
sure gradient and magnetic field curvature forces, the precipitating particles
exhibit distinctive spatial dispersion patterns (Rosenbauer et al. 1975; Rei↵
et al. 1977; Wing et al. 1996, 2001). The motion of magnetic field lines pole-
ward from reconnection sites on the dayside equatorial magnetopause results
in precipitating thermal and subthermal particle fluxes that initially increase
abruptly and then subsequently decrease more gradually with latitude during
periods of southward IMF orientation, as illustrated in Figure 5. The width
of the region over which they precipitate increases with increasing convection
velocity. By contrast, during periods of northward IMF orientation, newly
reconnected magnetic field lines either stagnate or move equatorward. Pre-
cipitating particle fluxes should either increase with latitude or show little
variation. During periods of dawnward or duskward IMF orientation, curva-
ture and pressure gradient forces should pull the newly reconnected magnetic
field lines azimuthally, resulting in dawn/dusk cusp dispersion patterns. All
these features, and their time-dependencies, could readily be identified and
quantified by a global imager.

The azimuthal extent of the cusp in the direction transverse to the convec-
tion velocity provides information concerning the extent of the reconnection
line(s) on the dayside magnetopause. Azimuthal structure within the cusp
can be interpreted as evidence for patchy reconnection on the dayside magne-
topause. If reconnection occurs simultaneously along a single extended recon-
nection line, cusp properties will vary smoothly in azimuth. Whether or not it
occurs simultaneously, patchy reconnection along multiple disconnected recon-
nection line segments will result in considerable azimuthal structure. Global
images will provide information concerning the extent of reconnection on the
dayside magnetopause.

Steady reconnection along a single reconnection line for either southward or
northward IMF orientations should produce smooth variations in ion energy
and density versus latitude. Stepped structures in the meridional direction
(Newell and Meng 1991; Escoubet et al. 1992; Trattner et al. 2008) can there-
fore be interpreted as evidence either for time-varying reconnection (Smith and
Lockwood 1990; Escoubet et al. 1992) or multiple reconnection sites at di↵erent
latitudes (Kan 1988; Nishida 1989; Onsager et al. 1995; Trattner et al. 1999).
Spatial and temporal variations can occur at the same time (Němeček et al.
2004). Soft X-ray images can be used to distinguish between these possibili-
ties. Steady-state structures generated by multiple reconnection sites remain
in place, whereas transient features produced by time-dependent reconnection
convect antisunward. Images could also be used to determine the number and
extent of such features, thereby addressing the locations of reconnection and
the relative importance of steady and transient reconnection.

Finally, just as in the case of the magnetosphere as a whole, an increase
in the solar wind dynamic pressure may diminish the dimensions of the cusp
(Fung 1997). However, studies indicate that an increase in the solar wind dy-
namic pressure causes the dimensions of the cusp to increase (Zhou et al. 2000;



Imaging Solar Wind Interactions in Soft X-rays 17

Merka et al. 2002). Simulation results suggest that cusp dimensions initially
increase with increasing solar wind pressure, but saturate near solar wind dy-
namic pressures of 3 nPa (Zhang et al. 2013a). Perhaps the cusp widening
results from greater magnetosheath magnetic field strengths and reconnection
rates during intervals of enhanced solar wind dynamic pressure magnetopause
(Newell and Meng 1994).

2.3 Transients at Earth’s Magnetopause and in the Cusps

Transient structures/events with durations on the order of 30 s to several
minutes are common in the vicinity of the Earth’s magnetopause. They have
variously been interpreted as the magnetospheric response to variations in
the intrinsic solar wind dynamic pressure (Kaufmann and Konradi 1969), the
magnetospheric response to transient dynamic pressure fluctuations generated
within the foreshock (Fairfield et al. 1990), the Kelvin-Helmholtz instability
operating at the magnetopause (Boller and Stolov 1973), and flux transfer
events (FTEs) generated by bursts of magnetic reconnection between magneto-
sheath and magnetospheric magnetic field lines (Russell and Elphic 1978). If
su�ciently numerous and extensive, the events might contribute significantly
to (Lockwood et al. 1990) or even dominate (Lockwood et al. 1995) the solar
wind-magnetosphere interaction. Consequently, quantifying the significance of
each proposed mechanism of transient solar wind-magnetosphere interaction
as a function of solar wind conditions is a core objective of magnetospheric
physics.

Although comprehensive single point and multipoint in situ measurements
provide evidence for each of the proposed mechanisms, only instantaneous
global measurements can definitively quantify their significance on the basis
of their occurrence rates and dimensions. Fortunately, models for the various
transient interaction mechanisms make very specific predictions concerning
event occurrence patterns and signatures.

Solar wind tangential discontinuities are relatively common, arriving at
Earth about once per hour (Burlaga and Ness 1969). Very few tangential
discontinuities provide density variations greater than 35% (Solodyna et al.
1977). Although much rarer, interplanetary shocks often provide factor of two
or larger density and dynamic pressure variations (e.g., Wang et al. 2010).
Because they extend over many Earth radii transverse to the Sun-Earth line
(Burlaga and Ness 1969), the pressure variations that accompany solar wind
discontinuities launch widespread antisunward moving waves on the magne-
topause. Transient enhancements in the solar wind dynamic pressure compress
the magnetopause, while transient decreases allow it to expand outward. The
same discontinuities launch fast mode waves that propagate throughout the
magnetosphere. These fast mode waves may outrun the antisunward-moving
solar wind discontinuities and initiate magnetopause motion ahead of the driv-
ing solar wind discontinuities. For example, the fast mode compressional waves
launched by a transient increase in the solar wind dynamic pressure may cause
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a
b

Fig. 6 Density structures resulting from kinetic processes within the foreshock. The panels
display density (cm�3) from Vlasiator code hybrid-Vlasov simulations. Solar wind param-
eters are identical for the two panels, with the exception of the IMF orientation, which is
radial in panel (a) but inclined 30 from radial in panel (b). The white line parallel to the
IMF orientation (Adapted from von Alfthan et al. 2014).

the magnetopause to move outward in advance of the inward motion associated
with the discontinuity itself (Kaufmann and Konradi 1969). The extent and
amplitude of pressure-pulse induced waves could be determined by correlating
global images of magnetopause motion with simultaneous in situ observations
of solar wind dynamic pressure.

Kinetic e↵ects in the foreshock generate very localized density and pressure
variations (Thomas and Brecht 1988; Omidi and Sibeck 2007). Some (e.g. hot
flow anomalies) lie centered on tangential discontinuities, others (e.g., fore-
shock cavities) lie bounded between tangential discontinuities (Sibeck et al.
2001), some (e.g., compressional boundaries) bound the foreshock (Omidi et al.
2009), and yet others (e.g., spontaneous hot flow anomalies) lie within the fore-
shock but are not associated with discontinuities (Zhang et al. 2013b). Cor-
responding ripples in the bow shock position result in magnetosheath plasma
jets with enhanced densities capable of driving transient magnetopause motion
and magnetospheric compressions (Hietala et al. 2012). The impact of these
events on the magnetosphere should be greatest during intervals of radial or
near-radial IMF orientation, as illustrated in the left panel of Figure 6, when
the IMF lies nearly along the Sun-Earth line and the foreshock lies upstream
from the Earth’s dayside magnetosphere (Fairfield et al. 1990). Because the
foreshock lies upstream from the pre-noon bow shock and dayside magneto-
sphere for the typical spiral IMF orientation (see the right panel of Figure 6),
the magnetopause boundary waves and fast move waves transmitted into the
magnetosphere by foreshock pressure pulses should generally be limited to the
pre-noon magnetosphere (e.g., Howe and Binsack 1972; Rufenach et al. 1989;
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Russell et al. 1997). In situ observations indicate that the foreshock pressure
pulses are more prominent during intervals of enhanced solar wind velocities
(Sibeck et al. 2001; Facskó et al. 2008). Consequently, we expect the same to
be true for the corresponding magnetopause motion. The significance of fore-
shock events can be determined by combining global images of magnetopause
motion with in situ observations of solar wind variations, and in particular
IMF orientations.

A Kelvin-Helmholtz instability occurs when flow shears at the magne-
topause or inner edge of the low-latitude boundary layer overcome stabi-
lizing curvature forces in draped magnetosheath and magnetospheric mag-
netic field lines and generate antisunward-propagating/convecting waves. The
fastest growing wavelengths should be about 10 times greater than bound-
ary layer thicknesses, with wave amplitudes increasing with increasing shears
(Walker 1981) and downstream distance (Li et al. 2012). The instability is
most likely to occur when strong flow shears lie perpendicular to both mag-
netosheath and magnetospheric magnetic field orientations, a condition most
readily obtained on the equatorial flanks of the magnetosphere during inter-
vals of strongly northward or southward IMF orientations (Southwood 1968).
However, the instability can occur at other locations, including the high lati-
tude magnetopause, when conditions are favorable (Hwang et al. 2012). Weaker
magnetosheath magnetic field components parallel to the flow shear may make
the instability more likely on the side of the magnetosphere behind the quasi-
parallel bow shock (Nykyri 2013). These predictions of the Kelvin-Helmholtz
model can be tested by comparing global observations of magnetopause motion
with in situ measurements of solar wind parameters.

Flux transfer events (FTEs) are bundles of interconnected magnetic field
lines that, in contrast to the boundary waves generated by pressure pulses and
the Kelvin-Helmholtz instability, simultaneously bulge outward into both the
magnetosheath and magnetosphere. They contain a mixture of magnetosheath
and magnetospheric plasmas, and consequently locally broaden and diminish
the otherwise sharp density gradients that mark the magnetopause. Because
they result from reconnection, and reconnection is more likely when and where
the shear between magnetosheath and magnetospheric magnetic field orienta-
tions is greater, FTEs on the dayside magnetopause are more common during
intervals southward IMF orientation (Berchem and Russell 1984). The origin
of events on the flanks of the magnetosphere remains disputed. They may
be generated by tilted reconnection lines that extend antisunward from the
subsolar magnetopause (Kawano and Russell 1997), or be generated locally in
regions of the high-latitude magnetopause where magnetosheath and magne-
tospheric magnetic field lines lie antiparallel (Sibeck et al. 2005). The fate of
FTEs remains equally uncertain. They may slip over the polar magnetopause
or be destroyed by interactions with magnetospheric magnetic field lines within
the cusp regions (Omidi and Sibeck 2007). The occurrence of transients and
FTEs may, or may not, be triggered by the arrival of solar wind discontinuities
(Le et al. 1993; Lockwood and Wild 1993; Tkachenko et al. 2011). These and
other questions could be readily answered with simultaneous global images of
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the magnetopause and in situ solar wind observations. In particular, Erkaev
et al. (2003) attribute abrupt, pronounced, decreases and gradual increases of
the density in the inner magnetosheath to bursts of reconnection.

2.4 Earth’s Magnetosheath

The magnetosheath envelops the magnetosphere, thereby providing its outer
boundary conditions and the medium through which solar wind features are
modified and transmitted to the magnetosphere. Magnetosheath properties
govern the occurrence patterns for reconnection and the Kelvin-Helmholtz
instability at the magnetopause, which in turn control the flow of solar wind
mass, energy, and momentum into the magnetosphere. In particular, low densi-
ties and low plasma beta favor the occurrence of magnetic reconnection (Phan
et al. 2013), perhaps enabling steady reconnection to occur on regions of the
magnetopause where it would otherwise be precluded by high magnetosheath
velocities (Fuselier et al. 2000; Avanov et al. 2001; Panov et al. 2008). By
contrast, high densities and low Alfvén velocities favor the occurrence of the
Kelvin-Helmholtz instability (e.g., Southwood 1968; Walsh et al. 2015).

Spreiter et al. (1966) reported the predictions of a gasdynamic model for
an axially symmetric magnetosphere. Densities decrease slightly from the sub-
solar magnetopause to the bow shock along radial lines within ⇠ 45� from
the Sun-Earth line, but increase significantly from the magnetopause to the
bowshock along radial lines at greater angles. MHD theory suggests that the
presence of a magnetic field within the flowing plasma results in the formation
of a plasma depletion layer (PDL) with depressed magnetosheath densities
but enhanced magnetic field strengths just outside the dayside magnetopause
(Zwan and Wolf 1976). Numerical simulations indicate that stable depletion
layers are present during intervals of steady northward IMF orientation. It can
be di�cult for individual spacecraft to detect the predicted smooth transitions
and non-uniform increases in layer thickness with both latitude and longitude
away from the subsolar point due to the back and forth motion of the lay-
ers in response to constantly varying solar wind plasma parameters (Wang
et al. 2003). On the other hand, the appearance and disappearance of a PDL
should be readily identifiable as a change in emission intensity and width of
the magnetosheath to magnetosphere transition.

Modeling case studies suggest that the PDL can extend to cusp latitudes
and 6 hours in local time away from noon (Wang et al. 2003). Predicted den-
sity depletion factors (for similar solar wind conditions) range from 1.2 (Lyon
1994) to 10 (Siscoe et al. 2002). Table 1 summarizes reported depletion layer
dependencies on solar wind conditions. In some models, depletion factors and
layer thicknesses diminish with increases in the IMF clock angle away from
northward in the plane perpendicular to the Sun-Earth line (Siscoe et al. 2002),
while in others they increase (Wang et al. 2004b). Wang et al. (2004b) pre-
sented results from a parametric study indicating that depletion layer widths
decrease with increasing solar wind magnetosonic Mach number, increase with
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increasingly northward IMF Bz strength, decrease slightly as the (clock angle)
component of the IMF in the plane perpendicular to the Sun-Earth line ro-
tates away from due northward, and remain almost constant as the dipole tilt
increases. Wang et al. (2004b) also concluded that depletion factors increase
and then decrease as the solar wind magnetosonic Mach number increases,
increase but then decrease as with increasingly northward IMF B

z

strength,
increase slightly as the IMF clock angle increases, and decrease as the dipole
tilt increases. Simulation results presented by Maynard et al. (2004) indicate
that depletion layers form just outside the dayside magnetopause even for
southward IMF orientations when the IMF has a finite component along the
Sun-Earth line and/or there is a strong dipole tilt, because reconnection moves
to higher latitudes. Furthermore, they find depletion layers forming poleward
of the cusps during intervals of very strongly southward IMF orientations.

Case and statistical studies of single-point in situ spacecraft observations
provide support for some of these predictions. On the subsolar magnetopause,
both layer thicknesses and depletion factors diminish when the IMF turns
southward (Phan et al. 1994; Slivka et al. 2015) or radial (Anderson and
Fuselier 1993). Farrugia et al. (1995) reported that the layer becomes more
pronounced for low solar wind Mach numbers, while Anderson et al. (1997)
reported a pronounced layer for high solar wind Mach numbers when the
magnetosphere is compressed by high solar wind dynamic pressures, solar
wind densities are large, and Alfvén velocities are low. Maynard et al. (2004)
reported that the layer shifts to the region behind the quasi-perpendicular
bow shock. Finally, a pronounced depletion layer has indeed been observed on
the high latitude magnetopause during an interval of southward IMF orienta-
tion (Moretto et al. 2005). Contrary to model predictions, the depletion layer
may become less prominent for small IMF cone angles (Anderson and Fuselier
1993). Soft X-ray images, like those proposed in this work, could be used to
discriminate between these predictions and examine others yet to be tested.

Song et al. (1990) and Song and Russell (1992) reported observations of an-
ticorrelated density enhancements and magnetic field strength depressions just
upstream from the subsolar magnetopause and interpreted these observations
in terms of standing slow mode waves. Southwood and Kivelson (1992, 1995)
illustrated how a slow mode wave standing in the magnetosheath could result
in a region with enhanced densities and depressed magnetic field strengths.
Magnetic field lines within this region would have greater components parallel
to the Sun-Earth line than those either further upstream in the magnetosheath
proper or downstream in the depletion layer. Lee et al. (1991) identified the
anticorrelated features in two-dimensional incompressible MHD simulations
whenever there was a magnetic field component parallel to the Sun-Earth
line. However, Wang et al. (2004a,b) and Samsonov and Hubert (2004) were
unable to find any such features in global MHD simulations for any IMF orien-
tation. Hubert and Samsonov (2004) concluded that the anticorrelated density
enhancements and magnetic field strength decreases were simply antisunward
propagating solar wind features caught just before they encountered the mag-
netopause, which prompted a comment (Song et al. 2005) and reply (Hubert
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Table 1 Depletion Layer Predictions and Observations

Property Predicted Depen-
dence

Control Parameter Ref. Observation

Thickness Decreases with Increasing magne-
tosonic Mach number

1,2

Increases with Increasing positive
IMF B

z

3 Present at subso-
lar magnetopause
for IMF B

z

< 0,
absent for IMF
Bz > 0 (Phan et al.
1994)
Present for large
negative IMF B

z

on polar magne-
topause (Moretto
et al. 2005)

Increases slightly
with

Increasing IMF clock
angle

3

Shows little e↵ect
along Sun-Earth
line with

Increasing IMF cone
angle

3

Is greater for 15� than 0� or 30�

dipole tilt
3

Increases for Increasing Sun-
Earth-Observer
Angle

4

Density
Depletion

First decreases
then increases as

Magnetosonic Mach
number increases
from 5.3 to 8.8

3 Larger for low
Alfvénic Mach
number (Farrugia
et al. 1995) Larger
for high Alfvénic
Mach number
(Anderson et al.
1997)

First increases then
decreases as

IMF B
z

increases 2 to
21 nT

3 Much greater for
B

z

> 0 than
B

z

< 0 (Phan
et al. 1994; Ander-
son et al. 1997)

Increases non-
monotonically as

IMF clock angle in-
creases

3

Decreases as IMF clock angle in-
creases

5

Shows little e↵ect
along Sun-Earth
line with

Increasing IMF cone
angle

3 Becomes more
prominent with
increasing cone
angle (Anderson
and Fuselier 1993)
Shifts to region
behind quasi-
perpendicular
shock (Maynard
et al. 2004)
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Table 1 Depletion Layer Predictions and Observations (continued)

Property Predicted Depen-
dence

Control Parameter Ref. Observation

Decreases with Increasing dipole tilt 3
Increases with Increasing dipole tilt

(or B
x

)
6

Decreases with Increasing Sun-
Earth-Observer angle

4

Enhanced
densities
in stand-
ing slow
mode
waves

Absent for all IMF cone angles 3,7 Exists (Song et al.
1990; Song and
Russell 1992)

Present for non-
zero

IMF cone angles 8 Should be inter-
preted as transmit-
ted IMF disconti-
nuities (Hubert and
Samsonov 2004)

References
1 – Zwan and Wolf (1976)
2 – Miura (1984)
3 – Wang et al. (2004b)
4 – Wang et al. (2003)
5 – Siscoe et al. (2002)
6 – Maynard et al. (2004)
7 – Samsonov and Hubert (2004)
8 – Lee et al. (1991)

and Samsonov 2005). The issue remains unsettled, but could be addressed by
imaging the structure of the inner magnetosheath.

Dawn/dusk asymmetries in magnetosheath densities may control the oc-
currence of reconnection and the entry of solar wind/magnetosheath plasma
into the magnetosphere. This entry results in the formation of low-latitude
boundary layers with magnetosheath-like plasma at densities lower than those
in the magnetosheath. Observations indicating greater densities in the dawn-
side than duskside low-latitude boundary layer (LLBL, Hasegawa et al. 2003)
and magnetotail plasma sheet (Wing et al. 2005) suggest greater pre- than
post-noon magnetosheath densities and/or plasma entry. Walters (1964) ar-
gued that the presence of a Parker spiral IMF embedded in the flowing solar
wind plasma would indeed result in greater dawnside than duskside magneto-
sheath densities, particularly during intervals of low solar wind Mach number.
Global MHD models confirm this prediction for spiral IMF orientations, with
asymmetries that increase for decreasing solar wind Mach number (Walsh
et al. 2012). Observationally, Paularena et al. (2001), Němeček et al. (2002),
and Longmore et al. (2005) report greater densities in the dawnside magneto-
sheath than in the duskside magnetosheath. However, each of these studies
concluded that the density asymmetry was unrelated to the IMF orientation.
A statistical survey reported by Dimmock and Nykyri (2013) found no evi-
dence for any dawn/dusk density asymmetry. Finally, note that greater den-
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sities and consequently enhanced plasma betas should inhibit reconnection.
Consequently, observations of enhanced densities in the dawnside boundary
layer and plasma sheet may indicate the operation of one or more di↵usive
entry processes.

2.5 Earth’s Bow Shock

Simulations for the solar wind’s interaction with the Earth’s magnetosphere
require accurate values for the polytropic index � which represents the ratio of
specific heats (C

p

/C

v

) and closes the set of magnetohydrodynamic equations.
The polytropic index controls phenomena as diverse as the degree of heat-
ing in magnetic reconnection (Hesse and Birn 1992) and magnetosheath flow
deflections (Nishino et al. 2008). Theoretical values for � range from 2 (for
an adiabatic gas with two degrees of freedom perpendicular to the magnetic
field), through 5/3 (for an adiabatic gas with three degrees of freedom), 1.5,
and 1.33 (when there is a heat flux escaping from the magnetosheath into the
solar wind (Nishino et al. 2008), to 1 (for an isothermal gas). Observationally-
inferred values for � are almost as diverse, ranging from 1.67 (Russell et al.
1983), through 1.76 (Farris et al. 1991) and 1.85 (Tatrallyay et al. 1984), to 2
(Zhuang and Russell 1981).

Density jumps at the bow shock provide crucial information concerning �

(Farris et al. 1991). Following Spreiter et al. (1966), the jumps are a function of
both � and the upstream solar wind magnetosonic Mach number (MMS), i.e.,
⇢/⇢sw = (� + 1)M2

MS/[(� � 1)M2
MS + 2], where ⇢ is the density in the subsolar

magnetosheath. For typical values of MMS >> 1, ⇢/⇢sw approaches M2
MS for

� = 1, 4 for � = 5
3 , and 3 for � = 2. Alternatively, the locations of the bow

shock and magnetopause themselves can also be used to determine �. As noted
by Farris et al. (1991), � = [(1.1+�/D)M2

MS�2.2]/[(1.1��/D)M2
MS], where

� is the stando↵ distance of the bow shock from the center of the Earth
and D is the stando↵ distance of the magnetopause from the center of the
Earth. There are alternative formulations within the gasdynamic framework,
including those that take into account the possibility that the density jump
approaches unity and the bow shock recedes to infinity as the Mach number
approaches unity, or that the solar wind feels the e↵ects of the magnetospheric
shape rather than the distance between the bow shock and the magnetosheath
(Farris and Russell 1994). There are also magnetohydrodynamic approaches
(Cairns and Grabbe 1994; Grabbe and Cairns 1995). When the Mach number
approaches unity, Alfvén wings may form, greatly modifying the size and shape
of the magnetopause (Ridley 2007; Chané et al. 2012).

The various models make strikingly di↵erent predictions for the location of
the subsolar bow shock as a function of IMF orientation and solar wind Mach
number. Cairns and Lyon (1996) predicted that the stando↵ distance increases
as the solar wind Mach number decreases for IMF orientations transverse to
the Sun-Earth line, but decreases for IMF orientations parallel to the Sun-
Earth line. Models presented by Cairns and Grabbe (1994) and Cairns and
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Fig. 7 Bow shock locations and shapes predicted by MHD models for three solar wind
Alfvénic Mach numbers. The IMF lies 45� from the Earth-sun line. (Adapted from Chapman
et al. (2004)).

Lyon (1996) predict stando↵ distances for low solar wind Mach numbers far
greater than those predicted by Verigin et al. (2001) or Farris and Russell
(1994). As illustrated in Figure 7, greater magnetosheath magnetosonic Mach
numbers cause the quasi-perpendicular bow shock to lie further upstream than
the quasi-parallel bow shock, with the discrepancy increasing as the solar
wind Mach number decreases (Chapman and Cairns 2004). The latter authors
predict a dimple on the subsolar bow shock for very low solar wind Mach
numbers and radial IMF orientations.

It has proven di�cult to verify these predictions with studies employing
in situ observations. Despite multipoint observations, Fairfield et al. (2001)
was unable to discriminate between the models for an unusually distant bow
shock for low solar wind Mach numbers. Consistent with expectations, Slavin
et al. (1996), Merka et al. (2003b), and Jeĺınek et al. (2010) reported subsolar
bow shock locations closer to Earth and therefore very thin subsolar mag-
netosheaths during intervals of radial IMF orientation. Verigin et al. (2001)
reported results from a small statistical study indicating that the stando↵
distance to the bow shock diminishes with increasing Alfénic Mach number
for field-aligned solar wind flows, but decreases for non-field-aligned flows.
However, Jeřáb et al. (2005) could find no dependence of the bow shock lo-
cation upon the IMF orientation whatsoever. Jeřáb et al. (2005) attributed
the absence of any inward bow shock motion associated with southward IMF
turnings and inward magnetopause erosion to a compensatory increase in the
magnetosheath thickness associated with the blunter obstacle posed by an
eroded dayside magnetopause. Nevertheless, Jeřáb et al. (2005) did find that
the distance to the bow shock increases linearly as a function of the IMF
strength.

One might expect abrupt variations in solar wind parameters to drive cor-
responding inward and outward motions of the bow shock and magnetopause
(e.g., Fairfield et al. 2001). Consistent with this hypothesis, Anderson et al.
(1968) found a good correlation between the periods and amplitudes of bow
shock and magnetopause motion on individual spacecraft passes. However,
the similarity of the periods and amplitudes does not necessarily mean the
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two boundaries move inward and outward in phase. Korotova et al. (2012)
recently reported that the same change in the IMF orientation drove tran-
sient outward bow shock motion, but transient inward magnetopause motion.
And Jeĺınek et al. (2006) reported that the motion of the bow shock does not
correspond to that of the magnetopause.

Summarizing results to date, Merka et al. (2003a, 2005) noted that exist-
ing models for the bow shock underestimate the distance to the bow shock
uder strong IMF conditions, fail to reflect the e↵ects of variations in the IMF
and solar wind velocity vectors, and do not correctly describe the bow shock
location during intervals of low solar wind Mach number. Even large statisti-
cal studies based on in situ observations fail to resolve expected dawn/dusk
di↵erences and Mach cone asymmetries. Global images of the bow shock and
magnetopause can identify the locations of the bow shock and magnetopause,
determine the density jump at the bow shock, discriminate between models,
and provide the information needed to determine �.

2.6 Earth’s Foreshock

The magnitude of the jump in magnetic field strengths (or densities) at the
bow shock determines its ability to accelerate particles. Shock-drift accelera-
tion at the quasi-perpendicular bow shock produces beams of ions and elec-
trons on magnetic field lines that lie perpendicular to the bow shock normal
(Decker 1983). The maximum energy gained by the reflected particles is given
by Tf/Ti = 2r[1+(1�r

�1) 1
2 ]�1, where Ti and Tf are the initial and final par-

ticle energies and and r is the ratio of the magnetosheath to IMF strengths.
Solar wind ions with ⇠ 1 keV energies might be accelerated to ⇠ 14 keV.
By contrast Fermi acceleration of an incident monoenergetic particle distri-
bution at the quasi-parallel bow shock can produce di↵use ion populations
with far greater energies, near-isotropic pitch angle distributions, and power
law spectra whose spectral indices depend upon the ratio of magnetosheath
to interplanetary magnetic field strengths. In the non-relativistic case, the
steady-state spectral index for the distribution function is given by 3r/(r� 1)
(Blandford and Ostriker 1978).

Soft X-ray images can provide the information needed to determine the
extent and nature of particle acceleration at the bow shock. First, the images
can be used to identify the transition between the quasi-parallel and quasi-
perpendicular bow shocks, which is expected to occur where the angle between
the IMF and the normal to the bow shock passes through 45. A sharp density
discontinuity indicates the quasi-perpendicular bow shock, whereas a broader
and far more turbulent transition should mark the quasi-parallel bow shock.
Secondly, the images can be used to determine the strength of the density, and
consequently the magnetic field strength, jump at the bow shock.

Kinetic e↵ects generate a wealth of mesoscale density structures upstream
from Earth’s bow shock, including hot flow anomalies (Thomsen et al. 1986),
foreshock cavities (Sibeck et al. 2001), density holes Parks et al. (2006), and
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bubbles (Turner et al. 2013). By enhancing and/or diminishing upstream densi-
ties, deflecting solar wind flows, and perturbing corresponding magnetosheath
parameters, these structures generate prominent transient events in the outer
dayside magnetosphere and dayside auroral ionosphere. However, with one
exception, the limited dimensions and ephemeral nature of most of these fea-
tures and their magnetospheric responses probably preclude soft X-ray imag-
ing. The exception is the foreshock compressional boundary, a region of en-
hanced density piled up on the edges of the quasi-parallel foreshock (Omidi
et al. 2009, 2013). Numerical simulations indicate that these structures can be
quasi-steady-state features for a wide variety of IMF orientations. Some obser-
vational studies support this point of view, while others interpret the density
enhancements as foreshock-generated structures moving antisunward with the
solar wind flow (Sibeck et al. 2008; Billingham et al. 2008, 2011). Since the
density enhancements and depletions associated with the structures extend
nearly normal to the bow shock, they should be relatively easy to identify in
global images.

2.7 Comets

Many visible light observations and a handful of in situ measurements provide
tantalizing views of the complex plasma phenomena that occur when the solar
wind encounters comets. As shown in Figure 8, in situ observations indicate
that these structures include a bow shock, a “cometopause”, and an ionopause
(Flammer 1991). The bow shock forms in response to mass loading. As they
approach the Sun, comets sublimate large clouds of neutral gas. The solar
wind flow picks up ionized atoms and molecules within this cloud. If su�ciently
numerous, the pick-up ions slow the flow down to the point where a bow shock
forms. Within the bow shock, a “collisionopause” or “cometopause” forms at
the transition from shocked collisionless mass-loaded flow to flow dominated
by collisions with expanding cometary neutral molecules. Still deeper within
the bow shock lies the ionopause, the locus of points where the solar wind
plasma makes its closest approach to the comet.

In situ observations confirm the presence of weak shocks on the night-
side flanks of cometary tails (Coates 1995). Equally invisible dayside shock
strengths, and corresponding density enhancements, should be far greater.
Simulations demonstrate that the IMF orientation controls the nature and
thickness of the bow shock (Omidi and Winske 1987): thin for quasi-perpendicular
configurations, broader for an intermediate shock, and narrow again for quasi-
perpendicular shocks. Theory indicates that the dimensions of the bow shock
increase as the solar wind Mach number diminishes and/or gas production
rate increases. Consequently, the dimensions of the magnetosheath region of
shocked solar wind plasma behind the dayside bow shock should also in-
crease as comets move sunward and sublimation increases (Flammer 1991).
Furthermore, since the rate of ion pick up via microscopic wave-particle in-
teractions should be lower than that via macroscopic motional E⇥B electric
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Fig. 8 Schematic representation of the global morphology of the solar wind interaction with
a cometary atmosphere, showing the various discontinuities in the flow pattern (Flammer
1991).

fields, a quasi-parallel bow shock should lie nearer the comet than a quasi-
perpendicular bow shock (Omidi and Winske 1986).

The cometopause separates fast moving shocked solar wind flow from a
region dominated by compressed IMFs and cometary ions. The width of the
cometopause, where solar wind densities diminish, may be abrupt (⇠ 104 km)
(Gringauz et al. 1986) perhaps in response to a charge exchange avalanche
(Gombosi 1987) or more di↵use (Balsiger et al. 1986; Amata et al. 1986), with
the width depending upon the IMF orientation (Galeev et al. 1988). Within
the cometopause, the solar wind proton flow decelerates rapidly and cools
in response to charge exchange with cometary neutrals. Correspondingly, the
densities of both major and minor solar wind species should increase. Finally,
no solar wind ions reach locations closer to the comet than the ionopause. As in
the case of the bow shock, theory predicts that the cometopause and ionopause
structures will move outward as comets approach the Sun and sublimation
increases (Flammer 1991).

In contrast to optical observations, which emphasize CO+ band emissions
from the cometary magnetotails, soft X-ray observations (e.g., Lisse et al.
1996; Dennerl et al. 1997) can be used to determine the characteristics of the
dayside plasma and neutral environments of comets on a routine basis as a
function of solar wind conditions and distance from the Sun. As illustrated
in Figure 9, theory predicts and observations confirm that the attenuation
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Fig. 9 Shading shows the soft X-ray intensities of Comet Hyakutake observed by the
ROSAT Wide Field Camera (WFC), while contours show the intensity of the best adapted
hydrodynamic model (Wegmann et al. 2004).

of solar wind ion densities via charge transfer collisions with increasing depth
into the extended cometary atmosphere or coma results in integrated LOS soft
X-ray emissions that peak in a bowl-shaped region within the magnetosheath
on the sunward side of cometary nuclei (Wegmann et al. 2004). Soft X-ray
emissions should be far greater in the magnetosheath than the solar wind
thanks to greatly enhanced thermal velocities in the magnetosheath. Beyond
the bow shock, emissions should fall o↵ as an inverse function of radial distance
from the nucleus. Both the intensity and dimensions of the emitting region
depend on the rate of neutral gas production, and should therefore increase
as comets approach the Sun. Intensities also depend upon the flux of high
charge state ions, which varies in response to the arrival of solar wind features
such as coronal mass ejections or interplanetary shocks and changes in solar
wind composition. Finally, the Kelvin-Helmholtz instability may locally permit
solar wind plasma to penetrate deep into cometary ionospheres (Ershkovich
and Mendis 1983).
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2.8 Mars and Venus

Identifying and quantifying the processes that cause atmospheric loss is a
major objective of planetary studies. They were the principle objectives of
NASA’s recent MAVEN mission to Mars (Jakosky et al. 2015b), and important
objectives of ESA’s Mars (Chicarro et al. 2004) and Venus (Titov et al. 2006)
Express missions.

A number of processes govern the loss of the Martian and Venusian at-
mospheres (e.g., Nagy et al. 2004; Lammer et al. 2006; Dubinin et al. 1996;
Lundin 2011). Some invoke bombardment and hydrodynamic outflow. Others
involve solar wind interactions with the planetary atmosphere and/or iono-
sphere, such as the removal of pick up ions generated by photoionization or
charge exchange, or the formation of detached blobs of ionospheric plasma
generated by either the Kelvin-Helmholtz instability at the ionopause or mag-
netic reconnection with ionospheric or remnant crustal magnetic fields. Even
in the absence of solar wind stripping, ambipolar electric fields may cause a
planet to lose heavy ions (Collinson et al. 2015b, 2016)

Although there is evidence for enhanced escape of ionospheric ions during
space weather storms (Luhmann et al. 2007; Edberg et al. 2011; Collinson
et al. 2015; Jakosky et al. 2015a), assessing the significance of these and other
mechanisms with isolated in situ measurements can be di�cult. Models can
help (Lillis et al. 2015), but models for Mars predict escape fluxes that di↵er
by more than an order of magnitude (Brecht and Ledvina 2006; Brain et al.
2010b). Observations indicate similar variations over the course of a solar cycle
(Lundin et al. 2013), which must be due at least in part to the large variations
in exospheric densities that occur over the solar cycle (e.g., Forbes et al. 2008).
The significance of each mechanism that invokes solar wind-planetary inter-
actions can be quantified using global images of the corresponding diagnostic
plasma density structures.

As in the case of comets, the interaction of the supersonic solar wind with
Mars generates several plasma structures where the densities of ions with so-
lar wind origin change abruptly (Brain 2006; Bößwetter et al. 2007). Some of
these boundaries are illustrated in Figure 10, while densities from a numerical
simulation are shown in Figure 1. The outer edge of the magnetosheath is
bounded by a bow shock where densities increase abruptly from solar wind to
magnetosheath values. The density of ions diminishes gradually from the mag-
netosheath to the ionospheric side of the magnetic pile-up region (MPR) on
the inner edge of the magnetosheath, in a manner akin to that in the depletion
layer outside Earth’s magnetopause. Electron observations indicate that this
boundary is either lumpy or permeable in regions of radial crustal magnetic
fields (Brain et al. 2005). Finally, the foreshock lies upstream from the bow
shock on IMF lines connected to that boundary. By analogy to Earth, we ex-
pect regions of enhanced solar wind densities to bound a foreshock exhibiting
depressed densities.

Table 2 (Brain 2006) summarizes the reported e↵ects of the solar wind dy-
namic pressure, IMF orientation, EUV, season, and crustal magnetic fields on
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Fig. 10 Cartoon of the global Martian solar wind interaction (Brain 2006). Orange shading
indicates the density of planetary neutrals. Blue indicates the relative density of solar wind
ions in di↵erent plasma regions (labeled in black), separated by di↵erent plasma boundaries
(labeled in magenta). Here MPR stands for the magnetic pileup region (MPR) and PEB for
the photoelectron boundary (Brain 2006).

Table 2 Drivers a↵ecting the variability of plasma boundary locations at Mars (Bertucci
et al. 2005; Zhang et al. 1991a,b)

Bow Shock Magnetic Pile-Up Photoelectron
Boundary Boundary

Solar Wind Pressure ? Yes Yes
IMF Direction Yes Yes ?
EUV ? ? Yes
Martian Season ? Yes/? ?
Crustal fields No/? Yes Yes

the locations of the bow shock, magnetic pile-up boundary, and photoelectron
boundary at Mars. Increases in the solar wind dynamic pressure may (Brain
et al. 2005; Crider et al. 2005; Morgan et al. 2014) or may not (Trotignon et al.
1996) move the magnetic pile-up and photoelectron boundaries towards the
planet. The terminator bow shock lies further from the planet in the directions
perpendicular to the IMF orientation (Zhang et al. 1991a). The Martian bow
shock flares and moves further from the planet as the solar wind Mach number
decreases (Edberg et al. 2010).
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Crustal magnetic fields a↵ect plasma and magnetic field structures in the
vicinity of Mars. They raise the locations of the magnetic pile-up and photo-
electron boundaries, thereby locally precluding direct solar wind interactions
with the ionosphere, but they do not appear to increase the distance to the
bow shock (Brain 2006, and references therein). The IMF orientation may also
control the altitude of the magnetic pile-up boundary. Mars Surveyor obser-
vations suggest that the altitude of the pile-up boundary rises for eastward
IMF orientations but falls for southwest IMF orientations when the subsolar
latitude lies in the northern hemisphere (Brain et al. 2005). Without global
observations, it is di�cult to determine whether this variations results from as
yet unspecific global cause, a local Hall current e↵ect, or local mass loading.
The altitude of the magnetic pile-up boundary increases in southern sum-
mer, when the stronger crustal magnetic fields in the southern hemisphere
approach the subsolar point. Crustal anomalies may also determine magneto-
sheath densities. Ma et al. (2002) reported simulation results indicating that
crustal magnetic features do not cause major distortions of the bow shock,
but do have e↵ects on the magnetosheath and the altitude of the ionopause.
Simulation results reported by Harnett and Winglee (2003, 2005) predict that
mini-magnetospheres replace the magnetic pile up boundary in the presence
of crustal anomalies. In the absence of reconnection, IMF draping over strong
southern magnetic anomalies at Mars should enhance flank magnetosheath
densities by more than a factor of 2 outside dawnward or duskward facing
anomalies. In the presence of reconnection, enhancements are far smaller and
densities fall within void regions that lie just downstream from the anomalies.
According to Vignes et al. (2000) and Bertucci et al. (2005), the bow shock
and magnetic pile-up boundaries move inward and outward together, but nei-
ther boundary exhibits much response to variations in solar EUV. However,
Brain et al. (2005) found evidence for the pile-up boundary moving towards
the planet during periods of enhanced solar EUV.

Russell et al. (2006) presented the schematic illustration of the solar wind’s
interaction with Venus shown in Figure 11 and enumerated the plasma struc-
tures seen by Pioneer Venus Orbiter (PVO, Colin 1980) at Venus. As in the
case of Mars, the interaction results in the formation of a foreshock upstream
from a bow shock, a magnetosheath in which the plasma flow and magnetic
field pick up planetary ions, a magnetic barrier with a mixture of solar wind
and ionospheric plasmas at the inner edge of the magnetosheath, a (gener-
ally) field-free ionosphere, and a mass-loaded magnetotail. Because gradients
in the densities of ions with solar wind origins mark each of these boundaries
(e.g., Terada et al. 2009), they are imageable in softrays. Table 3 summarizes
reported e↵ects of the solar wind pressure/Mach number, IMF direction, and
solar EUV on plasma structures at Venus. The ionopause at the inner edge of
the magnetic pile up boundary rises from altitudes of 300 to 1000 km as the
solar wind dynamic pressure diminishes from 4 to 0.5 nPa (Brace et al. 1982).
Distances to the bow shock and the width of the magnetosheath depend pri-
marily on the IMF orientation, the solar wind Mach number, and exospheric
neutral densities, rather than solar wind dynamic pressure (Martinecz et al.
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Fig. 11 Schematic illustration of the solar wind interaction with Venus. Solar EUV radi-
ation ionizes the neutral upper atmosphere of Venus. The electron ion thermal pressures
su�ce to stand o↵ the supersonic solar wind and form a shock. Neutrals formed in the
flowing solar wind are carried away by the wind (Russell et al. 2006).

2008; Russell et al. 1988; Zhang et al. 2004). Note, however, that Martinecz
et al. (2009) found no relation between the location of the terminator bow
shock and solar EUV. In the absence of a significant crustal magnetic field,
there are no seasonal, or diurnal e↵ects.

Table 3 Drivers a↵ecting the variability of plasma boundary locations at Venus (Phillips
et al. 1985; Knudsen et al. 1987; Russell et al. 1988; Brace et al. 1990)

Bow Shock Magnetic Pile-Up Ionopause/Photo-
Boundary electron Boundary

Solar Wind Pressure/ ? ? Yes
Mach Number ? ? Yes
Mach Number Yes ? ?
IMF Direction Yes ? ?
EUV Maybe ? Yes

Slavin et al. (1980) and Tatrallyay et al. (1983) showed that the bow shock
at Venus flares more than might be expected based on gasdynamic models,
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suggesting that mass loading plays an important role. Consistent with this
hypothesis, Alexander and Russell (1985) showed that the terminator bow
shock moves outward during solar maximum when exospheric neutral densities
should be enhanced. Alexander et al. (1986) demonstrated that the bow shock
moves away from the planet as the IMF rotates from orientations parallel
to the solar wind flow to orientations perpendicular to that flow, i.e., from
orientations that do not favor ion pick up to orientations that do. The e↵ect is
far greater during solar maximum than solar minimum. As in the case of Mars,
the bow shock moves outward for low Mach numbers (Russell et al. 1988). The
Venusian bow shock is not circular within the terminator plane, but rather lies
further from the planet in the direction perpendicular to the IMF orientation
in the plane transverse to the solar wind flow direction, particularly in the
direction with the outward pointing electric field where pick up ion e↵ects are
expected. Also consistent with the pick up ion e↵ect, this asymmetry in bow
shock locations becomes more pronounced during solar maximum. Finally,
Zhang et al. (1990) used observed and estimated bow shock locations to infer
that the e↵ective radius of the Venusian obstacle to the solar wind lies below
the distance to the subsolar ionopause during solar minimum, i.e., that there
is a more direct interaction of solar wind plasma with this planet’s ionosphere
and exosphere during solar minimum than solar maximum.

The locations of the bow shock at Venus can be used to determine the
best value for the polytropic index in the solar wind. Tatrallyay et al. (1984)
discussed the strength of the Venusian bow shock by determining magnetic
field strength compressions across the bow shock as a function of solar wind
Mach number, concluding that polytropic index � = 1.85 works best at Venus.
The strength of the compressions, and the index �, increase with magnetosonic
Mach number and cone angle. The distance to the terminator shock diminishes
with magnetosonic Mach number.

Hybrid code simulations predict the principle features of the solar wind’s
interaction with unmagnetized planets including the locations of the bow shock
and an ion composition boundary between plasma of solar and planetary origin
(Bößwetter et al. 2007), but have also made some interesting predictions for
the solar wind interactions with Venus and Mars. Whereas simulations predict
that the bow shock lies further from the planet in the hemisphere where the
convection electric field points inwards towards the planet (e.g., Modolo et al.
2006; Brecht and Ledvina 2006), observations indicate that the bow shock
lies further from the planet in the hemisphere containing accelerated pick-up
ions, i.e., the hemisphere where the electric field points outward away from the
planet (e.g., Dubinin et al. 1996, 1998; Vignes et al. 2002). Shimazu (2001a)
reported that the sense of bow shock asymmetries could be reconciled with
observations by including the e↵ects of charge exchange in the models. In this
case, heavy ions replace the flow of solar wind ions in the magnetosheath. Sim-
ulations also predict the occurrence of multiple shock waves (Moore et al. 1991;
Shimazu 2001b; Modolo et al. 2006), a feature that would be di�cult to iden-
tify using single point observations from in situ spacecraft. Because the model
results reported by Moore et al. (1991) were relatively insensitive to mass-
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loading, these authors proposed that solar cycle variations in shock locations
result from changes in the dimensions of the magnetic pile up boundary and
ionopause rather than changes in the rate of ion pick up. Shimazu (2001b)
predicted that the presence of interplanetary magnetic field constrains the
planetary plasma boundary (the ionopause) to an elliptical cross-section. Fi-
nally, Martinecz et al. (2009) predicted that pronounced density enhancements
extend upstream from the quasi-parallel bow shock at the dawn terminator
during intervals of spiral interplanetary magnetic fields. The density jump at
the dawn terminator bow shock is much less than that on the dusk side. Brain
et al. (2010b) compare the di↵ering predictions of MHD and hybrid models
for the solar wind interaction with Mars.

Transient plasma and magnetic field structures are common at both Mars
and Venus. In particular, observations indicate not only the frequent occur-
rence of wavelike structures at the ionopause and clouds of ionospheric plasma
above it (Brace et al. 1980, 1982; Acuna et al. 1998), but also the common
occurrence of magnetic flux ropes embedded in the ionosphere (Russell and El-
phic 1979). Slowly moving flux ropes are common in the Venusian ionosphere
during periods of low solar wind dynamic pressure at solar maximum (Russell
et al. 2006), and they are present, albeit much rarer, at Mars (Vignes et al.
2004). According to some estimates these transient events may play a major
role in removing planetary plasma (Brace et al. 1982; Russell et al. 1982b;
Terada et al. 2002).

Some of the structures at Venus and Mars might be produced by external
solar wind/foreshock drivers, while others result from instabilities at internal
plasma boundaries. Within the former category, Collinson et al. (2014) sug-
gested that the significant transient density structures generated by kinetic
processes within the Venusian foreshock might drive large amplitude waves on
the ionopause and magnetic pile-up boundary of that planet. The same might
also be true at Mars, where hot diamagnetic cavities and flow anomalies are
also present (Øieroset et al. 2001; Collinson et al. 2015a).

The clouds might have other causes, including a sling shot e↵ect pulling
draped magnetic field lines over the planetary poles (Russell et al. 1982b),
reconnection and the formation of flux ropes in the magnetosheath (Dreher
et al. 1995), and a tearing o↵ of blobs during the final stage of a non-linear
Kelvin-Helmholtz instability at the ionopause (Wol↵ et al. 1980; Gunell et al.
2008). Seeking to confirm the slingshot e↵ect model, Ong et al. (1991) found
that clouds are more common on Pioneer Venus Orbiter periapsis passes dur-
ing which the orientation of the upstream magnetic field changes abruptly,
indicating a need for an additional mechanism.

One such mechanism is magnetic reconnection, which should produce mag-
netic flux ropes in regions of sheared draped magnetosheath magnetic fields
outside the ionopause (Dreher et al. 1995). Sheared fields are indeed a natural
consequence of rotations in the upstream IMF orientation. However, at Mars
there is another way that reconnection can generate flux ropes. Ma et al. (2002)
reported simulation results indicating that reconnection of IMF and crustal
magnetic field generates mini magnetocylinders of closed magnetic field lines
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Fig. 12 Detaching a magnetic flux rope from Mars. Panel (a) shows crustal magnetic field
lines that are still attached to the planet, but have been stretched tailward by the solar
wind. Panel (b) shows a detached loop of crustal magnetic field carrying plasma away from
Mars. The dashed line shows the sunward motion of a spacecraft.

within the Martian magnetosheath, while Harnett (2009) reported simulation
results indicating that these cylinders are rapidly dissipating flux ropes with
sizes that increase slightly and are on the order of half a planetary radius in
the Martian magnetosheath. Brain et al. (2010a) discuss observations indi-
cating that interaction with the solar wind stretches and pinches o↵ loops of
crustal magnetic field, resulting in antisunward moving flux ropes filled with
ionospheric plasma as shown in Figure 12. Ropes with greater than 100 nT
magnetic field strengths were seen in 1% of Mars Global Surveyor (Albee
et al. 2001) orbits and their estimated diameters were on the order of 2250
km, large compared to the radius of Mars. Consequently, they argued that the
ropes might account for up to 5-10% of ion loss at Mars.

Reconnection is not the only mechanism for generating flux ropes. Al-
though the subsolar ionopause is generally thought to be stable to both the
Kelvin-Helmholtz and flute instabilities (Elphic and Ershkovich 1984), large
corrugations are present even here (Russell et al. 1987), leading to a sugges-
tion that they are produced by curvature forces pulling flux tubes draped over
the ionopause into the ionosphere. Further from the subsolar magnetopause,
waves and flux ropes might be produced by the Kelvin-Helmholtz instabil-
ity (Wol↵ et al. 1980). Bertucci et al. (2005) inferred the presence of ripples
on the Martian magnetic pile up boundary at large solar zenith angles from
discrepancies between model normals and those determined from minimum
variance analysis. Although sharp ionopause density gradients are the norm
at Venus, Duru et al. (2009) noted that they were only observed in 18% of
the samples studied at Mars. Noting past work indicating highly fluctuating
electron densities in the Martian ionosphere, Duru et al. (2009) attributed the
infrequent occurrence of strong ionopause density gradients at Mars to time
or spatially dependent phenomena, perhaps the Kelvin-Helmholtz instability
at the ionopause. Pope et al. (2009) inferred the presence of giant vortices ca-
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Fig. 13 Results from a global multifluid hybrid code simulation for the solar wind interac-
tion with Venus as a function of solar zenith angle (SZA) and altitude (Terada et al. 2002).
Panel (a) shows the distribution of magnetic field strengths (colors) while vectors show flow
directions for plasma of solar wind origin. Panel (b) shows the densities and flow direc-
tions for O+ions of planetary origin. The ionopause exhibits much greater corrugation in
the hemisphere with an upward electric field than the hemisphere with a downward electric
field.

pable of redistributing and causing the substantial loss of ionospheric plasma
at Venus.

Simulations of the Kelvin-Helmholtz instability at the ionopauses of the
unmagnetized planets often reach conflicting conclusions. Terada et al. (2002)
reported results from a two-dimensional hybrid code simulation which indicate
preferential wave growth beginning even at the subsolar point and continuing
further antisunward in the hemisphere with an electric field pointing away
from the planet, as shown in Figure 13. By contrast, the instability began to
develop only at greater solar zenith angles in the opposite hemisphere. Penz
et al. (2004) used an MHD simulation to study the case where flows lie trans-
verse to draped magnetosheath magnetic field lines. Under these conditions,
the magnetic field plays no role in stabilizing the instability. The subsolar mag-
netopause is stable and the non-linear instability develops on the equatorial
flanks. They estimated that the atmospheric loss via the Kelvin-Helmholtz in-
stability is comparable to that by other non-thermal loss mechanisms. Amer-
storfer et al. (2007) reported results from an MHD simulation with a sim-
ilar magnetic field configuration, this time in the presence of strong radial
gradients in density and velocity at the terminator ionopause. High magne-
tosonic Mach numbers (increasing compressibility) and greater magnetosheath
to ionospheric density ratios diminish the likelihood of the instability. The
wavelengths of the fastest growing mode diminish as the density ratios in-
crease. MHD simulation results indicating a sharper ionopause and a greater
shear flow led Bößwetter et al. (2007) to conclude that the Kelvin-Helmholtz
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instability is more likely in the hemisphere in which the convection electric
field points towards the planet. Amerstorfer et al. (2010) then considered the
evolution of the instability from a linear phase, through a nonlinear phase
with regular structures through a turbulent phase with nonlinear structures.
They concluded that the instability could account for the atmospheric loss
rate estimated from observations. Finally, Möstl et al. (2011) used an MHD
simulation to argue that conditions generally do not favor the occurrence of
the Kelvin-Helmholtz instability at Venus, with the possible exception of the
dayside induced “magnetopause”, or upper boundary of the magnetic barrier,
during solar maximum, at dayside locations away from the subsolar point,
where magnetosheath flows lie transverse to draped magnetosheath magnetic
field lines.

Global images have the potential to play a decisive role in testing the
often conflicting predictions of the various solar wind-planetary interaction
mechanisms proposed to occur at Mars and Venus. They can be used to de-
termine their occurrence patterns and extent as functions of solar wind and
solar cycle conditions, and to quantify the importance of each mechanism to
the loss of planetary atmospheres. As an example, take the case of the bow
shock asymmetries expected in response to atmospheric loss via ion pick-up.
Observations can first be used to test conflicting model predictions indicating
that the bow shock lies further from (closer to) the planet in the hemisphere
with outward pointing convection electric fields. The degree to which the bow
shock is asymmetric can provide information concerning the significance of ion
pick over time scales ranging from minutes to solar cycles. Similarly, observa-
tions of the size, extent, and number of the density structures generated by
the Kelvin-Helmholtz instability and/or magnetic reconnection can be used to
determine the importance of these mechanisms as a function of simultaneously
measured solar wind conditions.

2.9 The Moon

Despite its tenuous nature, the lunar exosphere remains high on the list of
planetary science targets thanks to its complexity and role as an accessible
representative of airless bodies in the solar system and the possible presence of
water and other potential resources. The role of volatiles in the lunar exosphere
is particularly important.

The solar wind and meteoroids deliver protons and other species to the
lunar surface at local rates that depend on surface composition, impinging local
topography, and the presence of structures such as magnetic anomalies. Solar
wind ions weather the surface by creating defects in the lattice that weaken
the solid state structure. Because the lunar surface is generally saturated with
these volatiles, the implanted species escape the surface and form the volatile
lunar exosphere through a variety of processes including sputtering, recoil, and
di↵usion. These processes deposit H and other volatiles into cold traps and
form OH (and possibly water) through chemical alteration of oxygen-bearing
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minerals. Exospheric volatiles are reclaimed by the solar wind as picked-up
photoions and charge-exchange products. Using global imaging of the total
lunar exosphere including all species at regional scales as functions of solar
zenith angle and the plasma and space environment will lead to a unified
understanding of the plasma, exospheric, and geologic Moon.

The Lunar Atmosphere Dust and Environment Explorer (LADEE, Elphic
et al. 2014) Neutral Mass Spectrometer (NMS, Maha↵y et al. 2014) confirmed
the presence of water in the equatorial lunar exosphere for brief periods early
in the instrument turn on/warm up period. These detections non-polar ex-
ospheric water preferentially occurred near the radiant of episodic meteor
stream encounters. Water densities of 2 � 3 ⇥ 108 m�3 during these meteor
shower events (Benna et al. 2015a) correlate nicely with LADEE Lunar Dust
Experiment (LDEX, Horányi et al. 2014) dust stream occurrences.

Although LADEE established that lunar volatile gases like water can be
released by impacts of solar system objects like meteoroids in the equatorial
region, volatiles can also be released from the interior of the Moon through
moonquakes (Cook and Stern 2014). Additionally, they can be synthesized in
the upper layer of the lunar regolith by the solar wind. Once released, they are
transported across the lunar surface until they either escape to space or become
trapped in cold permanently shadowed regions (PSRs) that have maintained
temperatures below 100K for billions of years. Of particular interest is water
trapped in these PSRs.

In fact, there has been observational verification of an active water and
hydroxyl environment (i.e., water cycle) at the Moon including Lunar Crater
Observation and Sensing Satellite (LCROSS, Schultz et al. 2010) confirmation
of water existing within the lunar polar cold traps (Colaprete et al. 2010;
Schultz et al. 2010). Other evidence includes data from a set of IR sensors
showing an OH veneer that extends all the way down to the lunar equator, and
which may even possess a present-day, dynamic diurnal component (Pieters
et al. 2009; Clarke et al. 2009; Sunshine et al. 2009). The distribution of water
in the lunar polar regions is heterogeneous on all observed scales (Mitrofanov
et al. 2010).

However prior to deposition into cold traps, the volatiles must be trans-
ported some distance across the lunar surface. Volatile mobility depends on
many parameters including species, surface composition, and temperature.
For example, the argon density distribution results from a surface interaction,
an excess of adsorption over desorption on the nightside as the lunar sur-
face cools, so its density peaks at the terminator where the surface heats up
(Hodges 1977). Helium, on the other hand, is not adsorbed onto the surface so
it spends more time on the cold nightside than on the warmer dayside because
the lateral extent of its trajectories is proportional to temperature (Hodges
1973, 1975). Consequently, He density peaks on the nightside. Of course, the
scale height and its dependence on temperature also play a role.

In general, the cold nightside lunar atmosphere is dominated by non-
condensible species, including He, detected by Apollo-era instrumentation,
and Ne and H2, as observed by LADEE and the Lunar Reconnaissance Or-
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biter (LRO, Tooley et al. 2010). LADEE also confirmed the presence of argon
at the equator and the Lyman-Alpha Mapping Project (LAMP, Gladstone
et al. 2010) placed limits on Ar at the poles (Hodges and Maha↵y 2016; Grava
et al. 2015; Benna et al. 2015b). These in situ observations, when coupled with
global data on the structure of the lunar exosphere including local time de-
pendence and vertical scale heights, are essential for determining production
rates and polar cold trapping e�ciencies. With guidance from modeling e↵orts,
global images of total exospheric content could determine the constituents of
the lunar atmosphere over the poles.

Global imaging will also reveal the relationship between the time-variable
solar wind flux and composition and the lunar exosphere. This would be accom-
plished in a manner similar to what LRO did in situ (Feldman et al. 2012) by
showing that the surface He density exhibits variations responding to changes
in the solar wind alpha flux (see also Benna et al. 2015b). Of course, global
imaging would provide an overall perspective on this process not possible with
local in situ measurements. Global images of the lunar atmosphere can also
be used to study the behavior of the exosphere as the Moon moves in and
out of the terrestrial magnetotail, which turns o↵ the e↵ect of the solar wind
sputtering as a driver on the exosphere. Imaging can also reveal the global
e↵ects of meteoroid bombardment (e.g., Colaprete et al. 2016).

Soft X-ray observations of the lunar exosphere complement and validate
model predictions for the dominant contributors to the exospheric column
density. Furthermore, because soft X-ray imaging relies on the presence of
the solar wind, global imaging will reveal the shape and extent of structures
e↵ected by the solar wind-lunar interaction. Plasma structures in the vicinity
of the Moon include a low density wake (Lyon et al. 1967; Zhang et al. 2014)
and mini-magnetospheres above magnetic anomalies (Wieser et al. 2010) that
could be imaged globally using soft X-ray emission. In addition to morphology,
global imaging will reveal aspects of the interaction that can be quantitatively
compared to model predictions, for example the extent over which solar wind
ions impact the lunar surface beyond the terminator (Collier et al. 2014).

Global images will supply the key to a unified understanding of the plasma,
exospheric, and geologic Moon. They will provide information on the exo-
spheric content as a function of altitude and location above the lunar surface
that can be correlated to geologic regions. Global imaging will also reveal prop-
erties of the solar wind plasma-lunar interaction, such as wake morphology and
how magnetic anomalies a↵ect solar wind implantation.

3 Soft X-ray Intensities from Solar Wind Charge Exchange

Solar wind charge exchange is responsible for EUV and soft X-ray emission
in regions of the solar system where the solar wind interacts with neutral
gases, including comets, planetary exospheres such as Earth’s geocorona, and
the interstellar gas flowing through the heliosphere. Charge exchange leaves
the product ion in an excited state which then returns to the ground state
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Fig. 14 Model solar wind charge exchange spectrum (Figure 1 from Koutroumpa et al.
2009).

through the emission of one or more photons. Since the bulk of the ions in
the solar wind are highly ionized, most of these photons are in the soft X-
ray and extreme ultraviolet. As shown in Figure 14, the resulting spectrum
is extremely rich. However, this spectrum is generally observed at relatively
low spectral resolution so that the bulk of the lines are severely blended. This
section reviews the production of EUV and soft X-rays by solar wind charge
exchange. In particular it describes the many factors required to determine
the spectrum seen by an observer looking along a single LOS. Calculating the
spectrum involves many quantities that are poorly known. However, we will
show that working at lower resolution makes the problem in some ways more
tractable.

The intensity, I, of the emissions from transition j, seen by an observer
looking along a LOS is given by the integral along that line of sight:

I

j

=
Z

P

sqj

dl =
X

n

Z
n

n

n

s

v

rel

�

sqn

b

sqj

d⌦dl/4⇡, (1)

where P

sqj

is the volume emission rate (photons cm�3 s�1) for a specific tran-
sition j (with photon energy E

j

) from a specific charge exchange collision of
the solar wind ion species (denoted s) in charge state q with a neutral target n.
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intensity over solid angle increment d⌦. This equation is generally rewritten
as:
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where n

p

is the solar wind proton density. To calculate the integral intensities
along specific lines of sight, each of these factors must be considered in detail.

It should be noted that in many cases, instrumental resolution is insu�cient
to isolate individual lines. For a bandpass containing emission from many
di↵erent transitions (j) from many ion species (sq) charge exchanging with
di↵erent neutral targets (n)
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) are at least relatively constant along the line of sight. This formulation
segregates the bulk properties of the solar wind and its neutral targets from
the atomic data. As we well see below, Q can be derived from models with
some reasonable degree of confidence, while & requires atomic data that is, in
many cases, unknown. In the following section we will demonstrate that & has
been derived from observations for the broad ROSAT 1

4 keV bandpass, which
allows simulations of the entire magnetosheath in that and similar bands.

3.1 Theoretical and Observation-Inferred Charge-Exchange Cross-Sections

3.1.1 Predicted Charge-Exchange Cross-Sections

The collision of an ion with a neutral target can result in the transfer of an
electron from the neutral atom or molecule to the ion, i.e., charge exchange.
The incident ion with charge, q, is represented as Mq+, where M is the species
such as O, N, C, and Fe. Of greatest interest are high charge state ion species
such as O7+ or C6+. The target neutral species is designated B, where B can
be H2O for comets, H for the Earth’s exosphere, H and He for interplane-
tary space, or other neutral species as required. The relevant charge exchange
reaction can be written:
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Fig. 15 Interaction of potential energy curves versus inter-nuclear separation for two atomic
species undergoing a charge exchange collision. (Adapted from Isler 1994, see text for addi-
tional information.)

Mq+ + B! M(q�1)+ + B+ (7)

A key example of this reaction in the terrestrial exosphere or in the heliosphere
is:

O7+ + H! O6+ + H+ (8)

For highly ionized recipients (i.e., large values of q), the product ion species
(i.e., M(q�1)+) is invariably left in a highly excited state such that a radiative
cascade follows the collision as the excited ion de-excites to the ground-state.
For large values of q at least one of the photons in this cascade is an EUV or
a soft X-ray photon.

At solar wind energies (i.e., ⇠ 1 keV/amu), the cross section �

sqn

for this
type of charge exchange collision is very large, much greater than geometrical.
Figure 15 shows interaction potential energy curves versus inter-nuclear sep-
aration for two atomic species undergoing a charge exchange collision (Isler
1994). The dashed line indicates results for incident reactants O8+ and H,
which experience a weak point charge-induced dipole interaction whose en-
ergies remain almost constant at larger distances. By contrast, the outgoing
reaction products O7+ and H+ experience a strong Coulomb interaction. The
curves include the energies of the hydrogen-like O7+ excited to states with
principle quantum number n. If there is a suitable resonance for the electron
in the system, then the charge exchange reaction can be said to take place with
some probability at a curve crossing. The curve crossings for high values of n
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Fig. 16 Electron potential energy as a function of distance along the inter-nuclear axis for
the B5+ + H ! B4+(n = 3) + H+ system at a time during the reaction when the nuclei are
9 atomic units (au) apart (Adapted from Cravens (2002).)

take place at large radii (e.g., r ⇡ 9a0 for n ⇡ 5, where a0 = 0.54 ⇥ 10�8 cm
is the Bohr radius). Hence, for a reaction probability of about 0.5 the cross
section would be � ⇡ ⇡ ⇥ (9a0)2 ⇡ 5⇥ 10�15 cm2.

Figure 16 demonstrates the resonance process that necessitates the energy
of the final state of the recipient ion product in the charge exchange reaction.
It shows the electron potential energy as function of distance along the inter-
nuclear axis for (in this case) the B5++H! B4+(n = 3)+H+ system at a time
during the reaction when the nuclei are 9 atomic units (a.u.) apart (Cravens
2002). Here 1 a.u. of distance is 1 a0 and 1 a.u. of energy is 1 Rydberg or 27.2
eV. This internuclear distance is a favorable one because the electron energy
can remain about the same (the resonance) and move over from the region
near the H+ nucleus over a low energy barrier to the region near the Bx+

nucleus.
The simple classical over-barrier (COB) collision model provides approxi-

mate cross sections and excitation levels (Mann et al. 1981). The cross sections
are energy-independent and apply only to relatively low collision energies but
are appropriate for solar wind ions. For a fully stripped recipient species Mq+

colliding with a neutral target species B, that has an ionization potential of
I

p

the energy defect is �E = q

2
/2n

2
� I

p

and the curve crossing distance is
R

x

⇡ (q� 1)/�E, where I

p

= 0.5 a.u. for atomic H. The COB cross section is
then � ⇡ ⇡R

2
x

and the most likely excitation level (i.e., the principle quantum
number) is given by n  q{2I

p

[1 + ((q � 1)/(2q

1
2 + 1)]}� 1

2 . For the O8+ + H
collision, this gives n ⇡ 5 for the product O7+ and � ⇡ 250 a
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Fig. 17 Energy level diagram for O6+ (O vii X-ray emission lines).

3.1.2 Experimental Measurements of Charge-Exchange Cross Sections

Numerous laboratory measurements of high charge state ion collisions with
neutrals have been made over the years. Gilbody (1986) reviewed some of the
earlier experimental work, reporting for example on laboratory measurements
and theoretical calculations for C6+ + H charge exchange cross sections as a
function of energy. In this case the measured charge exchange cross section is
3⇥ 10�15 cm2 for a collision energy of 1 keV/amu, which greatly exceeds the
geometrical cross section. Janev and Winter (1985), and Janev et al. (1983,
1988) reported measurements of state-selective cross sections that indicated
the product ion is left excited with a high principle quantum number (e.g.,
n ⇡ 4).

The cross sections �

sqn

are velocity dependent, but approximately constant
for most solar wind species as a function of the relative velocity between the
interacting particles over reasonable velocity ranges. While some important
emission lines like O vii and O viii have been reasonably well characterized,
many others that contribute to the emissions with energies < 500 eV that are
relevant to imaging solar wind interactions with the planetary objects are not
(see Smith et al. 2014, for a discussion of alternative methods).

Dennerl (2010), Krasnopolsky et al. (2004), Beiersdorfer et al. (1999, 2000,
2001, 2003), Wargelin et al. (2008), Greenwood et al. (2001), and Betancourt-
Martinez et al. (2014) present some relatively recent experimental measure-
ments of X-ray emissions generated by charge exchange. The more recent ex-
periments include a wide variety of target (i.e., H2O and CO2) and incident ion
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species and charge states. A variety of experimental methods and incident ener-
gies were employed. For example, Greenwood et al. (2001) measured the X-ray
spectrum emitted during the charge exchange process using a crossed-beam
experiment in addition to determining the initial and final charge states of the
recipient ions. The measured emission cross sections at solar wind energies for
the 2p - 1s, 3p - 1s, and combined (4p, 5p - 1s) transitions were 3.2⇥10�15 cm2,
0.6⇥ 10�15 cm2, and 0.8⇥ 10�15 cm2, respectively, for O7+ + H2O collisions
leading to excited O6+. The photon energies are 574 eV, 666 eV, 698 eV, and
713 eV, respectively.

Beiersdorfer et al. (2003) used a microcalorimeter to measure the X-ray
spectrum generated when trapped ions interact with neutral targets in the
Lawrence Livermore electron beam ion trap (EBIT-I). For O7+ ions interacting
with neutrals like CO2, the resulting helium-like emission spectrum from O6+

produces X-ray transitions such as those observed at comets with especially
strong lines near 570 eV. In particular, the microcalorimeter detected strong
emission from the forbidden transition 1s2s 3S1 � 1s2 1S0 at 564 eV. Figure 17
shows an energy level diagram for O6+ illustrating the forbidden, resonant, and
inter-combination lines for the n = 2 to n = 1 transition.

Despite these e↵orts, the charge exchange cross sections for many interac-
tions that generate emissions in the 0.1� 0.284 keV band remain both poorly
understood and poorly determined. As we shall see (§ 5 and § 6), the band-
integrated cross-section for solar wind charge exchange is best estimated from
well calibrated observations in space.

3.2 The Branching Ratio and Spectra

Once the charge transfer collision has occurred and the product ion is produced
with a high principle quantum number, n, and angular momentum quantum
number, l, a radiative cascade ensues, subject to the relevant selection rules
(e.g., �l = ±1 for dipole-allowed transitions), so that the ion eventually ends
up in the ground-state.

The details of this cascade depend on the set of radiative transition prob-
abilities (or Einstein A coe�cients), and are encompassed in the branching
ratio coe�cient, b

sqj

, which appears in the intensity expression given above
(see Equations 1 and 3). The coe�cient in this equation is an average that
must also include information on the initial quantum numbers of the product
ion. For example, if an O5+ is created in the n = 4 and l = 1 state (2s4p) by
charge exchange of O6+ with a neutral, then it can radiate to the following
states: 2s2 with fraction 0.77, 2s3s with fraction 0.11, and 2s3d with fraction
0.04. The 2s2p state will then radiate 100% to the ground state 2s2. The di�-
cult task of finding b

sqj

for all species and charge states relevant to solar wind
charge exchange remains only partially and approximately complete.

For the solar wind ions of interest here, some of the resulting transitions
are in the EUV and soft X-ray parts of the spectrum. For example, O7+ ions
(produced by charge exchange from solar wind O8+ ions) generate a hydrogen-
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Table 4 Solar Wind Properties

Solar Wind Density (cm�3) Speed (km s�1) Thermal
Speed

(km s�1)
Type H He H He H
Slow 5.55 0.13 392 399 45
Fast 2.12 0.11 745 769 79

ICME 5.9 0.32 449 450 51

like spectrum (O viii emission lines in X-ray astronomy notation) while O6+

ions (from O7+) generate a helium-like spectrum (O vii emission lines), as
discussed earlier. These lines are in the soft X-ray part of the spectrum. Other
recipient species with di↵erent charge states produce di↵erent spectra.

The detailed X-ray spectrum resulting from solar wind charge exchange
(SWCX) depends on the abundances (or fluxes) of the highly-charged heavy
ions in the solar wind (e.g., C6+, O7+, O8+, Mg12+, Fe13+, etc.). These abun-
dances depend on where on the Sun the solar wind originated, as discussed by
von Steiger et al. (2000), and Schwadron and Cravens (2000). For example,
the slow (300 km s�1) solar wind originates from a hotter solar corona and
has a relatively higher O7+/O6+ ratio than the fast (700 km s�1) solar wind
that originates from cooler parts of the solar corona. Solar wind composition
is discussed in more detail in the next section.

Given the solar wind heavy ion abundances and relevant charge exchange
cross sections and radiative cascade probabilities, both the EUV and soft
X-ray spectra and the e�ciencies of the SWCX mechanism can be deter-
mined. Several authors have undertaken this exercise both for detailed spec-
tra and for broad-band X-ray emission bands with and without instrumental
response functions included for specific observations such as those made by
Röntgensatellit (ROSAT) (c.f., Kharchenko and Dalgarno 2001; Pepino et al.
2004; Krasnopolsky et al. 2004; Robertson et al. 2009b). Figure 18 shows a
cometary SWCX spectrum calculated by Kharchenko and Dalgarno (2001).
The strong O6+ lines near 570 eV are particularly obvious but a large number
of other lines are present at lower energies.

3.3 The Flux of High Charge State Solar Wind Ions

The flux (F
sq

) of ions of species s with charge state q is taken to be pro-
portional to that of protons, i.e., F

sq

⇡ f

sq

n

sw

u

sw

, where n

sw

is the proton
density and u

sw

is solar wind proton velocity. This is a reasonable assumption
over long time scales, and probably even over shorter time scales. For exam-
ple, Neugebauer et al. (2000) reported a close correlation between OMNIWeb
proton and SOHO O fluxes over a period of 8 days during 1996. See also (Kip
ACE nHE2 and his newer figure Kip O/P vs P.ps) TBD.

Nevertheless, the relative heavy ion abundances (f
sq

) di↵er for the slow
and fast solar wind flows, with the slow components originating at equato-
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Fig. 18 The total emission spectra from the single (dashed lines) and sequential (solid lines)
collision regions of a cometary atmosphere normalized to unit flux of solar wind (SW) ions.
The energy resolution F of the discrete spectral lines is taken arbitrarily as 1 eV. (Adapted
from Kharchenko and Dalgarno (2000)).

rial latitudes and the fast components originating at coronal holes. Table 4
summarizes solar wind properties at Earth.

The average slow solar wind proton and He densities, speeds, and thermal
speeds are listed in Table 4 (Ebert et al. 2009). Near the ecliptic plane, 90%
of density measurements lie between 1 and 20 cm�3. von Steiger et al. (2013)
report H/O ratios of 1500, which gives O densities of 2.0 ⇥ 10�3 cm�3 for
proton densities of 3 cm�3. The slow solar wind composition is very biased
towards elements with low first ionization potentials and matches that of the
solar corona (Schwadron et al. 1999; von Steiger et al. 2000). Predominant
species are: C5+, C6+, O6+, and O7+, (Schwadron and Cravens 2000; von
Steiger et al. 2000).

Typical fast solar wind proton and He densities, speeds, and thermal speeds
are also listed in Table 4 (Ebert et al. 2009). Near the ecliptic plane, 90% of
H density measurements lie between 1 and 10 cm�3. Corresponding average
high charge state O densities are slightly greater than those in the slow solar
wind, ⇠ 2.2 ⇥ 10�3 cm�3. The fast solar wind composition exhibits less of a
bias towards elements with low first ionization potentials and matches that of
the photosphere. Predominant species are: C5+, N5+, O6+, and Ne8+.

Consider Homayon figure here TBD
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Fast solar wind streams overtake slow solar wind streams, creating corotat-
ing interplanetary regions (CIRs) with enhanced densities and magnetic field
strengths that spiral outward from the Sun. Fast-moving, outward-propagating,
interplanetary coronal mass ejections (ICMEs) occasionally disrupt this two-
stream pattern, particularly at the peak and during the declining phase of the
solar cycle. The azimuthal extents of ICMEs at Earth are about four times
greater than their ⇠ 0.1 AU half-widths (Russell and Mulligan 2002). Typ-
ical ICME proton and He densities, speeds, and thermal speeds are again
listed in Table 4 (Ebert et al. 2009). Near the ecliptic plane, 90% of density
measurements lie between 1 and 10 cm�3. The overall chemical composition
of ICMEs resembles that of the slow solar wind, but the He density is fre-
quently enhanced, with the ratio of He to proton densities often exceeding
8% and sometimes exceeding 10%. Minor ions exhibit both enhanced densities
and charge states (see review by Galvin 1997). Shocks propagating ahead of
the ICMEs compress the local plasma, enhancing densities and magnetic field
strengths.

The limited observations available indicate that the composition of high
charge state heavy ion populations in the magnetosheath faithfully reflect
those of their parent populations in the solar wind at much higher densities
(Gloeckler et al. 1986). In the absence of any proposed process that would
preferentially remove or accelerate high charge state heavy ion populations
crossing the magnetopause, the same must be true for the ion populations in
the LLBL, cusps, and mantle.

Finally, the flux of ions F

sq

can be written as n

sq

V

eff

, where n

sq

is the
density of species s with charge state q and V
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is the e↵ective velocity.
Since charge exchange continues in hot plasmas like the magnetosheath and
cusps with significant thermal velocities V

th

even when the bulk velocity V
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) 1
2 .

3.4 Neutral Densities in the Outer Exosphere

Earth’s exosphere is primarily H at all radial distances of interest here, it
pervades all of the regions mentioned above, including the magnetosphere,
cusps, boundary layers, the magnetosheath, and the near-Earth solar wind.
Chamberlain (1963) presented a model for the exosphere in which there is
a transition with radial distance from atmospheric densities dominated by
orbiting particles, to densities dominated by ballistic and escaping particles, to
one dominated solely by escaping particles. In the latter region, temperatures
remain constant with increasing radial distance at values ⇠ 12% of those at
the critical level deeper within the atmosphere at the altitude where collisions
first become negligible. Hodges (1994) presented the results of a Monte Carlo
simulation for the seasonal and solar cycle variation of exospheric densities
at distances from Earth ranging from the exobase to 10 RE that included
atoms on ballistic trajectories and collisions. The model does not include the
enhanced hot exospheric neutral densities in the vicinity of the cusps and
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magnetopause that result from the charge exchange of energetic protons and
exospheric hydrogen. Because exospheric temperatures are determined by the
relatively cold values at the critical level, the e↵ective temperatures governing
the interaction of exospheric neutrals and geospace plasmas are determined
almost exclusively by the thermal and bulk velocities of the geospace plasmas.

By contrast to the sharp plasma density gradients predicted by models
for the solar wind-magnetosphere interaction, exospheric models predict rela-
tively smooth and gradual transitions in neutral density. Hodges’ exospheric
model predicts that neutral densities at 10 RE peak near the equator during
the equinoxes, but at o↵-equatorial latitudes during the solstices. They fall
o↵ approximately as R

�3, where R is the radial distance from Earth. Dayside
values at 10 RE near local noon increase from > 22.5 cm�3 at solar wind radio
fluxes at 2800 MHz, F10.7 = 230 to > 37.5 cm�3 for F10.7 = 80 during the
equinoxes. Dayside values at 10 RE near local noon increase from > 27.5 for
F10.7 = 230 to > 37.5 cm�3 for F10.7 = 80 during the solstices. Consistent
with the predictions of this theoretical model, Zoennchen et al. (2011) inferred
exospheric neutral densities from TWINS observations of scattered solar Ly ↵

finding a gradual transition from greater nightside (⇠ 45 cm�3) than dayside
(⇠ 22.5 cm�3) neutral densities at 10 RE from Earth during solar minimum.
Nevertheless, they noted the possibility of 100% errors in the model at these
distances from Earth. Figure 19 compares their results with those from previ-
ous empirical studies. Finally, Fuselier et al. (2010) presented a case study of
energetic neutral atom observations from which they inferred a neutral density
of only 8 cm�3 at the subsolar point. Given the uncertainties inherent in both
the models and observations, neutral densities at 10 RE may be far greater
than any of those listed above. Determining neutral densities at large geocen-
tric distances is di�cult because interplanetary Ly ↵ glow intensities exceed
those for geocoronal emissions beyond 8�10 RE (Bailey and Gruntman 2011).

Recent TWINS observations suggest that the exospheric density may also
vary as a function of geomagnetic activity. Bailey and Gruntman (2011) re-
ported ⇠ 10� 20% increases in the neutral H density at the onset of geomag-
netic storms, with the magnitude of the enhancement scaling to the strength
of the geomagnetic storm as measured by the minimum in the Dst index. Since
the increases in neutral density last for periods on the order of a day or less,
the likely source is additional particles on ballistic trajectories with lifetimes
on the order of 13� 18 hours.

3.5 Charge Exchange Within the Magnetosphere

Ring current, Van Allen radiation belt, and plasmaspheric plasmas lie deep
within the magnetosphere and exosphere, and are therefore also subject to
charge exchange. Plumes of cold (1�10 eV) plasmaspheric plasma can extend
outward to the magnetopause with densities on the order of 10 cm�3 from
locations deeper within the magnetosphere where densities are on the order of
1000 cm�3, but often terminate abruptly at a sharp plasmapause that lies some



Imaging Solar Wind Interactions in Soft X-rays 51

Fig. 19 Comparison of radial H density profiles from recent analytic models. Adapted from
Zoennchen et al. (2013).

3 � 5 RE from Earth (Carpenter and Anderson 1992). Some plasmaspheric
plasma flows upward through the cusps, joining the population of reflected
solar wind ions entering the mantle and magnetotail. A ring current of hot
(1-400 keV) plasma with densities ranging from 1 � 10 cm�3 encircles the
Earth at radial distances from 2� 7 RE. Fluxes of energetic (> 50 MeV) ions
peak in the inner Van Allen Radiation belt at distances of 1.2 � 3 RE from
the center of the Earth, while fluxes of 0.1� 10 MeV energetic electrons peak
in the outer Van Allen Radiation belts at radial distances of 4 � 5 RE from
Earth. Radiation belt ion densities are on the order of 1 cm�3 (Baumjohann
and Treumann 1996; Hultqvist et al. 1999).

Since only high charge state heavy ion populations emit soft X-rays when
they exchange electrons with neutrals, we must now consider the composition
of the plasmasphere, ring current, and radiation belts to determine whether
they are significant sources of soft X-rays. The plasmasphere is comprised of
singly charged protons (93 � 97%), He (2 � 6%), and O (1%) ions (Mold-
win 1997). The ring current is comprised of protons and, particularly during
disturbed geomagnetic storm intervals, singly-charged O ions. Theory predicts
that singly-charged ions dominate the radiation belt population, even for solar
wind source species with purely high charge state populations (Spjeldvik and
Fritz 1978). Observations indicate high charge state C and O densities in the
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outer magnetosphere are insignificant, on the order of only 10�6
� 10�4 cm�3

(Christon et al. 1994). We conclude that magnetospheric particle populations
are not a significant source of soft X-rays.

4 Other Sources of soft X-rays

The soft X-ray emissions generated by charge exchange with solar wind ions
at Venus, Mars, Earth, the Moon, and comets must be distinguished from
those generated by charge exchange with solar wind ions in the interplanetary
medium, those generated by charge exchange with ions not of solar wind origin
at Jupiter, those which result from a host of processes other than charge
exchange at the planets (e.g., Bhardwaj et al. 2007), and the cosmic soft X-
ray background. This section reviews the other sources that may lie in the line
of sight of a soft X-ray telescope.

4.1 Solar Emissions

The Sun is the brightest source of soft X-rays in the heliosphere. Its ther-
mal plasmas generate both continuum and line emissions. Bremsstrahlung (or
“braking radiation” represents a major source of continuum emission for hot
(⇠ 106 K) plasmas such as those found in the Sun’s corona. Brehmstrahlung
radiation is generated via the acceleration of charged particles colliding with
targets such as atomic nuclei. Ion-electron recombination also results in emis-
sions. In equilibrium plasmas, the ionization that results from the predomi-
nant electron-ion collisions is balanced by radiative and dielectronic electron-
ion recombination. Both types of recombination generate line emissions whose
energy depends on ion charge states and therefore on the ambient plasma tem-
perature. For example, ion species such as O3+ are present in 105 K plasmas
whereas O7+ is present in 106 K plasmas. The line radiation resulting from
recombination lies mainly in the EUV for 105 K gases, but in the soft X-ray
part of the spectrum for 106 K gases.

4.2 Emissions from the Heliosphere

Interstellar neutrals cross the boundaries of the heliosphere, enter the solar
system, and exchange charges with solar wind ions that then generate soft
X-rays. Due to the motion of the Sun through the local interstellar cloud,
interstellar neutral H (⇠ 85% by composition) and He (⇠ 15%) move with
an apparent speed of about 26 km s�1 relative to observers in the solar sys-
tem reference frame. Helium atoms appear to flow from an ecliptic longitude
and latitude (�, �) of (255�, 5.5�), whilst H atoms appear to originate from
a slightly di↵erent direction (252�, 9�) (Lallement et al. 2005). The di↵erence
results from neutrals exchanging charges with shocked protons at the distorted
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heliospheric interface, thereby forming a secondary neutral H population with
the characteristics of the compressed protons.

As they move towards the inner solar system, neutral interstellar H and He
atoms experience the Sun’s e↵ects di↵erently. Neutral H atoms move sunward
with the relative motion of the Sun and the Local Cloud and are a↵ected by
the attractive force of gravity and repulsive force of radiation pressure. Charge
exchange with outward moving solar wind ions results in antisunward-moving
neutrals and pick-up ions. Together with solar EUV ionization and electron
impact ionization, this charge exchange excludes neutral H from cavity around
the Sun whose ⇠ 1�2 AU size depends on solar activity through the strength
of the depletion processes (Quémerais et al. 2006).

The situation is very di↵erent for neutral He. Because radiation pressure
has little e↵ect on neutral He, these atoms execute Keplerian hyperbolic orbits
to form the He focusing cone downstream of the Sun. EUV solar photons ionize
the He atoms, but the resulting ionization cavity extends only about 0.5 AU
from the Sun. Consequently, the Earth and spacecraft monitoring the solar
wind at the L1 libration point pass through the substantially enhanced neutral
He densities within the focusing cone once each northern hemisphere winter
(e.g., Dalaudier et al. 1984; Gruntman 1994; Gloeckler et al. 2004). Just as in
the case of the H ionization cavity, the densities and sizes of the He focusing
cone and cavity depend on solar activity (Lallement et al. 2004b). Figure 20
presents the predicted distributions of interstellar H and He atoms within the
heliosphere during solar maximum.

The spatial and temporal variations of the high charge state population
within the solar wind introduce further structure into soft X-ray emissions.
As discussed in § 3.3, the largest and strongest heliospheric plasma density
variations are those associated with corotating interaction regions and coronal
mass ejections. Spiral shock fronts associated with corotating interaction re-
gions provide factor of ⇠ 3 density enhancements that last ⇠ 1 day (Borovsky
and Denton 2010), while the factor of 2 to 3 magnetosheath density enhance-
ments (Guo et al. 2010) that precede CMEs last ⇠ 11 hours (Zhang et al.
2008).

Since solar wind charge exchange emissions are proportional to neutral
population densities, the expected and observed azimuthal asymmetry in the
heliospheric neutral He densities implies an asymmetry in heliospheric soft
X-ray emission, a topic further explored in § 5.5. The arrival of solar wind
structures with di↵erent densities and compositions results in time- and spatial
dependent variations in soft X-ray emissions superimposed upon those due to
the neutral density asymmetries. Although the emission spectrum is comprised
of many lines from 150 to 350 eV (e.g., see Figure 14), it is di�cult for detectors
with low or medium spectral resolution to distinguish this spectrum from the
thermal spectrum of the local bubble.
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Fig. 20 Modeled H (upper left) and He (upper right) density in the ecliptic plane; the sun
is at the center and the location of the Earth is marked. The downwind direction is marked
(DW), as are ecliptic longitudes 0� and 90�. The simulated densities are based on models by
Dalaudier et al. (1984) and Lallement et al. (2004a) for He and Lallement et al. (1985a,b)
for H. The bottom left is the solar wind proton density as modeled by ENLIL. The bottom
right is the X-ray emissivity. TBD - Need coordinates, units, scales.
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4.3 Planetary Emissions

Processes other than solar wind charge exchange can generate soft X-rays
at Venus, Mars, Earth, and Earth’s Moon. Jupiter presents a particularly
interesting case. Here charge exchange produces soft X-ray aurorae, electron
bremsstrahlung dominates the auroral spectra at energies above 3 keV, and
the brightness of the planetary disk in soft X-rays varies proportionally to that
of solar X-rays. The latter is particularly noticeable when individual solar flares
are mirrored in the Jovian soft X-ray light curve.

The Einstein Observatory provided the first detection of X-rays from Jupiter’s
aurora. Metzger et al. (1983) proposed that this emission is related to ener-
getic ion precipitation and noted that either a combination of O and S line
emissions or electron bremsstrahlung continuum could fit the spectral data.
Since the electrons probably cannot input su�cient power and their spectra
are too soft for the X-ray emission to be due to bremsstrahlung, heavy ion
precipitation was taken to be a more likely cause of the X-ray aurora. ROSAT
observations in the early 1990s confirmed this general picture (Waite et al.
1994). Horanyi et al. (1988) initially modeled the auroral X-ray emissions in
terms of precipitating low (q < 4) charge state O and S ions. Cravens et al.
(1995) subsequently invoked charge exchange with highly charged O ions.

The precipitating ions could originate in the magnetosphere (e.g., Io’s
volcanoes) or solar wind. It should be possible to distinguish between these
sources by inspecting the charge exchange emission lines in the 0.3� 0.4 keV
band, where the presence of S lines would indicate an Io origin, whereas C
lines would indicate a solar wind origin. Cravens et al. (2003) concluded that
both cases require substantial particle acceleration to produce the observed
X-ray fluxes.

Surprisingly, Chandra observations of Jupiter in 2000 revealed that the po-
lar hot spot of X-ray emissions pulsates with a well defined 45 min period and
maps magnetically to distances exceeding 30 RJ from the planet (Gladstone
et al. 2002). Subsequent Chandra observations indicate much less organized
periodicities ranging from 20 to 70 min (Elsner et al. 2005). Bunce et al.
(2004) attributed these periodicities to particle acceleration driven by pulsed
reconnection at the dayside magnetopause.

For “fast flow” solar wind conditions with high plasma densities and IMF
strengths, and potential drops of ⇠ 5 MV that strip the ions (e.g., Cravens
et al. 2003), precipitating magnetospheric O ions can produce X-ray intensities
that match the observations. The heavy ion precipitation should be associated
with fluxes of relativistic electrons escaping Jupiter (Ozak et al. 2013) as well as
significant downward field-aligned currents. The current Juno mission will no
doubt shed much light on magnetosphere-ionosphere interactions at Jupiter.

XMM-Newton and Chandra observations demonstrate that line emissions
(in particular O vii) resulting from charge exchange between highly stripped
energetic ions and H2 molecules in the planet’s upper atmosphere dominate
Jupiter’s auroral X-ray spectrum below 2 keV (Branduardi-Raymont et al.
2004, 2007; Elsner et al. 2005). At higher energies, the featureless auroral X-
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Fig. 21 XMM-Newton EPIC CCD images of Jupiter in narrow energy bands. The top left
and two bottom panels show auroral contributions at in the 0.55 � 0.60 keV O7+ line, at
3� 5 keV, and at 5� 10 keV, while the top right panel shows the disk contribution in the
0.70 � 0.75 keV and 0.80 � 0.85 keV Fe17+ lines (Branduardi-Raymont et al. 2007). The
color scale bar is in units of EPIC counts.

ray spectrum can be attributed to electron bremsstrahlung. Figure 21 shows
XMM-Newton EPIC spectral maps in narrow energy bands: the aurorae are
very evident in the lower energy band centered on the charge exchange O VII

line (top left panel) and the higher energy bands where bremsstrahlung domi-
nates (bottom panels). By contrast, a round uniform disk is observed for a band
centered on the Fe lines (top right panel) that characterize the scattered solar
coronal spectrum. Unfortunately neither XMM-Newton nor Chandra possess
the combination of collecting area and high resolving power needed to sep-
arate C from S lines in the 0.3 � 0.4 keV band. There are some indications
from XMM-Newton and Chandra (Branduardi-Raymont et al. 2007; Hui et al.
2009, 2010a; Ozak et al. 2010) that S lines may provide a better spectral fit
at low energies, implying ions of magnetospheric origin.
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Fig. 22 Polar projection of Chandra < 2 keV (small green dots) and > 2 keV (large green
dots events superimposed on a simultaneous HST STIS UV image (orange) of Jupiter’s
aurora (Branduardi-Raymont et al. 2008) TBD - Need coordinates, units, scales..

Electrons are believed to produce ultraviolet auroral features at Jupiter.
As shown in Figure 22, Chandra observations demonstrate that high (but not
low) energy X-ray emissions tend to occur over the ultraviolet auroral oval
and other bright ultraviolet features, suggesting that precipitating electrons
also produce high energy X-ray emissions (Branduardi-Raymont et al. 2008).
Since Jupiter’s ultraviolet aurora brightened following the arrival of a solar
wind shock (Clarke et al. 2009), it would not be too surprising for the elec-
tron bremsstrahlung X-ray emission to follow the same trend. And indeed,
the electron bremsstrahlung spectral component varied significantly over a
3.5 day XMM-Newton observation in 2003 November following the “Halloween
Storm”, probably in response to magnetospheric particle energization caused
by a compression of the Jovian magnetosphere corresponding to the arrival of
a solar wind shock or a CME.

Chandra observed a brightening of auroral X-ray emissions, mostly below
0.5 keV, around the time when a CME was expected to impact Jupiter in
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Fig. 23 Chandra X-ray events (colored dots, plotted in Jupiter’s System III: colors and
species are shown on the RHS) gather at the footprints of open field lines in the Vogt et al.
(2011) model (colored oval). The red arrow indicates the Sun/noon position (from Dunn et
al. 2014).

October 2011. As indicated by the map shown in Figure 23, a comparison
with magnetic field models (Vogt et al. 2011) indicates that these emissions
tend to cluster at the footprints of open magnetic field lines that map to the
outer magnetosphere. This led Dunn et al. (2014) to associate the origin of
at least some of the X-ray emissions with possible direct solar wind O and C
precipitation.

Saturn, like Jupiter, emits powerful auroral emissions at radio, infrared,
and ultraviolet wavelengths. Solar wind compressions cause ultraviolet and
radio brightenings (e.g., Clarke et al. 2009). By analogy with Jupiter, X-ray
aurorae powered by charge exchange should also be expected on Saturn, yet
none have been observed to date. No auroral X-rays were observed at the
time when a CME was predicted to arrive (Branduardi-Raymont et al. 2013),
perhaps because the required accelerating potentials are absent (Hui et al.
2010b). Nevertheless, the planet is a source of soft X-rays. A combination of
elastic and fluorescent scattering of solar X-rays in the H2 and CH4 atmosphere
can account for Saturn’s disk, polar cap and ring emissions.

As for Jupiter, the flux from the disk tracks that of solar X-rays (Bhardwaj
et al. 2005a,b; Branduardi-Raymont et al. 2010). Fluorescence also explains
most of the disk emissions observed from Venus and Mars. Here solar X-rays
ionize and remove K-shell electrons from the C and N atoms in atmospheric
neutrals like CO2 or N2 (while on Jupiter and Saturn this occurs for the C in
the methane molecule). The emissions occur when the K-shell vacancy is filled
by a higher energy valence electron.
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Looking further afield, we can expect Uranus and Neptune, as well as Sat-
urn’s moon Titan, to emit X-rays, both by particle precipitation in the mag-
netosphere, and by scattering of solar X-rays. Nevertheless, Bhardwaj et al.
(2007) reported that Chandra failed to detect X-rays from Uranus in August
2002. A comparison of the parameters relevant to aurora production at Uranus
and Neptune with those for Jupiter leads to the conclusion that X-ray emis-
sions from these planets are far too faint to be detected by current X-ray
observatories, but may be just bright enough to be observed by Athena, the
next generation X-ray observatory, when it flies around 2028 (Branduardi-
Raymont et al. 2010). There is even some evidence for X-ray emission from
Pluto (Lisse et al. 2017).

In addition to charge exchange, there are other non-thermal mechanisms
for generating soft X-rays in solar system environments much colder than
the solar corona. These environments include the Earth’s upper atmosphere,
comets, and the Jovian upper atmosphere where neutral temperatures are only
⇠ 1000, 20, and 300 K, respectively. Electron temperatures in the ionospheres
of these bodies are somewhat higher than these neutral temperatures, but not
by more than a few thousand degrees. Consequently, the X-ray emissions from
these targets result from non-thermal processes and not thermal collisions.
For example, the precipitation of electrons accelerated to high energies in the
Earth’s magnetotail produces bremsstrahlung X-rays in the Earth’s auroral
oval. In addition, planetary atmospheres scatter solar X-rays through both
Thompson and fluorescent processes (e.g., Schmitt et al. 1987; Snowden and
Freyberg 1993).

4.4 Cosmic Soft X-ray Emissions

The cosmic X-ray sky comprises numerous components that are strongly spec-
trally and spatially variable. The emissions from some of these components are
comparable to or brighter than those typically generated by the solar wind
charge exchange processes that occur much closer to Earth. To conduct the
science outlined within this paper, these background emissions must be quan-
tified and then subtracted from soft X-ray images. Here, we consider di↵use,
point, and distinct extended sources.

First observed in the late 1960s (e.g, Bowyer et al. 1968), non-heliospheric
di↵use emissions originate at locations ranging from the local interstellar
medium to cosmological distances (e.g., McCammon and Sanders 1990). Galac-
tic emissions from a thermal plasma within the Local Hot Bubble (e.g., Tanaka
and Bleeker 1977; Sanders et al. 1977; Snowden et al. 1990, 2014; Snowden
2002), a low density (0.05 cm�3), high temperature (106 K), region extending
from ⇠ 30 to ⇠ 150 parsecs from the Sun depending on direction, dominate
the flux of soft X-rays at lower (⇠ 0.25 keV) energies. High neutral H column
densities within the Milky Way disk absorb emissions from greater distances.
There are contributions from the lower Galactic halo at high Galactic lati-
tudes (e.g., Kuntz and Snowden 2000). Consequently, as shown in the upper
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Fig. 24 ROSAT all sky survey (RASS, Snowden et al. 1997) images of the soft X-ray back-
ground shown as Aito↵-Hammer equal-area maps centered on the Galactic center. Galactic
longitude increases to the left, the south Galactic pole is at the bottom and the north Galac-
tic pole is at the top. Purple and blue indicate low intensity while red and white indicate
high intensity. The units of the color bars are 10�6 ROSAT counts s�1 arcmin�2 (upper
left: 0.25 keV band, 0� 2500; upper right: 0.75 keV band, 0� 500; lower left: 1.5 keV band,
0� 500). The lower right image shows locations, relative fluxes (the size of the circle scales
as the log of the flux), and hardnesses (purple indicates a hard source, red a soft source) of
the 18,811 sources listed in the RASS Bright Source Catalog (Voges et al. 1999).

left panel of Figure 24 (Figure 6 upper panel, Snowden et al. 1997), the sur-
face brightness at 0.25 keV generally increases from the Galactic equatorial
plane towards both the north and south poles. While some of the features su-
perimposed upon this general pattern can be identified with specific Galactic
objects, most result from integral LOS filling factor and density (i.e., emission-
measure) variations in di↵use ⇠ 106 K plasmas further strongly modified by
variable absorption in the interstellar medium.

At the higher energies ( 3
4 keV) shown in the upper right panel of Figure 24,

distinct objects (some extending over large solid angles) dominate a relatively
flat background. The strong enhancement at the Galactic center represents
the combined emission from the nearby Loop I Superbubble and the Galactic
Bulge (e.g., Snowden et al. 1997). The generally flat background combines the
extragalactic background (primarily unresolved point sources) with emissions
from the Galactic halo and our local group of galaxies modulated by absorption
from the interstellar medium near the Galactic plane. The 1.5 keV band map
is shown in the lower left panel of Figure 24. It shows a structure similar to
the 3

4 keV band map except that the distinct features are not as bright.
As can be seen in the maps, the cosmic di↵use X-ray background (e.g.,

Snowden et al. 1997) is bright and spatially varying, di↵ers radically in the
1
4 keV and 3

4 keV bands, and is observed in all directions. It will therefore
be present in all observations of soft X-rays generated by solar wind charge
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Fig. 25 The left panel shows the XMM-Newton mosaic of the Coma Cluster of galax-
ies in the 0.4 � 1.25 keV band. The data are square root scaled and the units are in
counts s�1 deg�2. The coordinates are in right ascension and declination. The right panel
shows the same for the Large Magellanic Cloud, a satellite galaxy of the Milky Way (un-
published images provided by S. L. Snowden).

exchange. However, it is temporally constant on all human time scales and is
well understood and mapped. Consequently it can be subtracted from the light
curves and images of soft X-rays generated by charge exchange observations.
While the surface brightness of the cosmic background varies by up to an
order of magnitude when small regions are considered, fortuitously, the south
ecliptic pole (a likely background direction for a soft X-ray mission imaging the
subsolar bow shock and magnetopause) lies in a relatively benign direction,
particularly at 1

4 keV. At 3
4 keV, the Large Magellanic Cloud (a nearby galaxy

seen in the right panel of Figure 25) does show enhanced emissions but it has
been particularly well studied in soft X-rays (e.g., Snowden and Petre 1994;
Haberl 2014).

In addition to the di↵use emission, there are many point sources, including
stars, compact objects (e.g., pulsars, X-ray binaries), and active galactic nuclei
(AGN). The lower right panel of Figure 24 shows the locations of the 18,811
bright sources (Bright Source Catalog, BSC) detected during the ROSAT All-
Sky Survey (Voges et al. 1999). A further 105,924 sources were included in the
Faint Source Catalog extension to the BSC. Much of what appears to be a
general di↵use emission at higher energies in Figure 24 (e.g., at high latitudes
in the upper right and lower left panels) actually results from the superposition
of unresolved emission from AGN at cosmological distances. These individual
sources are insu�ciently bright to be detected with the available exposure time
allowed by the RASS, but can be resolved by newer observatories particularly
during deep observations like the XMM-Newton image of the Hubble Deep
Field North shown in the right panel of Figure 26. As shown in the upper
right panel of Figure 24, distinct galactic supernova remnants (SNRs) such as
Vela and Puppis (enlarged in the left panel of Figure 26) can subtend relatively
large areas on the sky and can be both bright and strongly spatially varying.
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Fig. 26 The left panel shows the ROSAT All-Sky Survey image of the the Vela and Pup-
pis (small bright region in the upper right of the image) in the 3

4 keV band. The data

are logarithmically scaled and the units are in counts s�1 deg�2. The coordinates are in
right ascension and declination. The right panel shows a color-coded XMM-Newton image
of the Hubble Deep Field North showing the large number of point sources. Orange/red
indicates softer sources while blue indicates harder sources (unpublished images provided
by S L. Snowden).

Nearby galaxies and clusters of galaxies can contribute as both point and
extended sources, sometimes spectacularly as illustrated by the examples in
Figure 25.

Because they do not vary with time and are reasonably well mapped, ex-
tended sources, even small-scale ones, can be modeled and subtracted from
observations of solar wind charge exchange emissions. On the other hand,
point sources can vary greatly with time. The di�culty of removing point
sources from SWCX data depends to a certain degree on the characteristics
of the observing instrument, such as the point-spread function of its optics
and to a lesser extent on the energy resolution of its detectors. Fortunately,
nearly all point sources are relatively dim when compared to the cosmic dif-
fuse background for any angular binning greater than a few arc minutes, and
can typically be included in the cosmic background. The brighter sources have
been well documented (e.g., by the RASS BSCs), and as long as the point
spread function of the telescope is well understood their contributions can
also be modeled and subtracted, both spatially and temporally.

5 Simulations

Simulations are needed to (1) predict integrated LOS soft X-ray intensities
for comparison with observations from previously-flown narrow FOV astro-
physical telescopes, (2) determine how these intensities vary with changing
solar wind conditions, (3) identify regions that are strong soft X-ray emit-
ters and therefore appropriate targets for wide FOV imagers, (4) determine
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whether the sharp features (e.g., bow shock, magnetopause, cusp edges) that
bound these targets can be identified in integrated LOS images, (5) predict
the best vantage points for future missions, and (6) estimate whether planned
wide FOV telescopes will have the spatial and temporal resolution needed
to track the relevant phenomena. Furthermore, we can combine simulation
results with observed LOS intensities to estimate the poorly known 1

4 keV
band integrated cross-section for soft X-rays generated by charge exchange.
Once this band-integrated cross-section is known, the intensities expected for
a band-integrating detector looking in any direction can be calculated.

5.1 Relative Emission Strengths

From Equation 5, estimating the relative strength of emissions from terres-
trial, planetary, and interplanetary targets can be expressed as the product
of the neutral density, plasma density, and e↵ective interaction velocity in-
tegrated over the path length. Table 5 summarizes information concerning
ion and neutral densities, the fraction of ions with high charge states, the ef-
fective velocity of the ions, and estimates for the characteristic line-of sight
dimensions of various magnetospheric regions. The final column indicates the
relative intensity of the soft X-ray emissions to be expected from each region of
space: this column is simply the normalized product of those in the preceding
5 columns. The calculation demonstrates that the main targets for a soft X-ray
imager must be the magnetosheath and cusps. Due to the sharp di↵erences
in intensities expected along lines-of-sight that do and do not pass through
the dayside magnetosheath and cusps, such an imager should be particularly
e↵ective in identifying the locations of the dayside bow shock, magnetopause,
and cusps. Table 6 compares expected soft X-ray intensities from Venus and
Mars with those from Earth. Greater exospheric neutral densities in the so-
lar wind interaction regions make the magnetosheaths of Venus and Mars far
brighter targets than that of Earth.

Table 7 compares measured soft X-ray emission intensities from the soft
X-ray di↵use background, comets, the Moon, Mars, Venus, and Jupiter.

5.2 Past Modeling E↵orts

Robertson and Cravens (2003b); Robertson et al. (2005, 2006, 2012, 2013) re-
ported a series of papers modeling the soft X-rays emitted from the Earth’s
magnetosheath and cusps. They employed Equation 5, either the Spreiter et al.
(1966) gasdynamic or the BATS-R-US magnetohydrodynamic (MHD) (Tóth
et al. 2012) models for magnetosheath and cusp densities, and the Hodges
(1994) model for exospheric neutral densities to integrate line of sight inten-
sities within the FOV of a notional instrument on a high apogee orbit. Their
results demonstrated that it would be easy to identify and track the time-
varying locations of cusp, magnetopause, and bow shock boundaries in the
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Table 5 Soft X-ray Emissions at Earth

Region Line-of-
Sight
Dimen-
sion L
(RE)

Neutral
Den-
sity nN

(cm�3)

Ion Den-
sity n

SW

(cm�3)

Fraction
of Ions
with
High
Charge
State (%)

E↵ective
Velocity
V

eff

=
(V 2

th

+

V 2
bulk

)
1
2

(km s�1)

Relative
LOS
Emission
Strength

Foreshock 10 10 5 0.1� 0.2 400 0.03� 0.06
Dayside
Magneto-
sheath

5� 10 20� 40 15� 20 0.1� 0.2 400 0.09� 1.0

Flank Mag-
netosheath

10 6� 12 10� 12 0.1� 0.2 400 0.045�0.18

LLBL/PDL 1� 2 20� 40 5 0.1� 0.2 400 0.006�0.05
Cusps 1 20� 400 5� 10 0.1� 0.2 400 0.006� 0.5
Ring Cur-
rent Radia-
tion Belts

5 100�200 1 10�4 �
10�2

4000 0� 0.06

Plasmasphere 6� 8 200�400 10� 103 0 40 0

Table 6 Soft X-Ray Emissions at Venus, Earth, and Mars

Venus Earth Mars
A. Characteristic Obstacle Dimension 6050 km 60000 km 3390 km

(R
MP

or R
planet

)
B. SW Density 12.7 cm�3 6.2 cm�3 3.3 cm�3

C. Exospheric Density 1000 cm�3 30 cm�3 10000 cm�3

D. V
effective

400 km s�1 400 km s�1 400 km s�1

A*B*C*D normalized 6.9 1.0 10.0

Solar wind densities obtained from Köhnlein (1996). Exospheric H densities in the magneto-
sheath regions of interest were determined from Ly ↵ observations (Futaana et al. 2011;

Zoennchen et al. 2011). V
eff

is defined as (V 2
th

+ V 2
bulk

)
1
2 , where V

th

is the thermal veloc-
ity and V

bulk

is the bulk velocity (Robertson and Cravens 2003b). Note that V
eff

in the
magnetosheath is approximately V

SW

, the solar wind velocity (Spreiter et al. 1966).

Table 7 Measured Soft X-Ray Intensities

Source Intensity Notes
(keV cm�2 s�1 sr�1)

Di↵use Soft X-ray 10� 30 Observed during STORM suborbital
Background flight
Comets ⇠ 10, 000 Highly variable with heliocentric distance

and cometary gas production rate
Moon 11 From ROSAT observation (Collier et al. 2014).
Mars and Venus ⇠ 3000 Assumes 1 MW halo luminosity -

Observational determinations vary
from 0.3� 10 MW

Jupiter ⇠ 400, 000 Jovian auroral emission attributable
to charge exchange with accelerated
Iogenic ions (Elsner et al. 2005)

All solar system soft X-ray sources listed above have su�cient intensity to be observable by
a 3U Wide FOV CubeSat Imager. This table can stay and be integrated if we get references
for the numbers in it.
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images taken by moving wide FOV soft X-ray telescopes. Although charge ex-
change soft X-ray intensities are less than those of the soft X-ray background
during quiet times, they can rise to values far greater than those of the soft
X-ray background during intervals of enhanced solar wind plasma fluxes.

Sun et al. (2015) employed the 3-D PPMLR global MHD plasma model
(Hu et al. 2007) and a simple exospheric neutral model to define the soft
X-ray signatures that would be observed by an outward-looking low-altitude
spacecraft when Kelvin-Helmholtz waves move antisunward on the flanks of
the magnetosphere. They showed how the amplitude, speed, distribution, and
temporal evolution of the vortices can be derived from the simulated soft X-ray
signatures. Kuntz et al. (2015) used the BATS-R-US plasma and Hodges’ ex-
ospheric model to simulate soft X-ray emissions from the magnetosheath and
cusps. Emission intensities increase faster than linearly as the solar wind flux
increases, particularly when the solar wind flux exceeds 6⇥ 108 cm�2 s�1, be-
cause neutral densities increase rapidly as emitting regions are pushed deeper
into the exosphere.

5.3 Modeling Emissions from the Earth: An Illustrative Example

This section presents an example describing how the images to be observed
by a wide FOV soft X-ray imager can be simulated. A similar e↵ort to model
the changes of a dynamic magnetosphere as observed from soft X-rays was
presented by Walsh et al. (2016b). Equation 5 is used with values for the
band-integrated cross-section that are empirically derived from ROSAT obser-
vations (as will be discussed in § 6) to calculate LOS intensities. The BATS-R-
US global magnetohydrodynamic model is employed to determine solar wind,
magnetosheath, and cusp plasma parameter in the vicinity of Earth as a func-
tion of solar wind conditions and dipole tilt (Tóth et al. 2012). In this particular
case, the solar wind density is taken as 30 cm�3, the solar wind velocity as
450 km s�1, the solar wind ion temperature as 1.2⇥ 105 K, and no dipole tilt.
Hodges (1994) model for Earth’s exospheric neutral densities is used, extrapo-
lating the model as R

�3 beyond the 9.75 RE limit of its validity. For the sake of
discussion, it is assumed that an imager with a 23�⇥ 23� FOV and 0.5�⇥ 0.5�
pixels is located at GSE (x, y, z) = (0, 45, 0) RE is looking dawnward towards
the Earth. Taking the band-integrated intensity predicted by Equation 5 and
convolving the typical charge exchange spectrum shown in Figure 14, with the
energy-dependent instrumental e�ciency expected for the wide FOV imager
discussed in Section 7, enables the derivation of the expected instrumental
count rate resulting from soft X-rays generated by the charge exchange of
exospheric neutrals and high charge state solar wind ions. This count rate is
superimposed upon that resulting from typical cosmic background soft X-ray
spectra. (TBD - Actually at this point in the paper it would be better
to discuss everything in terms of intensities- the instrument specific
numbers and discussion should come later, in that case we leave out
the mention of pixel size and instrument e�ciency here.)
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Panel A of Figure 27 shows the counts expected per minute in each pixel
from the soft X-ray cosmic background seen when looking towards dawn This
is not the correct reference (Snowden et al. 2009a) TBD. Panel
B of Figure 27 shows the counts expected per minute in each pixel from
the integrated LOS intensities of charge-exchange emissions generated within
geospace. Panel C of Figure 27 shows the sum of these background and geospace
emissions. Panel D of Figure 27 shows the sum with the addition of Poisson
noise. As the background emissions are well determined, they can readily be
removed from Panel D of Figure 27. Panel E of Figure 27 repeats Panel D but
with the well-determined background emissions removed. The white square in
each panel shows the FOV of the imager at the location mentioned above.

This section needs a rewrite appropriate to the figure TBD The
black curves in each panel indicate the locus of lines-of-sight tangent to the
magnetopause density gradient in the MHD model, while the white curves
show the locus of lines-of-sight tangent to the bow shock density gradient in
the same MHD model. Inspection of Panel E of Figure 27 reveals that there
are strong gradients in the emissions across the lines-of-sight that intercept
these magnetospheric boundaries, i.e., that the locations not only of the bow
shock and magnetopause, but also of the cusps can be readily identified in
the images returned by wide FOV telescopes. The reason for this is that the
greatest contributions to the LOS emissions come from the points deepest
within the Earth’s exosphere, where neutral densities are greatest. The figure
confirms that the best targets for imaging are the dayside magnetosheath and
cusps. Section 7 provides further information concerning the capabilities of
currently available instrumentation to resolve such images and discuss methods
of identifying the desired boundaries with cadences appropriate to the intended
magnetospheric research problems.

5.4 Modeling Soft X-Ray Emissions from Venus and Mars

Soft X-ray emission resulting from charge exchange at Venus and Mars has
also been modeled. Holmström et al. (2001) employed an empirical flow model
to predict emissions from Mars, showing that they should map out the dayside
magnetosheath. Gunell et al. (2004) then employed a hybrid code model to
simulate emissions generated by high charge state solar wind ions when they
encounter the Martian exosphere. They concluded that soft X-rays make only
a small contribution to the intensity observed when viewing the disk, which
is dominated by the fluorescence and scattering of solar X-rays (Cravens and
Maurellis 2001). Just outside the disk, which has a radius of 10 arc seconds
when viewed from Earth, soft X-rays generated by charge exchange dominate
but their intensities diminish rapidly versus radial distance through a halo
with a width of 20 arc seconds surrounding the planetary disk. Gunell et al.
(2005) demonstrated that both the intensity of the X-ray emissions and the
size of the X-ray halo increase with increasing exobase neutral temperature.
Holmström (2006) concluded that the latitudinal and seasonal e↵ects of asym-
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Fig. 27 Soft X-ray counts for an observer at (x, y, z = 0,�45, 0) RE: (a) The nominal soft
X-ray background resulting from galactic emissions, (b) integrated LOS charge-exchange
emissions resulting from the interaction of solar wind and shocked solar wind plasma with the
exosphere, (c) the sum of the background and charge-exchange emissions (panel c = a+b),
(d) panel c with Poisson noise added, (e) the total emission with the known background
removed (e = d-a). The black curves in the panels show the lines of sight tangent to the
magnetopause, while the white curves show the lines of sight tangent to the bow shock.
New figure? TBD
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Fig. 28 Simulated X-ray images of Venus and Mars. The vantage points are chosen such
that the radius of each planet extends 10 arc seconds. The Sun lies to the left of each image.
The gray scale shows the soft X-ray radiance in W m�2 sr�1. The white circles denote the
size of the respective planets and the coordinates are shown as arc seconds as seen by an
observer at Earth (Gunell et al. 2007).

metries in exobase densities propagate outward to large distances from Mars,
and could therefore be detected in soft X-ray emissions. Employing a global
hybrid code simulation, Koutroumpa et al. (2012) reported that simulations
predict a northern/southern hemisphere asymmetry in the intensities and lo-
cations of soft X-rays emitted from the magnetosheath. They attributed this
asymmetry to di↵erences in plasma densities resulting from motional electric
fields in the solar wind.

Finally, Gunell et al. (2007) considered the case of Venus. The greater
mass of Venus than Mars causes exospheric densities fall faster with altitude
at Venus than Mars. Consequently, the halo of soft X-rays emitted by charge
exchange surrounding Venus has a narrower radial extent (and is therefore
more di�cult to observe) than that at Mars, as shown in Figure 28.

5.5 Modeling Soft X-Ray Emissions from the Heliosphere

Cravens (2000a) estimated the integrated line-of-sight intensities of soft X-
rays emitted within the heliosphere and found them to be comparable to those
from the 100 parsec wide Local Bubble, the cavity surrounding the Sun that
is filled with a hot (106 K) tenuous plasma. Cravens et al. (2001) then em-
ployed a simple model for radial solar wind propagation without solar rotation
to model time-dependent variations in heliospheric and geocoronal charge ex-
change emission. They showed that emissions from the geocorona dominate on
time scales ranging from a few hours to a few days, since emissions from the
small region surrounding the Earth react very quickly to solar wind stimuli.
Emissions from interactions with interstellar He within the heliosphere vary
on a several day time scale, while emissions from interactions with the inter-
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stellar H component contribute to a quiescent zero-level o↵set due to the large
integrating path through the heliosphere that smooths out any variations.

Robertson and Cravens (2003a) mapped soft X-ray emissions as a func-
tion of look direction and time of year, finding relatively high emissions along
lines of sight passing through the He focusing cone. Figure 29 shows the he-
liospheric emissions expected for solar minimum and maximum. Koutroumpa
et al. (2006) predicted that near-Earth observers should observe increases in
low- and medium-latitude emissions during solar minimum, particular in De-
cember, and that these emissions should peak closer to the Sun as the sizes of
the neutral cavities surrounding the Sun diminishes. Furthermore, they showed
that the contributions of the heliosheath and heliotail to the integrated line of
sight heliospheric emissions never exceeds 5%. Parallax e↵ects and the specific
observation geometry precluded all but a fraction of the emissions from the He
focusing cone from being observed by the ROSAT All Sky Survey (Lallement
2004; Koutroumpa et al. 2009, Figure 10). Nevertheless, recent results from
the December 2012 Di↵use X-rays from the Local galaxy (DXL) rocket flight
have conclusively demonstrated that ⇠ 40% of background emissions in a di-
rection of very low cosmic background intensity originate from the He focusing
cone and not the local hot bubble surrounding the heliosphere (Galeazzi et al.
2014; Snowden et al. 2014, 2015; Uprety et al. 2016; Liu et al. 2017).

Koutroumpa et al. (2007) presented a dynamic model that simulated the
e↵ects of a propagating corotating interaction region on line of sight soft X-
ray emissions. The CIR was simulated by a step function change in ion fluxes
along a Parker spiral. Koutroumpa (2012) employed this model and the fluxes
of high charge state ions observed by the Advanced Composition Explorer
(ACE) to predict realistic solar wind charge exchange soft X-ray light curves
which agree well with XMM-Newton, Suzaku or Chandra observations in the O
lines. Kuntz et al. (2015) employed more sophisticated models for heliospheric
plasma (Odstrcil 2003) and neutral (Koutroumpa et al. 2006) densities to
describe the soft X-ray emissions seen as a function of look direction during
the passage of solar wind shock fronts.

The next step for such simulations are to improve the magnetohydrody-
namic models for the propagation of solar wind features and include informa-
tion concerning the populations of high charge state solar wind ions. As noted
in § 3.3, the composition and charge states of the solar wind ion population
vary with time. In particular, the ion composition of fast and slow solar wind
flows are markedly di↵erent. For the fast solar wind, low charge state ions
such as C5+ and O6+ are more prominent (Schwadron and Cravens 2000).
For the slow solar wind, high charge state ions such as C6+ and O7+ become
more prominent. Obtaining a more complete database of charge exchange col-
lision cross-sections and line emission probabilities is needed, particularly in
the lower energy range (0.1 � 0.3 keV) where calculations are based on hy-
drogenic approximations due to the complexity of the electronic structures
of the Fe, Si, S, and Mg ions involved in soft X-ray charge exchange colli-
sions. In principle, the spectral line ratios of soft X-ray emission generated by
charge exchange could then be used to remotely sense abundance and velocity
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Fig. 29 Emissions from the heliospheric focusing cone for (a) solar minimum and (b) solar
maximum. The black ellipse indicates Earth’s orbit. Emissions from the He focusing cone
trail the Sun at the center of the figure, which is moving towards the left. Note the di↵ering
scales for the two panels: emissions are expected to peak during solar minimum. (Adopted
from Koutroumpa (2012).
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variations throughout the heliosphere, as already demonstrated in the case of
cometary emissions (Beiersdorfer et al. 2001).

6 Past Observations of X-rays Generated by Charge Exchange
Processes

From the discussion above, it is expected that charge exchange soft X-ray
emissions are generated in the vicinity of the Earth, comets, Venus, and Mars
at locations where solar wind ions encounter exospheric neutrals. In addition, it
is expected that there will be emission throughout interplanetary space where
the targets are neutrals entering the heliosphere from the interstellar medium.
At Earth, the most intense emissions should therefore occur in the dayside
magnetosheath and cusps. The time-varying intensity of each line emission
should depend upon the time-varying flux of corresponding high-charge state
solar wind ions.

This section summarizes observations of soft (0.1 � 2.0 keV) X-rays by
astrophysical telescopes that confirm all of these predictions. When present,
soft X-ray emissions from charge exchange fill the entire narrow FOV of as-
trophysical telescopes with a constant foreground. The need to remove these
emissions from observations of nearby supernova remnants, galaxy clusters,
and the cosmic X-ray background has prompted systematic searches for the
charge exchange emissions generated in the vicinity of the Earth.

6.1 Time Variability at Earth

ROSAT undertook an all-sky survey (Snowden et al. 1997; Voges et al. 1999)
of the di↵use soft X-ray background covering the 0.1 � 2.0 keV band, with
the energy range typically separated into three broad energy bands with mean
energies of roughly 1

4 , 3
4 , and 1.5 keV. Launched on 1990 June 1, the mis-

sion carried an X-Ray Telescope with a ⇠ 2� FOV, large e↵ective area, and
short focal length. In conjunction with the low-background Position Sensi-
tive Proportional Counter detector, the mission achieved an unprecedented
signal-to-noise ratio for di↵use emission studies. From its low-altitude (initially
580 km) nearly circular orbit with an inclination of 53�, the XRT observed
soft X-ray emissions in a plane roughly perpendicular to the Sun-Earth line
passing through the ecliptic poles, i.e., along lines of sight that pass through
the terminator magnetosheath.

As illustrated in the upper panel of Figure 6.1.1, curious streaks in emission
are occasionally superimposed upon the di↵use soft X-ray sky seen in all-sky
survey maps (Snowden et al. 1995). These streaks, called Long Term Enhance-
ments or LTEs (Snowden et al. 1994), last from hours to days with intensities
that occasionally reached or exceeded those of the cosmic background. They
were found to be strongest, and most common, in the 1

4 keV band. By com-
parison with the nearly identical areas of the sky observed during adjacent
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Fig. 30 Top Panel: ROSAT map of the 1
4 keV sky before the removal of Long Term

Enhancements (LTEs). The map is in Galactic coordinates with (l, b) = (0�, 0�) at the
center and longitude increasing to the left. The di↵use X-ray surface brightness increases
from purple to white (the counts rate varies from purple, ⇠ 250 counts s�1 arcmin�2, to
white, ⇠ 2500 counts s�1 arcmin�2). Lower Panel: The same data after the subtraction of
an estimate for the LTE contribution.

orbits, the LTEs were removed from the observations to construct the all-sky
survey shown in Figure 30 (lower panel).

Cravens et al. (2001) showed that the streaks occurred during intervals of
enhanced solar wind ion flux. Figure 31 compares the ROSAT 1

4 keV soft X-ray
light-curve from 1990 to 1991 (black) with the solar wind ion flux (nV ) simul-
taneously observed by IMP-8 (Kuntz et al. 2015). Data points are averaged to
95 min, the approximate period of the ROSAT orbit. Gaps in the light-curve
primarily result from ROSAT passages through the radiation belts and South
Atlantic Anomaly, times when the e↵ects associated with energetic particles
preclude detection of soft X-rays. Gaps in the IMP-8 observations reflect the
absence of telemetry and times when IMP-8 was within the magnetotail or
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Fig. 31

1
4 keV LTE flux (black) and the solar wind flux (blue) as a function of date (Kuntz

et al. 2015). The LTE flux is in units of ROSAT counts s�1 FOV�1. The solar wind flux
from IMP-8 has been scaled to match the LTE flux. Periods of LTE data for which there is
also solar wind data are plotted in red. The vertical lines denote the interval considered by
Cravens et al. (2001).

magnetosheath. Inspection of the figure reveals that emissions in the 1
4 keV

band track solar wind fluxes closely. The scatter plot of LTE emission versus
solar wind flux shown in Figure 32 confirms this point (Kuntz et al. 2015).
Here the dashed lines bounding the distribution show the range of variations
expected for identical solar wind conditions but di↵erent look directions along
each 95 min ROSAT orbit. The light-curve and scatter plots for the 3

4 keV
band (not shown) do not confirm this correlation, suggesting that the the O
line emissions that dominate the 3

4 keV band are less well correlated with the
solar wind flux than the aggregate of the many lines that produce the 1

4 keV
band (Kuntz et al. 2015).

Results from the more recent XMM-Newton and Suzaku missions have
been mixed, consistent with the fact that these missions are primarily sensitive
to O7+ and O8+ line emissions and the suggestion that the abundances of
these species exhibit large and uncorrelated variations. Snowden et al. (2004)
reported a case study in which the line of sight of the high altitude (apogee
114,000 km) XMM-Newton spacecraft may or may not have passed through
the subsolar magnetosheath. On one hand, as expected, the intensity of 0.52�
0.75 keV emissions (O vii and O viii lines) decreased midway through the
observations in response to a decrease in solar wind flux while the O7+/O6+

abundance ratio and 2 � 8 keV emissions remained nearly constant. On the
other hand, neither of the intensities increased earlier in the observations when
the solar wind flux and O7+/O6+ abundance ratio increased.

Fujimoto et al. (2007) reported correlations between low altitude (⇠ 570 km)
Suzaku spacecraft observations of 0.3 � 2 keV keV soft X-ray emissions and
solar wind fluxes on time scales of about half a day when the line-of-sight
passed through the northern cusp. Snowden et al. (2009a) reported a second
case study of XMM-Newton observations in which O vii emissions at 0.56 keV
were weakly correlated with solar wind ion fluxes. On the other hand, Ezoe
et al. (2010) reported an example in which Suzaku observations of 0.56 keV
O vii emissions tracked a transient increase in solar wind fluxes. Ishikawa
et al. (2013) reported Suzaku observations with an increase in soft X-rays
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Fig. 32 ROSAT observations of the 1
4 keV LTE flux versus IMP-8 observations of the local

solar wind flux. The solid line is the best fit of (LTE count rate versus n
sw

v
sw

), the dashed
line is the best fit minimizing the distance orthogonal to the fitted line, and the dotted lines
show the relations with 0.54 and 1.46 times the best fit slope (Kuntz et al. 2015).

from charge exchange at 0.5 � 0.7 keV in conjunction with the arrival of en-
hanced solar wind fluxes during a geomagnetic storm, despite the fact that
the line of sight of the spacecraft did not pass either through the subsolar
magnetosheath or the cusps.

Examining XMM-Newton observations of the O vii and O viii lines on a
statistical basis, Henley and Shelton (2010) concluded that there is no universal
association between enhanced charge exchange emissions and solar wind flux
enhancements. Carter et al. (2011) compared several XMM-Newton soft X-
ray light curves with corresponding variations in the solar wind flux. A scatter
plot of soft X-ray intensities at energies of 0.5�0.7 keV correlated only weakly
with solar wind ion fluxes. On a statistical basis XMM-Newton observations
indicate a greater likelihood of observing soft X-ray emissions due to charge
exchange at solar maximum than solar minimum (Carter et al. 2011).
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From the results reported in this section, we conclude that solar wind fluxes
are better correlated with soft X-ray emissions in the 1

4 keV band than those
at higher energies.

6.2 Spatial Variations at Earth

This section first considers what information can be gained from low altitude
spacecraft about the spatial variation of soft X-ray emissions generated by
charge exchange in the vicinity of Earth, and then turns to observations by
spacecraft with much higher apogees.

ROSAT and Suzaku observations were constrained to viewing directions
±15� and ±20�, respectively, from the perpendicular to the Earth/Sun line.
Because of this limitation and their low-altitude orbits, the two spacecraft
could only provide limited information concerning the spatial variations of soft
X-ray emissions in the vicinity of Earth. With hindsight, it is now clear that
ROSAT observations of soft X-rays from the dark side of the Moon (Schmitt
et al. 1991), at intensities similar to those by which o↵-Moon fluxes exceeded
those of the LTE-cleaned survey data in the same direction (Snowden et al.
1997), should be interpreted in terms of near-Earth solar wind charge exchange
(Freyberg 1998). Indeed, Wargelin et al. (2004) have attributed more recent
Chandra observations of strongly time varying O VII and a weaker O VIII

emissions from the direction of the Moon in terms of charge exchange in Earth’s
vicinity.

As previously noted, Fujimoto et al. (2007) attributed low altitude Suzaku
observations of enhanced emissions along a line of sight passing through the
northern cusp to charge exchange occurring at distances between 2 and 8 RE

from Earth within this region. As discussed by Kuntz et al. (2015), the ROSAT
survey removed short term (⇠ 10 minute long) enhancements in soft X-ray
intensities near the Earth’s magnetic poles, attributing them to auroral emis-
sions. Some of these may have instead resulted from charge exchange in the
cusps. Finally, within the limitations of the look directions nearly perpendic-
ular to the Sun-Earth line available to low-altitude Suzaku, Ishikawa (2013)
could find no evidence for any enhancement in soft X-ray emissions towards
the dayside.

Global views of the solar wind-magnetosphere interaction require vantage
points far outside the magnetosphere. Now consider observations from Chan-
dra and XMM-Newton, two missions whose orbits a↵ord such views. Exam-
ining a set of XMM-Newton observations, Kuntz and Snowden (2008) con-
cluded that the strongest 0.4 to 0.8 keV solar wind charge exchange emissions
are usually observed on lines of sight that pass tangentially through the mag-
netosheath near the subsolar point. Nevertheless, strong emissions can still be
observed on lines of sight through the flank magnetosheath when solar wind
fluxes are particularly strong. Henley and Shelton (2010) also employed XMM-
Newton observations but reported no tendency for the flux of soft X-rays to
increase when lines of sight pass through the subsolar region of the magneto-
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Fig. 33 XMM-Newton observations of solar wind charge exchange emissions (Carter et al.
2011). The black curve shows the total number of observations transverse to the Sun-Earth
line as a function of position along the Sun-Earth line. The red curve shows the fraction
of observations exhibiting enhanced emissions in lines associated with solar wind charge
exchange.

sheath. In direct contrast, and as illustrated in Figure 33, Carter et al. (2011)
reported results from an extensive survey of XMM-Newton observations in the
0.5 to 0.7 keV band that indicated a strong preference for emissions to be ob-
served when viewing through the subsolar magnetosheath. Kuntz et al. (2015)
suggested that unsuccessful e↵orts to associate enhanced emissions with lines
of sight passing through the subsolar magnetosheath probably resulted from
the use of outdated models do determine the magnetopause location.

6.3 Line Emissions near Earth

In contrast to early missions like ROSAT, which observed soft X-rays in three
broad energy bands using either proportional counter or microchannel plate
detectors, recent missions employ charge-coupled device (CCD) cameras to
provide spectral resolution. With the aid of these observations, it is possible to
identify some of the specific soft X-ray lines corresponding to solar wind charge
exchange interactions as enhancements above the cosmic background. Table 8
summarizes the lines identified to date in observations of near-Earth soft X-
ray charge exchange. In the absence of high spectral resolution observations,
individual lines have not yet been identified at energies below 0.3 keV.

Dennerl et al. (1997) proposed using observations of line emissions to re-
motely sense di↵erences in solar wind composition, i.e., between fast and slow



Imaging Solar Wind Interactions in Soft X-rays 77

Table 8 Observed Solar Wind Charge Exchange Soft X-ray Emission Lines

Emission Lines Observatory Author
C VI, O VII, O VIII, Ne IX, Mg XI XMM-Newton Snowden et al. (2004);

Collier et al. (2005b)
C VI, O VIII, Ne X, Mg XI Suzaku Fujimoto et al. (2007)
O VIII, Ne IX, Ne X, Mg XI,
Mg XII Al XIII, Si XIII, Si XIV

XMM-Newton Carter and Sembay
(2008), Carter et al.
(2010)

O VII, O VIII, Ne IX, Ne X, Mg XI
Mg XII

Suzaku Bautz et al. (2009)

O VII XMM-Newton Snowden et al. (2009a)
O VII, O VIII XMM-Newton Henley and Shelton

(2010, 2012)
O VII Suzaku Ezoe et al. (2010)
O VII, O VIII Suzaku Ezoe et al. (2011)

speed streams and coronal mass ejections. Smith et al. (2005) subsequently in-
terpreted Chandra observations of enhanced O VIII to O VII emission ratios as
evidence for a coronal mass ejection interacting with neutral gas in interplan-
etary space. Carter and Sembay (2008) reported that XMM-Newton observed
greatly enhanced emissions corresponding to O viii during the passage of a
coronal mass ejection. Figure 34 shows how contributions from the species-
dependent solar wind charge exchange line emissions can be combined with
emissions from the non-variable di↵use sky and contributions from energetic
protons to fit a background-subtracted and flare-cleaned XMM-Newton spec-
trum observed during a coronal mass emission (Carter et al. 2010). Ezoe et al.
(2011) reported enhanced O VII and O VIII emissions during a geomagnetic
storm. Carter et al. (2011) employed ratios of Mg XI to O VII and O VIII to
O VII emissions to identify three candidate coronal mass ejections.

With accurate magnetohydrodynamic models describing the Earth’s plasma
environment, it should also be possible to infer exospheric neutral densities
from soft X-ray observations. Here observations suggest that models under-
estimate outer exosphere densities. Inspecting case and statistical studies of
Suzaku observations, both Ezoe et al. (2011) and Ishikawa (2013) concluded
that observed emissions require greater neutral densities beyond 10 RE than
current exospheric models predict.

Alternatively, with accurate magnetohydrodynamic and exospheric neu-
tral density models, it should be possible to determine band integrated soft
X-ray cross-sections. Kuntz et al. (2015) compared ROSAT observations with
predicted line of sight emission rates to obtain a value of 3.8 ⇥ 10�20 counts
deg�2 cm4 for the 1

4 keV band. Noting that this value is 1.8 to 4.5 times
higher than values derived from limited atomic data, they suggested that the
atomic data may be missing a large number of faint lines. In summary, obser-
vations from past and present missions suggest that the intensity of soft X-ray
emissions from charge exchange far exceeds predicted levels.
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Fig. 34 A fit to the XMM-Newton observations of the soft X-ray spectrum seen during
Obs301, a 48100s long interval from 1941 UT on 2001 October 21 to 0906 UT on 2001 Oc-
tober 22, at a time when the soft X-ray instrument was looking towards target 1Lynx.3a SE
(right ascension 08h 49m 06s, declination +44�5102400) through the dawn flank magneto-
sheath during the passage of a CME with solar wind proton number fluxes ranging from
3 to 28 ⇥ 108 cm�2 s�1 (Carter et al. 2010). The integrated background and solar flare
related emissions have been subtracted. The top panel shows the spectrum from 0.275 to
1.055 keV, while the bottom panel shows the spectrum from 0.975 to 2.055 keV. The sum
of the non-variable sky and variable soft proton components is the continuous line in black.
The lines due to C, N, and O are color coded: C V (red), C VI (orange), N VI (yellow), N VII
(green), O VII (purple), and O VIII (blue). Heavier elements are in black. The residual at
1.4 keV may be due to incomplete background subtraction at the energy of the strong Al K
instrumental line.
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Fig. 35 The predicted location of a thin bow shock (solid line), locations of the inner
and outer edges of the observed thick bow shock derived from XMM-Newton observations
(asterisks), and parabolic fits to the observed locations (diamonds and dashed curves) for
Comet C/2000 WM1 (LINEAR) (Wegmann and Dennerl 2005). A square marks the position
of the cometary nucleus.

6.4 Comets

ROSAT observations of comet Hyakutake (Lisse et al. 1996) led to the discov-
ery of soft X-rays resulting from charge exchange (Cravens 1997). Since then,
we have learned that all comets are X-ray sources with luminosities as high
as 1 GW and emissions extending over hundreds of thousands of kilometers
(Cravens 2002; Dennerl et al. 1997; Krasnopolsky et al. 2004). Although the
densities of solar X-ray photons greatly exceed those of solar wind heavy ions,
the far greater cross-sections for heavy ion charge exchange (⇠ 10�15 cm2)
than X-ray scattering (< 10�18 cm2) ensure that charge exchange emissions
predominate at objects with low density gases spread over a large volumes,
such as comets and planetary magnetosheaths. Consequently the cometary
spectra measured by Lisse et al. (2001) and others exhibit the transition lines
expected for charge exchange with high-charge state solar wind species.
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Wegmann et al. (2004) demonstrated that gas production rates determined
from soft X-ray measurements correspond well to those calculated by other
methods. They went on to show that integrated soft X-ray emissions track
variations in the solar wind density, and attributed those changes in emission
that did not track variations in the solar wind density to variations in the solar
wind composition. Lisse et al. (2005) used Chandra observations to identify a
solar wind composition consistent with low densities and high e↵ective tem-
peratures in a high-speed post-shock bubble with charge state compositions
intermediate between the fast and slow solar winds passing by the vicinity of
Comet 2/Encke. Lisse et al. (2007) associated peaks in soft X-ray emissions
with the arrival of increases in the solar wind flux. Since comets occur rel-
atively frequently, observations of their soft X-ray emissions can be used to
monitor changes in solar wind composition over the solar cycle (Dennerl et al.
2012) and to probe the di↵erence between the equatorial and polar solar wind
flows (Bodewits et al. 2007).

As seen in Figure 35, Wegmann and Dennerl (2005) used XMM-Newton
soft X-ray observations to construct spatial images of the dynamic shock posi-
tion and shape at comet C/2000 W1 (LINEAR). Consistent with results from
in situ observations, they concluded that the ⇠ 40, 000 km shock transition is
far broader than the ⇠ 100 km transition seen at Earth (Russell et al. 1982a),
with distinct inner and outer boundaries. As expected, the outer boundary is
well approximated by a parabola. They attributed north/south asymmetries
in sheath brightness and inferred shock thickness to e↵ects associated with the
orientation of the interplanetary magnetic field. In particular, they maintained
that the quasi-parallel bow shock is broader than the quasi-perpendicular bow
shock, and that thermal velocities and therefore X-ray intensities are greater in
the magnetosheath behind the quasi-parallel bow shock. Note that Wing et al.
(2005) have also invoked greater temperatures in the quasi-parallel magneto-
sheath than in the quasi-perpendicular magnetosheath to explain temperature
patterns in the terrestrial magnetotail plasma sheet. Consequently there are
good reasons to expect similar asymmetries in soft X-ray observations of the
Earth’s magnetosheath.

6.5 Mars and Venus

Past work has already demonstrated the feasibility of imaging the plasma en-
vironments of Mars and Venus (Dennerl et al. 2012). As predicted by Cravens
(2000b) and Krasnopolsky (2000), and modeled by Holmström et al. (2001),
Gunell et al. (2004, 2005), and Koutroumpa et al. (2012) charge exchange at
both planets results in the emission of soft X-rays. Chandra detected only a
weak soft X-ray halo around Mars (Dennerl 2002). Figure 36 shows Chandra
observations of this X-ray halo. However, Dennerl (2006) and Dennerl et al.
(2006) then used XMM-Newton observations to demonstrate that fluorescent
scattering dominates observations from the disk itself, but that emissions from
charge exchange dominate at greater distances. Charge-exchange intensities
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Fig. 36 The radial distribution of Chandra X-ray observations at and around Mars in units
of counts sr�1 s�1 (Gunell et al. 2004). The thin solid curve shows results from a charge
exchange simulation. The thick horizontal lines show observations. Fluorescent scattering of
solar X-rays causes count rates over the disk to exceed those predicted for charge exchange,
but the comparison is good in a halo of extending from 10 and 25 from the center of the
planet.

vary with time in a manner di↵erent that those of solar X-rays in response
to fluctuations in solar wind parameters and exospheric densities. Although
emissions were strong when observed by XMM-Newton in 2003 at a time of
high solar activity (Dennerl et al. 2006), they were insignificant during Suzaku
observations in 2008 (Ishikawa et al. 2011), enabling the latter authors to place
an upper limit on exospheric neutral densities during solar minimum. When
observed, emissions diminish with radial distance from 1 � 3R

M

, but can be
detected as far out as 8 R

M

, well beyond the distances where models listed
above predict significant emissions. Images of the Martian emissions provide
clear evidence for a bow shock-like shape and increase with dramatically with
solar activity.

Contamination from scattered solar X-rays precluded identification of charge
exchange emissions from Venus in Chandra observations during solar maxi-
mum (Dennerl et al. 2002). However, Chandra observations during solar min-
imum demonstrated that the dayside magnetosheath of Venus also emits X-
rays that outline the locations of the bow shock and ionopause (Dennerl 2008,
2010). Observed emissions matched the predictions of Gunell et al. (2007)
rather well, indicating that we understand charge exchange better at Venus
than Mars. Figure 37 compares soft X-ray spectra observed over the dusk and
limbs of Venus.

Soft X-ray emissions can not only be used to derive information concerning
plasma structures in the vicinity of Venus and Mars, but also the shape of
their exospheres. Regions with enhanced neutral densities emit more soft X-
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Fig. 37 Chandra observations of soft X-ray spectra at Venus obtained on 2006 March 27
(Dennerl 2008). The left panel shows the distribution of the X-ray photons in the corrected
instrumental energy range from 0.3 to 0.8 keV. Bright diamonds mark photons in the fluo-
rescence band, while dark circles mark those in the charge exchange bands CX1 and CX2.
The extraction regions for the limb and disk spectra are superimposed in light and dark
gray, respectively. The circle indicates the geometric size of Venus. The right panel shows
X-ray spectra for the limb (top) and the disk region (bottom). The spectrum in the limb
region is dominated by two emission lines in the CX1 and CX2 bands. These lines are almost
absent in the disk spectrum, which is dominated by emission in the FL band. Vertical lines
mark the energies of lines expected to characterize charge exchange and fluorescence.

rays. In contrast to results expected for the symmetric exospheres predicted
by models (Holmström et al. 2001), soft X-ray emissions from the Martian
magnetosheath peak over the poles (Dennerl et al. 2006), indicating that the
Martian exosphere is not spherically symmetric. Because modeling shows that
asymmetries in the exobase propagate to large distances from the planet, global
images can be used to detect any seasonal variations in the Martian atmosphere
(Holmström 2006).

Finally, observations of soft X-rays from comets can be used to remotely
sense solar wind conditions. Neugebauer et al. (2000) noted that both ROSAT
and the Extreme Ultraviolet Explorer spacecraft observed time varying soft
X-ray emissions from comet C/Hyakutake 1996 B2. They showed that much of
this variability can be explained in terms of the varying solar wind. However,
they cautioned that emission strengths also depend upon solar wind com-
position and comet outgassing. Kharchenko and Dalgarno (2001) interpreted
observations of emissions from comets Levy and Hale-Bopp as evidence for
their interaction with a slow solar wind.

6.6 The Moon

On 29 June 1990, the Rontgen satellite (ROSAT) X-ray telescope (Trümper
1992) made the first soft X-ray image of the Moon (Schmitt et al. 1991).
Soft X-rays were observed even on the nightside of the Moon where their
presence could not be due to scattered solar X-rays because the scattering
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process is too ine�cient on the nightside. Although the original interpretation
of the ROSAT observations on soft X-rays on the dark side of the Moon was
continuum emission from solar wind electrons, it is now understood to be due
to SWCX emission.

In 2001, two sets of observations of the Moon were made by Chandra which
detected soft X-ray emission from O+6 and O+7 on the dark side (Wargelin
et al. 2004). The Chandra observations along with solar wind measurements
showed that SWCX emission occurring between the Earth and the Moon in the
magnetosheath is the mechanism for the dark side flux observed by Chandra
and, in retrospect, by ROSAT earlier.

SWCX soft X-ray emission will also result from the interaction between
the solar wind and the tenuous lunar exosphere (Stern 1999) because it lies
exposed to the solar wind during about two thirds of the lunar orbit. The soft
X-ray intensities produced by this process have been modeled by Robertson
et al. (2009a) who predicted soft X-ray fluxes due to the solar wind interacting
with the lunar exosphere of about 10 keV cm�2 s�1 sr�1, comparable to the
di↵use cosmic X-ray background (Lumb et al. 2002).

The predicted flux of Robertson et al. (2009a) was confirmed by Collier
et al. (2014) who showed limb brightening in the ROSAT lunar data consis-
tent with the expected signal from solar wind charge exchange with the lunar
exosphere. These observations of SWCX with the lunar exosphere allowed
comparisons to hybrid simulations of ion access behind the terminator of the
Moon (Halekas et al. 2005; Farrell et al. 2008; Fatemi et al. 2012) and models of
the lunar exosphere (Sarantos et al. 2012; Tenishev et al. 2013). Of particular
note is that the SWCX soft X-ray technique provides diagnostics on the entire
neutral exospheric density including all species whereas other techniques are
spectroscopic in nature and observe particular lines, for example Na (Potter
et al. 2000). Thus, the soft X-ray observations provide a LOS measure of the
radial profile of the entire lunar exosphere.

Soft X-ray observations of the lunar exosphere complement and validate
model predictions for the dominant contributors to the exospheric column
density and will address a wide variety of lunar science topics beyond those
discussed in Collier et al. (2014). Plasma structures in the vicinity of the Moon
include a low density wake (Lyon et al. 1967; Zhang et al. 2014) and mini-
magnetospheres above magnetic anomalies (Wieser et al. 2010) that could be
imaged globally using soft X-ray emission.

Also, the relationship between the time-variable solar wind flux and com-
position and the lunar exosphere can be monitored remotely, similar to what
Lunar Reconnaissance Orbiter did in situ (Feldman et al. 2012) by showing
that the surface He density exhibits variations responding to changes in the
solar wind alpha flux. Soft X-ray observations can also be used to study the
behavior of the exosphere as the Moon moves in and out of the terrestrial mag-
netotail, which turns o↵ the e↵ect of the solar wind driver on the exosphere.

These soft X-ray observations of exospheric properties may even be able
to determine, by using the local time dependence and comparing to models,
the constituents of the lunar atmosphere over the poles. This information can
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Fig. 38 Observation geometry for the DLX sounding rocket flight and the ROSAT survey
observations for the He focusing cone observations (Figure 1 of Galeazzi et al. 2014).

be used to estimate the production rates and polar cold trapping e�ciencies
for the non-condensible species on the cold lunar nightside.

6.7 The Heliosphere

Soft X-rays emitted from the heliosphere are omnipresent in X-ray observa-
tions, since they are generated over tens of astronomical units around Earth-
bound observatories and cannot be avoided by carefully chosen observation
geometries as in the case of soft X-rays emitted in Earths vicinity. Because
their spectrum resembles that for thermal emissions from the local hot bub-
ble and their signal integrated over heliospheric distances smooths out both
spatial and temporal variations, it has proven quite challenging to isolate the
signal of heliospheric soft X-rays from those emitted within the Local Hot
Bubble. The first attempt to detect SWCX emission from the heliosphere (X-
ray observations of the helium focusing cone) was reported by Snowden et al.
(2009b).

The DXL sounding rocket flight was designed to isolate the spatial variation
of soft X-ray emissions from the He focusing cone (Galeazzi et al. 2011, 2012,
2014; Uprety et al. 2016). The look direction of the local midnight launch
on 2012 December 13 from the White Sands Missile Range in New Mexico
avoided soft X-rays from charge exchange in the vicinity of the Earths mag-
netosphere and pointed antisunward through the maximum emission region of
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Fig. 39 DXL and ROSAT count rates as a function of position on the sky (Galactic lon-
gitude). The data points and errors show the DXL count rate, the blue curve shows the
ROSAT count rate, the blue and red dashed curves show the model heliospheric SWCX
count rate from H and He, respectively. The solid red curve is the best fit of the ROSAT
and SWCX model curves to the data (Figure 4 of Galeazzi et al. 2014).

the heliospheric He focusing cone, a direction towards the galactic anti-center
which avoids bright galactic soft X-ray sources.

As illustrated in Figure 38, the strength of the soft X-ray emissions from
the He focusing cone were identified when DXL observations through the He
focusing cone were compared with previous ROSAT All-Sky Survey (RASS)
observations of the same region in the sky along a line of sight parallel to but
not through the He focusing cone. Parallax e↵ects and the specific observation
geometry had precluded all but a fraction of the emissions from the He focusing
cone from being observed by the RASS (see Figure 10 of Koutroumpa et al.
2009; Lallement et al. 2004b). Simultaneous fits to the DXL and RASS data
shown in Figure 39, together with models predicting di↵erences between the
soft X-ray signals between the two missions, allowed Galeazzi et al. (2014)
to put tight constraints to the heliospheric SWCX signal. They conclusively
demonstrated that⇠ 40% of the total soft X-ray di↵use emission in the galactic
plane at energies near 250 eV band originates from the He focusing cone and
not the Local Hot Bubble surrounding the heliosphere.

7 Imaging Technologies

The theoretical predictions and simulation results presented in S 3 and § 5
demonstrate that it should be possible to image the location, motion, and
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structure of the Earth’s bow shock, magnetosheath, magnetopause, and cusps
in soft X-rays. The review of past observations presented in § 6.1 confirms
that these signatures have been routinely detected by astrophysical telescopes
with narrow fields-of-view. However, addressing the scientific topics discussed
in § 2 require global images of the dayside solar wind-magnetosphere inter-
action. This section describes existing and planned instrumentation that will
enable researchers to construct these global images. It reports the results of
simulations designed to illustrate the images which current technology can
achieve.

7.1 General Considerations

This section explores the technological requirements for imaging the magneto-
sheath and cusps. Although instruments that scan across the region of interest
can build up global images, scanning a region in two dimensions with a non-
imaging or narrow FOV instrument reduces observing e�ciency and requires
additional spacecraft resources compared to instruments capable of viewing
the entire FOV simultaneously. These overheads could be quite extreme if the
requirement is to detect spatial variability on short timescales. For this reason
we will not consider scanning instruments further.

The dayside magnetosheath and its boundaries have dimensions of ⇠ 10�
20 RE and exhibit substructures on various scale sizes down to a fraction of
an RE. Depending on the location of the imager the scientific requirement for
the FOV is at least some tens of degrees. The angular resolution requirements
are quite modest and are at minimum around 30 arc minutes for typical view-
ing distances. The magnetosheath structure is known to vary dynamically in
response to the solar wind. This variability operates on timescales as short as
1� 2 minutes, hence we have the joint requirement of providing a large FOV
and su�cient angular resolution and flux sensitivity to detect potentially short
timescale changes within our global images.

In addition to the constraints imposed by the geometrical size of the mag-
netosheath, any instrument design will be informed by the orbit of the imager
and also the fact that both the bright Earth and the Sun will impose strict
avoidance constraints and have physical implications on the instrument design
with regards to stray light ba✏e sizes. Solar wind charge exchange produces
a spectrum of photons in line emissions from extreme ultraviolet (EUV) to
soft X-rays (around 10 eV to 2.2 keV). For most solar wind conditions, the
predicted integrated SWCX emissivity in the EUV (i.e., below ⇠ 100 eV) is
comparable to the integrated emissivity in soft X-rays (i.e., above ⇠ 100 eV).
Although the strongest individual SWCX line is the O6+ line at 12 eV, ob-
servations at such long wavelengths in the EUV are essentially impossible
due to the extremely strong and extended emission from geocoronal Ly ↵

(1216 Å=10.2 eV). In addition, the Earth’s plasmasphere extends several Earth
radii outward, exhibiting bright emission due to resonant scattering of the in-
put solar EUV spectrum by O II and He II ions at 834 Å (14.9 eV) and 304 Å
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(40.8 eV), respectively. For example, the surface brightness of the emission at
40.8 eV is typically ⇠ 5 Rayleigh or ⇠ 4⇥ 105 photons cm2 s1 sr1 (Nakamura
et al. 2000).

Hence global imaging of solar wind charge exchange must be restricted to
energies above ⇠ 50 eV. Imagers that operate in the EUV band can use normal
incidence (NI) optics with a multilayer coating designed to produce a suitable
reflectance. Regularly spaced multicoatings have, however, an extremely nar-
row energy bandpass at short wavelengths (typically ⇠ 20 Å) which is useful
for isolating strong lines for some experiments (such as imagers designed to
observe Earth’s plasmasphere) but much less useful for imaging solar wind
charge exchange. In addition, the reflectively has a narrow response as a func-
tion of the angle of incidence which limits the performance for wide field of
view EUV instruments. Theoretically the spectral and angular bandpass of a
multilayer coating can be broadened by varying the depths of the individual
layers (van Loevezijn et al. 1996; Wang et al. 2000) at the expense of peak
reflectivity, however, no flight instrument has yet used such a coating.

In X-rays the critical angle for reflectance of a surface is typically ⇠ 1�.
Hence all imaging soft X-ray instruments use grazing incidence (GI) optics of
one form or another. NI optics are theoretically more mass e�cient than GI
optics for a given aperture area and FOV (e.g., Gorenstein 2010). Nevertheless,
GI X-ray instruments have a clear advantage over NI EUV instruments due
to their much broader spectral response. This makes the science return of
the instrument much more robust against variability in the SWCX spectrum
and increases the potential secondary science objectives. Furthermore, it is
technologically much easier to provide useful energy resolution for a detector
system in X-rays than in the EUV. Observations of terrestrial solar wind charge
exchange emissions by XMM-Newton and Suzaku using CCD detectors have
shown that such instruments can directly provide charge state information on
the heavy ion content of the solar wind (e.g., Carter et al. 2010; Ishikawa 2013).
For these reasons, to date, all proposals for instruments designed to perform
global imaging of terrestrial SWCX have been soft X-ray instruments.

7.2 Soft X-ray Imaging Technologies

Possible position sensitive detector solutions in the solar wind charge exchange
band which meet current flight ready technology readiness levels (TRL) are
microchannel plate (MCP) detectors which have been used in both EUV and
soft X-ray instruments, but which have no energy resolution, and solid-state
devices such as CCD arrays which can typically count individual photons above
⇠ 100 eV with a moderate energy resolution of around �E/E ⇠ 0.07 full width
half maximum. CCDs also o↵er higher quantum e�ciency (QE) than MCP
detectors; Peak QE can exceed 95% in the soft X-ray band for a CCD against
⇠ 25�35% for an MCP detector. Solid-state devices, however, require greater
payload resources such as cooling systems. Both detectors require filters to
suppress background UV radiation.



88 Sibeck et al.

Fig. 40 The BepiColombo MIXS instrument with the MIXS-T Wolter type 1 optic on the
left and the MIXS-C collimator optic on the right.

Given the long flight history of these devices we will not discuss the specifics
of the imager detector further although we note that there is a great deal of
development in detector technology, especially with regards solid-state devices.
For example Electron-Multiplying CCDs (EMCCDs) have lower readout noise
than conventional CCDs and potentially o↵er photon discrimination at lower
energies with improved energy resolution (Tutt et al. 2012), which would be
favorable properties given the characteristics of solar wind charge exchange
line emission.

GI optics in almost all flight X-ray telescopes to date have used a Wolter
type I geometry consisting of two sets of nested shells with paraboloid and hy-
perboloid surfaces, or a conical approximation thereof. The angular resolution
of these flight mirrors is easily much smaller than the typical minimum size
(⇠ 300) of the magnetosphere structures that would be imaged. A consequence
of the small critical angle for reflectance is that the theoretical FOV of such
mirrors is at most 2 degrees in radius in soft X-rays, so an imager viewing the
Earth’s magnetosheath using Wolter optics would generally have to consist of
multiple modules to meet the FOV requirements. Such conventional nested
shell optics probably have prohibitive mass requirements for a small mission.

However, lightweight Wolter-type optics have been developed that rely
on structures which are, to a significant extent, self supporting. These in-
clude microchannel plate (MCP) optics, equivalently named Micro Pore Op-
tics (MPOs), manufactured by the Photonis Corporation in collaboration with
the University of Leicester, UK. Manufacturing MPOs essentially consists of
fusing together glass capillaries into plates containing an array of millions of
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square glass pores (Mutz et al. 2007). The capillaries initially have a glass
cladding tube and a soluble glass core that is etched away to form the pore.
The plates are then thermally slumped to the required radius of curvature.

ESA’s BepiColombo Mercury Imaging X-ray Spectrometer, MIXS (Fig-
ure 40, left panel), employs MPOs (Martindale et al. 2009; Fraser et al. 2010).
MIXS has two channels. In the MIXS-T optic the pores are radially packed
and the plates are then stacked to form a conical approximation to the Wolter
type I geometry. The MIXS-C optic has a single layer of four plates with
square packed pores and the optic is employed as a collimator. MPO plates
are typically around 4 cm⇥ 4 cm in size, with 20 µm pores, sidewalls of 6 µm
and an open area of ⇠ 60%. Assembly of a complete optic requires mounting
plates within a frame. As of 2015 Summer TBD - Is there an update on
this?, MIXS MPOs had passed flight-standard thermal and vibration testing
programs and represented a mature technology. Figure 40 (right panel) shows
a micrograph picture of the channel structure of a square-packed MPO plate.

Ezoe et al. (2009) recently reported using micromachining technologies
to etch the curvilinear micropore sidewalls through a thin silicon wafer for
use as reflecting surfaces. As with the MPOs, two such wafers deformed to
di↵erent curvatures of radii can be stacked to work in the Wolter geometry.
The optics were fabricated by Tokyo Metropolitan University and ISAS/JAXA
in collaboration with engineering researchers. The wafer size and thickness are
typically 4 inch (i.e., 10 cm) and 300 µm respectively, while the pore width
and spacing between pores are 20 µm and 20 µm, (TBD - the pore width
and spacing can’t be both 20 µm or there is no wall) respectively. The
largest possible diameter of the optic is 30 cm. The open area ratio is ⇠ 30%,
smaller than that for MPOs, but the larger wafer size relaxes assembly of the
whole optics system.

Figure 41 shows an example of a 4-inch Wolter type-I optic. The optic cov-
ers a 4 degrees diameter field of view with a focal length of 25 cm. Although
it has a conically approximated Wolter type-I geometry, the thinness of the
wafer makes the e↵ect negligible. The theoretical limit on the angular resolu-
tion comes from X-ray di↵raction due to the narrow pores, which is estimated
as 1300 at 1 keV and 20 µm pore width. To date, X-ray imaging with the Wolter
type-I sample has been demonstrated, while the angular resolution was of the
order of 100 (Ogawa et al. 2014). E↵orts are being made to increase resolution
by improving the fabrication processes.

Figure 42 shows the e↵ective area and grasp of the 4 inch Wolter type-I op-
tic made from 300 mm thick wafers. Grasp is a measure of sensitivity to di↵use
X-rays extended over the field of view, as is the case with solar wind charge
exchange emissions. Similar to the MPO, both parameters depend strongly on
the wafer coating and the mirror surface roughness. Nickel is favorable below
1 keV, while Iridium is superior above 1 keV. From recent experiments, a mir-
ror surface roughness of 1 nm or less is achievable. Because of the large field
of view, the ⇠ 1000 � 2000 mm2 deg2 grasp for an rms roughness of 1 nm is
comparable to that of the larger telescopes on board Chandra or Suzaku. The
4 inch Wolter type-I optic is intended for future Japanese planetary missions
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Fig. 41 The left panel shows an overview of the light-weight Wolter type 1 optic based on
micromachining technologies. The right panel presents a micrograph showing a micropore
and the conceptual geometry for the optic [Ogawa et al. 2014].

that will employ X-ray imaging to explore the magnetospheres of Earth and
Jupiter (Ezoe et al. 2013). A single optic or an array will be used to take high
temporal and spatial resolution X-ray images and spectra in the near future.

An alternative to the Wolter geometry is the Lobster-eye geometry, so-
called because of its similarity to the structure of a crustacean’s eye (Angel
1979). The basis of the geometry is that the reflecting surfaces are arranged
orthogonal to a spherical surface. Optics with this property have also been
developed at Leicester University in collaboration with the Photonis Corpora-
tion using MPOs as described earlier (Fraser et al. 1992). Parallel incident rays
are brought to a focus on a spherical surface at a distance of half the radius
of the curvature of the optic. The left panel of Figure 43 shows a simplified
picture of the focusing geometry of a Lobster-eye optic.

Lobster-eye optics have the property that the vignetting function is uni-
form across most of the field of view which would not be the case of an array
of Wolter type optic modules built to provide the same field of view. Their
disadvantage is that the point-spread function (PSF) of such an optic is very
complicated with the majority of the power of the PSF spread out at large
angles. The right panel of Figure 43 shows an idealized ray-tracing simulation
of the PSF from a typical MPO. The image is logarithmically scaled to show
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Fig. 42 The left panel shows the on-axis e↵ective area per optic of a 4 inch optic with focal
length of 25 cm as a function of energy. Di↵erent colors correspond to di↵erent coatings.
Mirror surface roughness is fixed at 1 nm rms. The right panel shows the grasp at 600 eV
as a function of the mirror surface roughness in rms (Mitsuishi et al. 2016).

Fig. 43 The left panel shows a simplified view of the focusing geometry for a Lobster-eye
optic. The right panel shows a binned image for an ideal micropore optics point spread
function generated by a ray-tracing simulation. The image has been logarithmically scaled
to emphasize the structure at large o↵-axis angles.

the o↵-axis structure. The square channels of the MPOs allow multiple modes
of reflection with some fraction of the photons simply collimated. The cen-
tral focused core of the PSF (colored white in this picture) contains around
25% of the photons and has a relatively narrow full width half maximum of
a few arc minutes (and is thus capable of identifying point sources in the im-
age which would be a source of background in this application). The focused
core is due to photons that reflect o↵ orthogonal walls of the square channels
an equal number of times (i.e., the total number of reflections is even). The
cross-structure in the image is due to photons with an odd number of total
reflections. The central island comprises photons with no reflections (i.e., es-
sentially photons collimated by the MPO). The islands at larger radii have an
even total number of reflections but without the constraint of having equal
numbers of reflections from orthogonal walls.
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Around 55% of the photons are recorded within a radius of 300, which
typifies the bin size that would used to study di↵use emissions. Full extraction
of the spatial information in the science images will require, however, a well-
calibrated PSF. As the simulations in § 7.3 show, powerful state-of-the art
image deconvolution techniques can o↵set the blurring caused by the PSF.

Figure 44 (left panel) shows the theoretical total e↵ective area of an optic of
focal length 37.5 cm assuming no surface roughness. Curves for three di↵erent
coatings are shown; uncoated (i.e., bare glass), nickel and iridium. In practice,
the e↵ective area will depend on microsurface roughness properties which are
coating and manufacturing dependent. As this figure demonstrates, the choice
of coating for a solar wind charge exchange application would be informed by
the energy-dependent detector response and filter combination.

The e↵ective area and field of view of a given MPO depend jointly on
its physical dimensions and the physical dimensions of the channels. For an
on-axis source at infinity, the physical area of the optic contributing to the
focussed core is the minimum of the detector area and 2R

c

⇥ a

crit

where R

c

is the radius of curvature, a

crit

⇠ arctan (2w/l), w is the channel width, and
l is thickness of the optic. The size of the FOV is ⇠ [D/R

c

� 2a

crit

] where D

is the width of the optic. The right panel of Figure 44 shows how these pa-
rameters vary as a function of focal length for a fixed size uncoated optic. The
e↵ective area is calculated at 500 eV and increases with focal length because
the typical reflectance angles are smaller leading to a higher reflectivity. For a
given physical optic size (and therefore also a detector size of ⇠ 1/2 the optic
size) there is a trade-o↵ between e↵ective area and FOV.

The right panel of Figure 45 shows a prototype Lobster-eye instrument
using MPO plates with a focal length of 37.5 cm that has undergone laboratory
testing (Collier et al. 2012) and has successfully been flown on a sounding
rocket instrument (Thomas et al. 2013; Collier et al. 2015). It is the first
instrument to detect X-rays from space using MPOs. The instrument has a

Fig. 44 The left panel shows the theoretical total e↵ective area of a Lobster-eye optic with
a focal length of 37.5 cm. Three surface preparations are shown: bare glass (black), iridium
coated (red), and platinum coated (blue). The right panel shows the total e↵ective area at
500 eV (black and left axis) and FOV (red and right axis) for an uncoated 30cm ⇥ 30cm
optic as a function of focal length.
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Fig. 45 The right panel shows the STORM prototype X-ray imager with an optics assembly
at the front and an electronics assembly at the back (Collier et al. 2012). The left panel
shows a complete module concept which has a 9⇥8 micropore optics array and a 3⇥3 CCD
detector array.

mass of 7.4 kg. The optic assembly can take up to nine MPO plates although
only two facets were filled on its first flight.

The left panel of Figure 45 shows a concept for an X-ray imager with a
9⇥ 8 facet MPO array. The MPO array has a focal length of 37.5 cm and the
array has a field of view of 28� ⇥ 25�. A consequence of the optic geometry
is that the size of the detector must be at least half the width of the optic.
This requirement is a challenge, but large format CCDs are becoming increas-
ingly a↵ordable. The baseline detector for the imager concept in Figure 45
(left panel) is a 3 ⇥ 3 array of 61mm ⇥ 61mm back-illuminated CCDs cooled
using multi-stage thermoelectric coolers (TEC). The oblong field of view en-
ables two strips on either side of the CCD array to be blanked and used for
particle background monitoring (e.g., Walsh et al. 2014). Simulations using
the predicted response of this instrument are discussed in § 7.3.

7.3 Instrument Simulations

In the first subsection we will describe the process of simulating observations
of the magnetosheath with a reasonable baseline instrument and review the
features that we see in the simulations. In the second subsection we use the
simulations as a testbed for the developing data analysis techniques for finding
the locations of the magnetopause and the bowshock.

7.3.1 Creating the Simulations

The simulations are made by sampling the solar wind proton density, speed,
and pressure values from a model cube produced by an MHD code. If possible,
the field line geometry (open, closed, or partially closed) is also sampled. Each
detector pixel corresponds to a line of sight through the model cube which
is sampled slightly more finely than the finest grid size in the model cube,
usually . 0.1 R

E

. The neutral density is calculated from the Hodges (1973)
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Simulation
project MHD model  

(sum Q along line-of-sight) 

and add Backgrounds 
(X-ray and UV) 

convolve with PSF

multiply by vignetting function

add instrumental background

“add” noise 
(sample from Poisson distribution)

This is what our instrument “sees”

=

=

=

⊗

×

+

=+

Fig. 46 This is a caption for a figure that will need some work, but shows the general idea.

model for the same locations. We then construct a mask to remove the inner
boundary of the MHD model (typically R

E

< 2.5) and any region that would
be occulted by the Earth. The initial simulated image, essentially a map of Q

in units of cm�4 s�1, is formed by summing [n
p

n

n

v

rel

⇥mask] along each line
of sight.

The Q map is converted directly to instrument counts using the conversion
factor from Kuntz et al. (2015), which is to the ROSAT count s�1 degree�2.
One can convert from the ROSAT rate to a particular instrument rate given a
spectrum for the SWCX emission and the instrumental responses as a function
of energy. Although the SWCX spectrum is not known extremely well, all that
is needed for a reasonable conversion factor is the approximate spectral shape.

X-rays from the magnetosheath are not the only signal to be registered
by the detector. The cosmic X-ray background, both the di↵use component
shown in Figure ? and the contribution from point sources, was well measured
by ROSAT All Sky Survey at the energies of interest. Since the spectrum of
the cosmic X-ray background is of great scientific interest, its spectrum is well
known, so conversion from ROSAT count rates to a particular instrument is
trivial. It should be noted that the bulk of the heliospheric solar wind charge
emission has not been removed from the ROSAT maps, so the typical contri-
bution of the heliospheric SWCX to background is included. The near-Earth
environment also emits strong line emission in the far and extreme UV which
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can contaminate the X-ray band. We have used the neutral distribution from
Hodges (1973) to calculate the Ly↵ emission, and IMAGE images to calculate
the He II emission.

All of these components must be added to the X-ray emission from the
magnetosheath. The sum of the photon components are then convolved with
the point-spread function (PSF) and multiplied by the vignetting function (the
change in the instrumental response with distance from the optical axis). To
this image is then be added the instrumental background, the signal due to
energetic particles striking the detector directly, and the signal due to X-rays
that are produced when energetic particles strike material surrounding the
detector.

This final model image, in count s�1 pixel�1 is then multiplied by the
exposure time to determine the total number of counts in each pixel. We
assume that the uncertainty in the number of counts in a pixel is given by
the Poisson distribution. Using a random number generator one may extract
from the model image a simulated image with the correct noise properties. The
process of building a simulated image is demonstrated graphically in Figure 46.

There are however, some technical issues with this process. For example,
most MHD codes do not track solar wind protons separately from other protons
in the near-Earth environment. However, the non-solar wind protons gener-
ally do not have the associated high state ions that are required for charge
exchange. Thus, one must remove the non-solar wind protons from the MHD
output before calculating Q. For BATS-R-US, where the plasmasphere ex-
tends closer to the magnetopause than some other codes, we mask out the
plasmasphere by removing the proton density inside the magnetopause, as de-
termined by field line tracing. This does not work well around the cusps, but
that discussion is beyond the scope of this section.

The left panel of Figure 47 depicts the X-ray emissivity in a noon-midnight
slice through the magnetosheath. The location of an observing spacecraft is
also shown, together with the locations of the magnetopause and the bowshock.
The right panel of Figure 47 shows what that spacecraft would see (without
noise). Here, we show the tangents to the magnetopause, as defined by the last
closed field line, and the bowshock, as defined as the last grid element with
the same velocity as the free-flowing solar wind. One can see that the X-ray
structures, seen in projection, map very closely to the magnetopasue and the
bowshock.

Demonstration that other observation locations/distances are nearly
as good?

If one is interested in the absolute location of the magnetopause, then care-
ful attention to the geometry should allow one to calculate the true location
from the observed X-ray location. If one is interested in only the motion of the
magnetopause, then motion of the relative X-ray location may be su�cient.
Locating the X-ray features is a di↵erent issue.

Figure 48 shows a simulation of the X-ray emission as seen from GSE
[X,Y,Z]=[0,30,0] R

E

(left-hand panel) and a profile of the emission along the
projected GSE-X axis. The [color] vertical lines show the location of the mag-
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Fig. 47 This is a caption of a figure that needs a bit of work. Left: The X-ray emissivity
in a noon-midnight slice through the magnetosheath. The location of the space craft and its
field of view is shown. Right: The magnetosheath as seen from the spacecraft. The black
box shows a typical instrumental field of view. The white lines show the tangent to the
magnetopause, as defined by the last closed field line, and the bowshock, as defined by the
last element containing free-flowing solar wind.

netopause (as determined from the langent to the last closed field line), the
peak of the emission, and the bowshock (as determined from the last element
containing free-flowing solar wind). Note the secondary peaks due to the cusps.
In this case, the peak of the emission and the location of the magnetopause
are coincident. The bowshock corresponds to an inflection in the profile. From
noiseless data one can easily determine the locations of the magnetopause and
the bowshock.

The right-hand panel of Figure 48 shows the profile extracted in the same
way from the same location of a simulation with the same solar wind con-
ditions with one exception, the IMF is northwards rather than southwards.
We see that the peak is broader and that there is now an o↵set between the
magnetopause location and the peak of the emission. This is presumably due
to the development of a non-negligible depletion layer. Note as well the lack of
significant cusp emission as well. In this case, the peak of the emission is not
coincident with the magnetopause and the o↵set increases as the solar wind
strength decreases. For strongly northward IMF, finding the magnetopause
location, in the absolute sense, becomes more di�cult, but tracking it relative
location is still relatively easy to do, particularly at stronger solar wind fluxes
(nv > XXX ⇥ 108 cm�2 s�1) by tracking the peak of the emission.
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Fig. 48 This is a caption of a figure that needs a bit of work. A simulation for n
p

=, v
p

=
and B

x

, B
y

, B
z

= 0, 0,�5 nT. The image was made with 0.25� ⇥ 0.25� pixels. The center
panel contains the profile for a 6� wide region along the projected GSE-X axis in red, and
the derivative of the profile in black. The IMF is southwards in this simulation. The right
panel contains the profile taken from the same location for a simulation of the same solar
wind conditions with the exception that the IMF is northwards.

7.3.2 Data Analysis with Simulations

8 Summary and prospects

Both the Heliophysics and Planetary Physics disciplines seek to understand
the nature of the solar wind’s interaction with solar system obstacles such as
Earth’s magnetosphere, the Venusian and Martian ionospheres, and comets.
Understanding these interactions is important not only because it can help
determine the space weather environment and rate of atmospheric loss at each
obstacle, but also because it will provide information concerning fundamental
plasma physics processes such as magnetic reconnection and particle ener-
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gization, Each of the many interaction processes proposed to occur at these
obstacles creates a host of plasma structures, including bow shocks, magne-
topauses, ionopauses, and cusps. Although in situ measurements confirm the
occurrence of the various interaction mechanisms, it can be di�cult to infer
the extent and therefore importance of each interaction mode from localized
measurements.

Global measurements of the relevant plasma structures o↵er a more direct
means for determining the nature of the solar wind-obstacle interactions. Nu-
merical simulations that employ magnetohydrodynamic models for solar wind
densities and velocities and the results from a Monte Carlo simulation of exo-
spheric densities indicate that the plasma density structures can be imaged in
the soft (0.1 � 2.0 keV) X-rays generated when high charge state solar wind
ions exchange electrons with exospheric neutrals. Theory indicates that the
emissions should always be present, at wavelengths and intensities that de-
pend upon the composition and density of high charge state solar wind ions.
Past observations by narrow field-of-view soft X-ray telescopes on astrophysics
missions demonstrate that Earth’s cusps, comets, and the magnetosheaths of
Venus, Earth, and Mars, emit soft X-rays at the expected wavelengths and
intensities that can greatly exceed those from the soft X-ray background. De-
spite varying solar wind compositions, the same observations indicate that
the bandwidth-integrated intensities closely track the solar wind density. Fi-
nally, the simulations indicate that features corresponding to the bow shock,
magnetopause, and edges of the cusps should be readily identifiable in soft X-
ray images of the dayside interaction, particularly during the most interesting
intervals when solar wind densities are large and conditions are most dynamic.

The recent development of wide FOV soft X-ray telescopes o↵ers a unique
opportunity to observe the plasma structures generated by the solar wind’s in-
teraction with heliospheric obstacles. Simulation results reported here and else-
where demonstrate that instruments with lobster-eye optics that focus grazing
incident X-rays onto position-sensitive detector planes can image the struc-
tures with the cadences and spatial resolutions needed to track bow shock,
magnetopause, and cusp motion. Wide FOV soft X-ray imagers were recently
selected to fly on the forthcoming Cusp Plasma Imaging Detector (CuPID)
and Solar wind Magnetosphere Ionosphere Link Explorer (SMILE Branduardi-
Raymont et al. 2016) missions in 2019 and 2021, respectively. CuPID will
determine the nature of reconnection at Earth’s magnetopause by imaging
structures within the Earth’s cusps from below along a low-altitude sun-
synchronous orbit. SMILE will image the subsolar bow shock, magnetosheath,
and magnetopause, as well as the cusps from a high-altitude high-inclination
orbit that takes the spacecraft outside the bow shock. As summarized in this
paper, there are strong scientific reasons that would justify future soft X-ray
missions to Venus, Mars, and comets. Tomography would reveal the details of
the plasma structures that diagnose the interactions at each of these obstacles
and the Earth.
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Alfvénic flow: Interball tail observations on May 29, 1996. JGR 106, 29491–29502 (2001).
doi:10.1029/2000JA000460

J. Bailey, M. Gruntman, Experimental study of exospheric hydrogen atom distributions by
Lyman-alpha detectors on the TWINS mission. Journal of Geophysical Research (Space
Physics) 116, 9302 (2011). doi:10.1029/2011JA016531



100 Sibeck et al.

H. Balsiger, K. Altwegg, F. Buhler, J. Geiss, A.G. Ghielmetti, B.E. Goldstein, R. Goldstein,
W.T. Huntress, W.-H. Ip, A.J. Lazarus, A. Meier, M. Neugebauer, U. Rettenmund, H.
Rosenbauer, R. Schwenn, R.D. Sharp, E.G. Shelly, E. Ungstrup, D.T. Young, Ion compo-
sition and dynamics at comet Halley. Nature 321, 330–334 (1986). doi:10.1038/321330a0

W. Baumjohann, R.A. Treumann, Basic space plasma physics 1996
M.W. Bautz, E.D. Miller, J.S. Sanders, K.A. Arnaud, R.F. Mushotzky, F.S. Porter, K.

Hayashida, J.P. Henry, J.P. Hughes, M. Kawaharada, K. Makashima, M. Sato, T.
Tamura, Suzaku Observations of Abell 1795: Cluster Emission to r 200. PASJ 61, 1117
(2009)

P. Beiersdorfer, J.K. Lepson, G.V. Brown, S.B. Utter, S.M. Kahn, D.A. Liedahl, C.W.
Mauche, Observation of Quasi-Continuum Line Emission from Fe VII to Fe X in the
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Z. Němeček, J. Šafránková, IMF control of the high-altitude cusp dynamics. Advances in
Space Research 41, 92–102 (2008). doi:10.1016/j.asr.2007.07.038
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jdič, Dynamics of the foreshock compressional boundary and its connection to fore-
shock cavities. Journal of Geophysical Research (Space Physics) 118, 823–831 (2013).
doi:10.1002/jgra.50146

M. Ong, J.G. Luhmann, C.T. Russell, R.J. Strangeway, L.H. Brace, Venus ionospheric
’clouds’ - Relationship to the magnetosheath field geometry. JGR 96, 11 (1991).
doi:10.1029/91JA01100

T.G. Onsager, S.-W. Chang, J.D. Perez, J.B. Austin, L.X. Janoo, Low-altitude observa-
tions and modeling of quasi-steady magnetopause reconnection. JGR 100, 11831–11844
(1995). doi:10.1029/94JA02702

N. Ozak, T.E. Cravens, D.R. Schultz, Auroral ion precipitation at Jupiter: Predictions for
Juno. Geophys. Res. Lett. 40, 4144–4148 (2013). doi:10.1002/grl.50812

N. Ozak, D.R. Schultz, T.E. Cravens, V. Kharchenko, Y.-W. Hui, Auroral X-ray emission
at Jupiter: Depth e↵ects. Journal of Geophysical Research (Space Physics) 115, 11306
(2010). doi:10.1029/2010JA015635

M. Palmroth, H. Laakso, T.I. Pulkkinen, Location of high-altitude cusp during steady solar
wind conditions. JGR 106, 21109–21122 (2001). doi:10.1029/2001JA900073
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topause move sunward for radial interplanetary magnetic field? Journal of Geophysical
Research (Space Physics) 117, 5221 (2012). doi:10.1029/2011JA017429



120 Sibeck et al.
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W. Stüdemann, B. Wilken, D.N. Baker, P.R. Higbie, R.D. Belian, Multispacecraft observa-
tions at the compressed magnetopause following the 13 July 1982 interplanetary shock.
Planet. & Space Sci. 34, 825–833 (1986). doi:10.1016/0032-0633(86)90079-6

T.R. Sun, C. Wang, F. Wei, S. Sembay, X-ray imaging of Kelvin-Helmholtz waves at the
magnetopause. Journal of Geophysical Research (Space Physics) 120, 266–275 (2015).
doi:10.1002/2014JA020497

J.M. Sunshine, T.L. Farnham, L.M. Feaga, O. Groussin, F. Merlin, R.E. Milliken, M.F.
A’Hearn, Temporal and Spatial Variability of Lunar Hydration As Observed by the
Deep Impact Spacecraft. Science 326, 565 (2009). doi:10.1126/science.1179788

A.V. Suvorova, J.-H. Shue, A.V. Dmitriev, D.G. Sibeck, J.P. McFadden, H. Hasegawa, K.
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