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The X-ray sky: early ROSAT days
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The X-ray sky: all sky maps
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The X-ray sky: long-term enhancements

individual bin. Bins containing fewer than two data points were
discarded. The bin spacing was chosen so that each bin
contains roughly a single orbit of data and that adjacent data
points cover nearly the same part of the sky. Thus, any
systematic effects due to the cosmic background will vary by a
small amount over a day and a half, rather than producing large
variations between adjacent data points.

Cusp Removal: For the bulk of each orbit, the line of sight
passed through the flanks of the magnetosheath where the
SWCX emission is relatively low. However, in some seasons,
the line of sight scanned near the magnetospheric cusps, where
SWCX should be strongly elevated, as shown in Figure 1. The
cusps are relatively narrow throats of magnetic field lines just
poleward of the last closed field line on the Earth’s day side
where the Earth’s magnetic field lines are open and thus they
are the regions where the solar wind plasma can have direct
access to the upper atmosphere. The cusps are threaded by the
field lines undergoing or having recently undergone reconnec-
tion, and the particle population is determined by kinematic
effects not included in MHD theory. Due to this limitation of
MHD models, the density structures within the cusps are not
properly characterized, and so need to be excluded from the
analysis. Typically, the cusp extends 3°–4° in magnetic latitude
(Zhou et al. 2000; Palmroth et al. 2001) and 2–3 hr in longitude
(Merka et al. 2002) at a given altitude. Due to the curved
magnetic field lines threading the cusp, a low altitude
spacecraft can observe lines of sight through the cusp over

15~ n in latitude, meaning that the spacecraft will scan across it
in less than five minutes. In the RASS processing, short-term
enhancements (STE) lasting just a few minutes when the line
of sight passed near the Earth’s pole were attributed, at the
time, to auroral emission but may have been due to the cusps.
These STE periods were removed from processing, and thus
are not included in the LTE data.

Removal of the STE periods does not guarantee the removal
of cusp periods. We have attempted to identify periods when
the line of sight passes through the cusp. This is not a trivial
matter as the location of the cusp varies with diurnal motion,
the annual motion, the direction of the interplanetary magnetic
field, and the strength of the solar wind flux. We have used the
Tsyganenko & Sitnov (2005) model of the Earth’s magnetic
field to determine the magnetic field geometry along the line of
sight, that is, whether the magnetic field lines through which
the lines of sight pass are closed, open, or interplanetary.

We first compared the LTE light-curve with a representation
of the magnetic field geometry along the line of sight and saw
no obvious correlation. We further checked time intervals for
which viewing through the cusp was most likely: when the

spacecraft was on the dayside and the line of sight was within 2n
of the GSE-Z axis, or when we might expect to be under(over)
the northern(southern) cusp and to be looking up(down) through
it. For each time interval meeting these criteria and for which
there were both LTE and solar wind data, we calculated the
difference, 2D , between the LTE rate at that time and
the LTE rate at ± 10minutes. Since the scan rate is
3 . 75◦ minute−1, the cusp should fall in the center bin while the
bins 10minutes away should be free of the cusp. The histogram
of the values of 2D is peaked at −0.05 count FOV−1 s−1, has a

0.25s = count FOV−1 s−1. There is a slight positive asymmetry,
with an excess of events with 0.5–1.0 FOV−1 s−1, and with a
values extending to 1.3 count FOV−1 s−1. Time intervals with
particularly high 2D did not show any particular distribution in
spacecraft coordinates. Since STEs were removed from the LTE
data and our search for enhancements at times likely to contain
cusp emission did not reveal systematic increases in emission, we
can confidently state that the residual contribution by the cusp to
the LTE light-curve is small.
The 3

4
keV Band: The 3

4
keV band (also called the M band or

the ROSAT R45 band) LTE light-curve is shown in Figure 4.
The 3

4
keV band data were treated in the same manner as the

C-band data. Comparison to Figure 3 shows that the LTE in the
two bands are rather different. The differences are due to the
SWCX spectrum. Although the details of the SWCX spectrum
are poorly understood, the overall shape of the spectrum is set
by the ion abundances in the solar wind and the location of
their principal recombination lines. The 3

4
keV band is domi-

nated by the O VII and O VIII lines with occasional significant
contributions from Ne IX and Mg XI (see, for example, Carter &
Sembay 2008). Rather than a few strong lines, the 1

4
keV band

contains a large number of faint lines from many different
species. Thus, the 3

4
keV band light-curve strongly depends

upon the relative abundance of oxygen (compared to protons)
and the relative ionization states of that oxygen. Conversely,
since the 1

4
keV band contains such a multitude of lines, none of

which dominates the band, the abundance and ionization
variations average out.

2.2. Solar Wind Data

Solar wind data for the period of the RASS are somewhat
sparse for two reasons. First, the only satellite monitoring the
solar wind at that time was IMP 8. Since IMP 8was launched
to study not only the solar wind, but the magnetospheric
boundary and the magnetotail, it was exposed to the free-
flowing solar wind for only a portion of its orbit. IMP 8 did not

Figure 3. 1
4
keV LTE flux (black) and the solar wind flux (blue) as a function of date. The LTE flux is in units of ROSAT count 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).

6

The Astrophysical Journal, 808:143 (19pp), 2015 August 1 Kuntz et al.

X-rays: black
Solar wind flux
Solar wind protons

Kuntz 2015, Freyberg 1994



The X-ray sky: comets as X-ray emitters

Comet: Hyakutake 1996 B2



The X-ray sky: comets as X-ray emitters

Lisse et al. 1996 - cometary X-rays related to solar 
wind?

ing that two different emission mechanisms
may produce the slowly varying and impul-
sive emission. Assuming an average photon
energy of 0.25 keV in the HRI bandpass,
the total luminosity Lx of the slowly varying
emission is 4 x 1015 ergs s-1, about 6000
times the luminosity of the moon as mea-
sured by ROSAT (10).

The PCA scanned across Hyakutake on
UT 31.28 March 1996. Three of the five
on-board detectors recorded the energy and
time of each detected x-ray photon. No
evidence for x-ray emission from the comet
was seen, but upper limits were found for the
high-energy tail of the x-ray emission (11,
12). A crude "spectrum" created by combin-
ing the HRI, WFC, and PCA photon count
rates for the slowly varying emission from
Hyakutake (Fig. 5) is consistent with ther-
mal bremsstrahlung models with kT = 0.2
to 0.7 keV or with power-law models with
dN/dE -E-', where F = 2.2 to 2.5. An
HRI flux due solely to fluorescent line
emission does not fit the data (13).

Possible mechanisms for the cometary
x-rays. One possible mechanism for the ob-
served radiation is fluorescent scattering of
solar x-rays by material in the comet's coma.
This mechanism has been shown to be ac-
tive on the moon (10) and would produce
soft x-rays, consistent with the PCA upper
limits. Assuming that the comet has a com-
position similar to the sun for atomic num-
ber Z > 2, then the bulk of the scattering

should be produced by carbon atoms at an
energy of 0.28 keV or oxygen atoms at an
energy of 0.53 keV. The maximum emission
seen in the HRI and WFC images is not at
the nucleus, where the column density of
carbon and oxygen is highest, but is dis-
placed sunward. One possible explanation
for the observed morphology is that we are
observing an optically thick shell of material
around the nucleus illuminated from the di-
rection of the sun. The shell must be moving
at a velocity of less than 0.02 km s-1 with
respect to the nucleus in order to explain the
lack of movement of the brightness centroid
seen in the images, implying that the mate-
rial was emitted more than 10 days before

the observation period. The rapid variability
seen on UT 27 March 1996 would be due
not to changes in the density of material
flowing sunward from the nucleus, but to
rapid changes in the solar x-ray flux.

There are serious problems with this mod-
el. The mass of material required to reach an
optical depth T = 1 in a shell of material with
radius of 18,000 km is -1 X 1i0' g [assuming
a photo-ionization cross section of 1 x 10-18
cm2 per atom (14)]. Assuming a conservative
density of 0.5 g cm-3 for the comet's nucleus,
the total mass of the comet is 2 x 1015 rn3
where rn is the radius of the comet's nucleus in
kilometers. The mass of material typically
shed by comets throughout an apparition is

Fig. 2. Overlay of the UT 27.8
March 1996 HRI contours
(green) and WFC contours (yel-
low) on a visible light image of
the comet taken on UT 27.8
March 1996. The coordinate
system is the same as in Fig. 1.
The contour levels are 35, 50,
65, 80, and 95% of the peak
HRI emission, and 10, 20, and
30% of the peak WFC flux.

A R

Fig. 1. Time series of (A) HRI 0.1 to 2.0 keV x-ray and (B) WFC .09 to 0.2 keV projected direction toward the sun and the orbital velocity of the comet are
EUV images of Hyakutake on UT 26 to 28 March 1996 (Table 1). The images shown by arrows. The emission intensity has been autoscaled to the maxi-
are in a reference frame moving with the comet's apparent sky position. The mum level in each image to produce the highest contrast.
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wind?
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Comet: Hyakutake 1996 B2

ing that two different emission mechanisms
may produce the slowly varying and impul-
sive emission. Assuming an average photon
energy of 0.25 keV in the HRI bandpass,
the total luminosity Lx of the slowly varying
emission is 4 x 1015 ergs s-1, about 6000
times the luminosity of the moon as mea-
sured by ROSAT (10).

The PCA scanned across Hyakutake on
UT 31.28 March 1996. Three of the five
on-board detectors recorded the energy and
time of each detected x-ray photon. No
evidence for x-ray emission from the comet
was seen, but upper limits were found for the
high-energy tail of the x-ray emission (11,
12). A crude "spectrum" created by combin-
ing the HRI, WFC, and PCA photon count
rates for the slowly varying emission from
Hyakutake (Fig. 5) is consistent with ther-
mal bremsstrahlung models with kT = 0.2
to 0.7 keV or with power-law models with
dN/dE -E-', where F = 2.2 to 2.5. An
HRI flux due solely to fluorescent line
emission does not fit the data (13).

Possible mechanisms for the cometary
x-rays. One possible mechanism for the ob-
served radiation is fluorescent scattering of
solar x-rays by material in the comet's coma.
This mechanism has been shown to be ac-
tive on the moon (10) and would produce
soft x-rays, consistent with the PCA upper
limits. Assuming that the comet has a com-
position similar to the sun for atomic num-
ber Z > 2, then the bulk of the scattering

should be produced by carbon atoms at an
energy of 0.28 keV or oxygen atoms at an
energy of 0.53 keV. The maximum emission
seen in the HRI and WFC images is not at
the nucleus, where the column density of
carbon and oxygen is highest, but is dis-
placed sunward. One possible explanation
for the observed morphology is that we are
observing an optically thick shell of material
around the nucleus illuminated from the di-
rection of the sun. The shell must be moving
at a velocity of less than 0.02 km s-1 with
respect to the nucleus in order to explain the
lack of movement of the brightness centroid
seen in the images, implying that the mate-
rial was emitted more than 10 days before

the observation period. The rapid variability
seen on UT 27 March 1996 would be due
not to changes in the density of material
flowing sunward from the nucleus, but to
rapid changes in the solar x-ray flux.

There are serious problems with this mod-
el. The mass of material required to reach an
optical depth T = 1 in a shell of material with
radius of 18,000 km is -1 X 1i0' g [assuming
a photo-ionization cross section of 1 x 10-18
cm2 per atom (14)]. Assuming a conservative
density of 0.5 g cm-3 for the comet's nucleus,
the total mass of the comet is 2 x 1015 rn3
where rn is the radius of the comet's nucleus in
kilometers. The mass of material typically
shed by comets throughout an apparition is

Fig. 2. Overlay of the UT 27.8
March 1996 HRI contours
(green) and WFC contours (yel-
low) on a visible light image of
the comet taken on UT 27.8
March 1996. The coordinate
system is the same as in Fig. 1.
The contour levels are 35, 50,
65, 80, and 95% of the peak
HRI emission, and 10, 20, and
30% of the peak WFC flux.
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Fig. 1. Time series of (A) HRI 0.1 to 2.0 keV x-ray and (B) WFC .09 to 0.2 keV projected direction toward the sun and the orbital velocity of the comet are
EUV images of Hyakutake on UT 26 to 28 March 1996 (Table 1). The images shown by arrows. The emission intensity has been autoscaled to the maxi-
are in a reference frame moving with the comet's apparent sky position. The mum level in each image to produce the highest contrast.
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Fig. 3 The spectrum of SWCX emission calculated for a slow solar wind from Koutroumpa et al. (2009).
This spectrum was compiled from various theoretical calculations of cross sections and using carefully
selected solar wind abundances. Without a doubt some of the higher n lines have incorrect ratios and it
misses some of the less important species. However, it demonstrates a number of important points about
the SWCX emission. The bulk of the emission is in the 1

4 keV band and is composed of many lines of

many different species and ionization states. The 3
4 keV band is dominated by just a few lines. Reduction

of the ionization state of the solar wind would shift the location of the dominant lines within the 1
4 keV

band, but remove a significant amount of flux from the 3
4 keV band. The smooth curves show the response

of ROSAT (solid) and the XMM-Newton MOS (dashed) after arbitrary normalizations.

liopause (at > 120 au) and thus should show variability only at much longer time
scales. This analysis was revisited by Kuntz et al. (2015). They repeated the 1

4 keV

band analysis with a much larger data set and showed that that the 1
4 keV LTE rate

was closely correlated with the local solar wind flux (Figure 1). The 3
4 keV LTE rate,

however, was not.
It is perhaps fortuitous that ROSAT was launched during solar maximum, when

the variation in the solar wind is at its greatest. The ROSAT All-Sky Survey, done
in the first six months of the mission was ideally scheduled to maximize the prob-
ability of detecting the variation in the SWCX emission. Incidentally, both XMM-

Newton and Chandra were also launched during solar maximum, which increased
their chances to detect SWCX emission as well (See Figure 2).

Figure 3 shows a SWCX spectrum. The density of lines below 0.4 keV is much
higher than above that energy. The SWCX spectrum in the ROSAT 1

4 keV band
is composed of many lines from many different species and ionization states. The
SWCX spectrum in the ROSAT 3

4 keV band contains only a few lines. The strongest

are those of O VII and O VIII5, with occasional strong contributions from Ne IX and
Mg XI. Kuntz et al. (2015) attributed the strong correlation between the ROSAT 1

4
keV LTE and the solar wind (proton) flux to this plethora of different species. The

5 Since the study of SWCX falls at the intersection of multiple fields of study, it is very important to
note confusing and conflicting conventions. For example, what an astrophysicist would refer to as an O
VIII line (“oxygen eight”), a space physicist would refer to as O+7 (“oxygen plus seven” or sometimes
just “oxygen seven”) line. In this context, of course, the line is due to the recombination of O+8 (“oxygen
eight”) which can lead to a new level of confusion. This work will use the astrophysical convention for
identifying lines, but will use the space physics convention when referring to the ions themselves.

Koutroumpa+ 2009

Credit: World Atlas

PX-ray =  ∫ ⍺ * NH * Nsw * Veff ds

Veff = √ (V2SW + 3kT/m)

Cravens 1997: Geocoronal X-rays?



The X-ray sky: XMM-Newton

Launched: December 1999
Targets: high-energy universe

Credit: ESA

Credit: P. Padovani

Orbit: with high -ve Z, i.e. below the ecliptic



The X-ray sky: XMM-Newton: line of sight
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The X-ray sky: XMM-Newton: line of sight
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The X-ray sky: XMM-Newton: line of sight
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SWCX: detected, XMM: Hubble Deep Field North

Credit: ESA

Credit: P. Padovani

observation of SWCX emission from these species would be
reasonable. However, preliminary results from ACE indicate
that the Oþ8/Oþ7 ratio was actually relatively low at "0.05
during the period of SWCX emission (T. Zurbuchen &
J. Raines 2004, private communication; the analysis continues).
The picture becomes even more murky as the preliminary results
also show the Oþ8/Oþ7 ratio increasing by a factor of 20–30
just as the SWCX emission and solar wind flux enhancement
were cutting off. In addition, the (0.72–0.61 keV)/(0.52–
0.61 keV) count rate ratio, which is a measure of the relative
emission of O viii and O vii, was consistent with a constant
value (!2 ¼ 25:8 for 22 degrees of freedom) over the period
of the SWCX emission. This is in spite of the variation in
solar wind ionization state distributions.

The temporal variation of the X-ray data requires that the
enhancement originates locally, at least in the solar system if
not in the satellite/near-Earth environment. The presence of
X-ray emission lines corresponding to the highly ionized
charge states of oxygen, neon, and magnesium eliminates an
origin internal to the satellite and strongly implicates SWCX
as the source of the emission enhancement. Furthermore, data
from the low-energy neutral atom (LENA) imager on the
IMAGE spacecraft inside the magnetosphere during this event
show an enhancement that suggests a neutral solar wind
resulting from SWCX (Collier et al. 2001).

3. DISCUSSION

3.1. Observvation Geometry

The geometry of the 2001 June 1–2 observation with re-
spect to the near-Earth environment is shown in Figure 5. The
satellite is on the Sun side of the Earth with an angle of "83$

between the Sun and look directions. (Because of satellite
constraints, the look direction of XMM-Newton must lie within
20$ of perpendicular to the Earth-Sun line.) The satellite and
the observation line of sight are outside of Earth’s magneto-
sphere, based on the magnetospheric model of Petrinec &
Russell (1996) (using a ram pressure of 7.4 nPa and a
northward Bz). However, the line of sight may possibly pass
through the magnetosheath relatively near the subsolar point.
Such an observation trajectory would sample the region of
strongest production of X-rays by SWCX with exospheric
material (Robertson & Cravens 2003a). On the other hand, the
trajectory may be entirely outside of the magnetosheath and
therefore miss much of that emission. Because of this uncer-
tain geometry, the SWCX emission can be from either exo-
spheric material in Earth’s magnetosheath or from interstellar
neutrals in the heliosphere, or more likely both (at least to

TABLE 3

Average ACE Solar Wind Values during the XMM-Newton Observations

Observation ID

Hþ Speeda

(km s% 1)

Hþ Densitya

(cm% 3)

Hþ Flux

(108 cm% 2 s% 1) Oþ7/Oþ6 Ratiob

0111550101........ 447 6.4 2.9 0.46

0111550201........ 451 3.3 1.5 0.43

0111550301........ 457 2.0 0.9 0.41

0111550401c ...... 345 23.3 8.0 0.99

0111550401d ...... 418 7.6 3.2 0.15

a ACE SWEPAM data.
b ACE SWICS-SWIMS data.
c Charge exchange emission interval.
d Quiescent emission interval.

Fig. 5.—Geometry of the 2001 June 1 (fourth HDF-N) observation. The
upper panel shows the observation line of sight projected onto the plane of
the ecliptic, where the positive x-axis points toward the Sun and the positive
y-axis is opposite to Earth’s velocity vector. The bottom panel shows the
observation line of sight projected onto the vertical plane, where the positive
z-axis is toward the north ecliptic pole. Note that the line of sight is slightly
sunward and lies in all cases outside of the magnetosphere. However, also note
that there is some uncertainty in the exact location in the magnetosheath and
magnetosphere boundaries.

SOLAR WIND CHARGE EXCHANGE EMISSION 1187No. 2, 2004

Snowden et al. 2004



SWCX: detected, XMM: Hubble Deep Field North
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(108 cm% 2 s% 1) Oþ7/Oþ6 Ratiob

0111550101........ 447 6.4 2.9 0.46

0111550201........ 451 3.3 1.5 0.43

0111550301........ 457 2.0 0.9 0.41

0111550401c ...... 345 23.3 8.0 0.99

0111550401d ...... 418 7.6 3.2 0.15

a ACE SWEPAM data.
b ACE SWICS-SWIMS data.
c Charge exchange emission interval.
d Quiescent emission interval.

Fig. 5.—Geometry of the 2001 June 1 (fourth HDF-N) observation. The
upper panel shows the observation line of sight projected onto the plane of
the ecliptic, where the positive x-axis points toward the Sun and the positive
y-axis is opposite to Earth’s velocity vector. The bottom panel shows the
observation line of sight projected onto the vertical plane, where the positive
z-axis is toward the north ecliptic pole. Note that the line of sight is slightly
sunward and lies in all cases outside of the magnetosphere. However, also note
that there is some uncertainty in the exact location in the magnetosheath and
magnetosphere boundaries.
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was the basis of the LTE ‘‘cleaning’’ of the RASS (Snowden
et al. 1995, 1997), and of ROSAT pointed observations that
were typically distributed over a period of a few days if not
weeks (Snowden et al. 1994).

In this paper we report the detection of SWCX emission
during an XMM-Newton observation of the Hubble Deep
Field–North. We correlate that detection with a concurrent
enhancement in the solar wind density observed by Advanced
Composition Explorer (ACE), Solar and Heliospheric Ob-
servatory (SOHO), and Wind. In x 2 we present the data, data
reduction, and analysis, in x 3 we discuss the results, and in x 4
we detail our conclusions in regards to both the emission itself
and the implications for X-ray observations of more distant
objects.

2. DATA AND DATA ANALYSIS

2.1. X-Ray Data

2.1.1. Data Preparation

The SWCX emission discussed in this paper was observed
in the fourth (2001 June 1–2) XMM-Newton pointing of the
Hubble Deep Field–North (HDF-N, ! ¼ 12r36m50s:00, " ¼
þ62#13000B0, a project guaranteed time observation). Because
of satellite constraints and the total length of the observation,
it was broken into four segments (pointings), which were
scheduled over a period of 16 days (Table 1 gives the specifics
of the pointings). Because of this multiple coverage, the length
of the individual pointings, and relative freedom from other
noncosmic backgrounds (most critically the soft proton flaring),
the HDF-N observation was chosen as a test case for a new
noncosmic background modeling and subtraction method for
XMM-Newton European Photon Imaging Camera (EPIC) data
(K. Kuntz et al. 2004, in preparation). The serendipitous de-
tection of the SWCX emission came from that testing.

Outside of time intervals obviously affected by proton flar-
ing (which were removed for this analysis), the light curves for
the observations were reasonably flat, indicating at least a low
if not zero level of residual flaring. Figure 1 shows the X-ray
light curves for the nonflaring periods of the fourth observation
and also includes the ACE data (discussed below). The light
curve for the 2–8 keV band is relatively constant, but the 0.52–
0.75 keV band (covering the O vii and most of the O viii lines)
shows a significant drop in the last quarter of the interval. We
used this light curve to separate the spectrum into high and low
states at T ¼ 81578 s in Figure 1 (22:39:38 UTon 2001 June 1;
TXMM ¼ 107822378 s after 0 UT, 1998 January 1, in the XMM-
Newton time reference system). Table 1 also lists the average
count rates in the 0.52–0.75 keV and 2–8 keV bands for the

different pointings. The 2–8 keV band count rate is reasonably
consistent among all of the pointings, as is the average count
rate for the 0.52–0.75 keV band, except for the time period
affected by the SWCX emission. The minor, but greater-than-
statistical scatter of the X-ray count rates in Table 1 during the
non-SWCX periods is likely due to the contribution of the
unsubtracted particle background, which is temporally vari-
able, and/or variations in the residual SWCX emission.

Data from the full field of view were used in this analysis.
They were conservatively filtered by screening the events
using the parameters ‘‘FLAG¼ 0’’ and ‘‘PATTERN $ 12’’
(only the best events selected by position and limiting the
CCD pixel pattern to legitimate quadruple and lower pixel-
number events). The noncosmic background was modeled
using the method of K. Kuntz et al. (2004, in preparation),
which is currently limited to the EPIC Metal Oxide Semi-
conductor (MOS) data (i.e., excludes data from the EPIC PN

TABLE 1

XMM-Newton Hubble Deep Field–North Observations

Observation ID Start Date and Time

Exposure

(ks)

Useful Exposurea

(ks)

Count Rateb

(0.52–0.75 keV)

Count Rateb

(2.0–8.0 keV)

0111550101........ 2001 May 18, T08:46:57 46.4 39.5 0.078 % 0.002 0.413 % 0.004

0111550201........ 2001 May 18, T22:17:34 46.6 35.1 0.080 % 0.002 0.407 % 0.005

0111550301........ 2001 May 27, T06:15:22 52.6 13.8 0.074 % 0.003 0.428 % 0.007

0111550401c ...... 2001 Jun 01, T08:16:36 95.4 38.1 0.126 % 0.002 0.405 % 0.003

0111550401d ...... . . . . . . 17.2 0.084 % 0.002 0.400 % 0.005

a Exposure remaining after time periods affected by obvious soft-proton flaring have been excluded.
b Average EPIC MOS1 count rate for the flare-free periods in counts s& 1. The count rates include the contributions of the quiescent

particle background.
c Charge exchange emission interval.
d Quiescent emission interval.

Fig. 1.—Various parameter values for the observation affected by the
SWCX emission (HDF-N 4). The dot-dashed curve shows the hourly ACE
SWEPAM proton velocity data in units of 100 km s& 1. The solid curve shows
the hourly ACE SWEPAM proton flux data in units of 108 cm& 2 s& 1. The
dashed curve shows the hourly ACE SWICS Oþ7/Oþ6 ratio data smoothed
with a 5 hr running average. ACE data have not been adjusted for travel time
from the L1 point to Earth (a delay of ' 4000 s). The upper set of points shows
the XMM-Newton MOS1 light curve for the 2–8 keV band in counts s& 1. The
lower set of points shows the light curve for the 0.52–0.75 keV band in
counts s& 1, which includes the O vii and most of the O viii line emission.
Periods of soft proton-flaring have been removed. The time used to separate
the spectra with and without the SWCX emission is shown by the vertical line.
The X-ray count rates do not have the particle background subtracted.
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Three of them, ACE, Wind, and SOHO sample the near-Earth
environment. ACE and SOHO have been, for the most part,
located in halo orbits around the Sun-Earth libration point
(L1, !1:5 ; 106 km, 235RE from Earth). Wind has led a
more peripatetic life and at the time of these measurements
was no longer in an orbit around L1. ACE was launched on
1997 August 25, SOHO was launched on 1995 December 2,
and Wind was launched on 1994 November 1. The three
spacecraft function, in part, as upstream monitors of the solar
wind, the hot (!106 K) plasma continually flowing from the

Sun, and provide almost continual measurements of the solar
wind density, speed, and magnetic field, among many other
parameters. The fourth spacecraft, Ulysses, follows a high-
inclination (i ! 79"), elliptical (e ! 0:6 with a semimajor axis
of !3.4 AU) orbit around the Sun. Ulysses was launched 1990
October 6 and reached its roughly polar orbit after a fly-by of
Jupiter.

At the time of these measurements, Earth was at !1.01 AU,
0N0 ecliptic latitude, and !251" ecliptic longitude. The solar
wind speed and flux data from the three near-Earth spacecraft
are in reasonably good agreement showing the same structure
(Fig. 4). The major enhancements in the flux at all three
spacecraft are roughly contemporaneous, while discrepancies
in the fluxes, although typically small but sometimes as much
as a factor of 2, may be due in part to the sometimes large
separation (>200RE) between the spacecraft perpendicular to
the Sun-Earth line (Richardson & Paularena 2001). (Note that
the deviation of ACE near day 9 in Fig. 4 is due to missing
data.) On the other hand, Ulysses, which is in a polar orbit
around the Sun, at this time was !1.34 AU from the Sun with
an ecliptic latitude of !5N6 and an ecliptic longitude of about
!339". This location is farther from the Sun than the other
spacecraft and !90" ahead of the Earth. Thus, the Ulysses flux
in Figure 4 is only qualitatively similar to that observed near
Earth and shifted in time. These differences reflect the large-
scale structure of the interplanetary medium at this time. In
addition, the Ulysses direction was !110" away from the
HDF-N and thus is not particularly relevant for the SWCX
observation, but the comparison of the data provides an il-
lustration of the variation of the solar wind from a uniform
shell-like expansion.

Fig. 2.—Fitted MOS1, MOS2, and RASS spectra for the four observations of HDF-N. The black curve and data are from observation 4 (2001 June 1–2) during
the higher count rate period (see Fig. 1). The red curve and data are from observation 4 during the lower count rate period. The green, purple, and blue curves and
data are from observations 1, 2, and 3, respectively. The lower data and curve (vviolet) are the RASS data and model, which have been scaled by a factor of 100 for
display purposes. The excess of the black spectrum can be modeled with C vi, O vii, O viii, Ne ix, and Mg xi emission. The additional bump at !0.8 keV likely
consists of O viii lines but may also have contributions from Fe xvii. Note the absence of a strong O viii bump in the no-excess spectra. Below the instrumental lines
(E < 1:4 keV) the model particle background accounts for roughly 25% of the observed counts, above 2 keV about 40% of the observed counts.

TABLE 2

Fitted Heliospheric Emission Line Fluxes

Line

Energy

(keV)

Photon Fluxa

(cm# 2 sr# 1 s# 1)

Energy Flux

(10# 9 ergs cm# 2 sr# 1 s# 1)

C vib ................... 0.37 9.0 $ 2.5 5.3

C vib ................... 0.46 2.9 $ 0.8 2.1

O viic .................. 0.56 7.39 $ 0.79 6.66

O viiid ................. 0.65 6.54 $ 0.34 6.84

O viiie ................. 0.81 1.52 $ 0.28 1.96

Ne ix................... 0.91 0.85 $ 0.22 1.24

Mg xi.................. 1.34 0.40 $ 0.08 0.85

a The quoted errors are the 90% confidence limits.
b The energies of the C vi lines were fixed. See the text for caveats

concerning the robustness of attributing the flux to C vi.
c The O vii ‘‘line’’ at 0.56 keV is a complex made up of the 23S ! 11S,

23P ! 11S, and 21P ! 11S transitions.
d O viii 2p! 1s is the dominant transition, but there are contributions from

O vii 33P ! 11S and, to a very limited extent, the 31P ! 11S transitions.
e Includes multiple O viii Lyman lines and possible Fe xvii emission.
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SWCX: detected: XMM-Newton survey & analysis

Credit: P. Padovani

Chapter 2. The XMM-Newton EPIC background 2.1. Particle background
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Figure 2.1: Top row, from left: a MOS1 then a pn image from an observation during which severe
levels of soft-proton contamination have occurred. Middle row, from left: similar images for MOS1
and pn from an observation during which the particle background was low. The in-FOV and out-
FOV regions have been labelled for all images. Bottom panel: a high-energy lightcurve from this
observation (pn) showing a very large flare towards the latter half. Time periods after ∼2.6 hrs would
be rejected via good-time-interval filtering methods.
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Chapter 4. Searching for exospheric SWCX 4.3. Lightcurve creation

Figure 4.2: Left panel: example image constructed from flare-filtered MOS1 events, plotted in de-
tector coordinates. Right panel: the same image but with resolved point sources extracted. The point
source extraction regions are over-plotted (green circles) in each case.

4.3 Lightcurve creation

Two lightcurves with bin size of 1 ks were created for each observation from events within

the full FOV (radius of 13.3 arcminutes). When both EPIC-MOS cameras were used during

an observation and employed the same filter, events from both cameras were used to construct

the lightcurves. The first lightcurve was chosen to represent the continuum, covering events

with energies in the range 2.5 to 5.0 keV and which should be free of SWCX. The second

lightcurve was extracted using events with energies in the range 0.5 to 0.7 keV to cover the

strong SWCX emission from O VII and O VIII (the line-band lightcurve). This energy range

incorporates emission energies from the O VII triplet and resonance lines which are domi-

nated by the forbidden line transition at 0.56 keV. Lightcurves were then exposure-corrected

for periods removed during the filtering steps. As the MOS1 and MOS2 event files for each

observation, prior to the lightcurve creation, were filtered using a single GTI file which is

not energy specific, the exposure-coverage for each bin was the same for the line-band and

continuum lightcurves. Therefore the same exposure-correction factor for an individual bin

50

Chapter 2. The XMM-Newton EPIC background 2.1. Particle background

Figure 2.3: Example images of the spatial distribution of the particle-induced background. Left
upper panel: MOS1 Al distribution, in the energy band 1.45 to 1.55 keV. Right upper panel: MOS1 Si
distribution, in the energy band 1.70 to 1.80 keV. Left lower panel: pn Cu distribution, in the energy
band 7.8 to 9.1 keV. Right lower panel: pn CAMEX noise along with bad pixels and bright columns,
in the energy band 0.2 to 0.5 keV.
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Chapter 2. The XMM-Newton EPIC background 2.1. Particle background
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Figure 2.2: MOS1 (black) and pn (red) particle-induced background spectra. Major fluorescence
lines have been labelled.
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Cleaning X-ray data, for diffuse 
emission studies

 - point source removal
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 - particle-induced background



SWCX: detected: XMM-Newton survey

Carter et al. 2011

Archival study: 2000 - 2011

Checked for time variable SWCX

~3.5 % observations show time-variable SWCX

Solar cycle dependence

More SWCX seen at ~sub solar point

Chapter 6. Spectral analysis of the SWCX set 6.6. Stacked spectra
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Figure 6.4: Example cases of SWCX enhancement, for observations with the identifiers 0150610101
(top tow), 0054540501 (middle row) and 0113050401 (bottom row). Each left-hand panel shows
the line-band (black) and continuum band (red) non mean-adjusted lightcurves along with the solar
proton flux (blue, right-hand y-axis). The split between the SWCX-free and SWCX-affected period is
indicated by the dot-dashed vertical line. In the right-hand panels we show the combined EPIC-MOS
resultant spectrum and the model fitted to the data for each case (solid line).
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SWCX: detected: XMM-Newton survey results
Chapter 5. SWCX set orbital positions 5.3. Sky pointings and the helium focusing cone
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Figure 5.2: Top panel: sunspot number versus time. Bottom panel: the coloured histogram of the
fraction of observations affected by exospheric SWCX is binned into ‘summer’ and ‘winter’ periods
(blue - summer, black - winter). The total number of all observations for each period is noted above
the bin.

and type of wind experienced in the vicinity of the Earth on a case-by-case basis. Also, for

the cases from 2002 onwards and approaching solar minimum until 2009, we see a higher

proportion of SWCX cases in the summer six-month period compared to the winter period

for the same year, although this is barely discernible for the most recent years. This is not

true however for 2009 and this trend should not be overstated due to the low number of cases

in each bin.

5.3 Sky pointings and the helium focusing cone

As described in Chapter 3, the Solar System helium focusing cone is found downstream of the

Sun’s motion through the Local Interstellar Cloud. In Figure 5.3 we plot a trace of Earth’s

orbit in the region of the helium focusing cone and mark the positions at which observa-
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Figure 5.1: Total number of observations analysed (black) versus GSE-X position and the fraction
of observations detected with exospheric SWCX enhancements (red). Poissonian errors on each frac-
tional value are also shown (red vertical bars).

sight that originate in this region. Comparing the fractional values to a flat distribution based

on the mean value, we calculated a reduced χ2 of 9.7 (with 12 degrees of freedom), implying

that the distribution of fractional values observed is highly significant. The anti-sunward

bin with the highest fraction of SWCX-set observations occurs where there are only a small

number (36) of observations analysed (between -11 and -13 RE). In addition, the peak of the

fractional distribution, which occurs in a bin with a large number of observations analysed,

occurs around the nominal magnetopause standoff distance at approximately 10RE . The

XMM-Newton line-of-sight for these cases traversed the subsolar region, which is the region

of maximum expected exospheric SWCX emissivity, according to the modelling work of

Robertson et al. (2006) (and as shown in Chapter 3). As previously described in Section 3.5

the viewing of XMM-Newton is constrained by the fixed solar panels and limits imposed to

avoid directly observing the Sun, Moon and Earth and the observatory is only able to view

the sunward side of the magnetosheath at certain times of the year.
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2.5 Lecture 15 - Solar-planetary interactions - Part I

We have dealt with the formation of the solar wind and the inter-
planetary magnetic field, and the interaction of these with the local
interstellar medium outside the solar system. We now turn to the
interaction of the SW and IMF with bodies within the solar system.
We first discuss planets that have a significant magnetic field and
plasma environment, concentrating on the Earth and Jupiter. The in-
ternal magnetic fields of these planets is well described by a dipole,
and so first we revise the properties of dipole magnetic fields.

2.5.1 Formation of a magnetosphere – the Chapman-Ferraro prob-
lem

The interaction between the solar wind and a planetary magnetic
field was first considered by Sidney Chapman and Vincenzo Ferraro
in ca. 1930. At that time it was not known that the solar wind was
continuous, and it was thought that most of the solar system was
a vacuum. Solar disturbances would then eject clouds of plasma,
which would impinge on the planets. We now consider such a cloud,
equivalent to a sudden “switch-on” of the solar wind.

!"#$%&'()*&$)*&+,- .#$)/0$%1&2(/#*&$)*&.#$!3$

Figure 2.23: The interaction of the SW
with the a planetary magnetic field.

The solar magnetic field is frozen in to the expanding plasma
cloud. Equally, the planetary field and its plasma environment are
frozen together. When the plasmas meet they do not mix (the fields
cannot cross). Instead a thin current sheet is set up between the two
plasmas (Figure 2.23), known as the Chapman-Ferraro current.

As the solar wind expands it compresses the planetary magnetic
field on the dayside. As the planetary field is compressed its strength
increases, and an increasing magnetic pressure force, B2/2µ0, is ex-
erted on the wind. This eventually brings the wind to a halt at the
equator on the dayside; elsewhere the solar plasma and frozen-in
IMF slip around the sides.

After some time, the solar wind “front” is well downstream of the
planet, and the planet is enclosed in a magnetic cavity in the flowing
solar wind plasma. This cavity is the planet’s magnetosphere (Figure
2.24), and the boundary current sheet is the magnetopause. The solar
wind flow is highly supersonic, so a shock wave forms upstream,
known as the bow shock. As plasma crosses the bow shock, it is
slowed, compressed, and heated. The shocked solar wind plasma is
called the magnetosheath.
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Figure 2.24: The basic structure of a
magnetosphere.

• Frozen-in flow implies no intermixing of solar and planetary plasma
and field systems; this leads to the formation of the magneto-
sphere, with a thin current layer separating it from the (shocked)
solar wind plasma.

• The position of the magnetopause is determined by pressure bal-
ance at the boundary between the solar and planetary field /
plasma.

Archival study: 2000 - 2011

Checked for time variable SWCX

~3.5 % observations show time-variable SWCX

Solar cycle dependence

More SWCX seen at ~sub solar point
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XMM-Newton: detecting a Coronal Mass Ejection
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Credit: P. Padovani
Carter et al. 2010

A CME as seen by XMM–Newton 869

Figure 1. Upper panel: the ratio of the (0.5 to 0.7 keV, oxygen emission-line band) and (2.5 to 5.0 keV, continuum band) light curves, scaled to the mean of this
ratio for each observation, for observations Obs101, Obs201 and Obs301 along with the next XMM–Newton imaging mode observation that was sufficiently
long (>4 ks) to be processed (observation ID 0083000101). The same ratio scaling is used for the Chandra data, shown in red. Lower panel: the solar wind
proton flux, taken from the ACE SWEPAM instrument.

chip 3. By inspection, the Chandra target is an extended and presum-
ably non-variable source. The XMM–Newton Obs301 observation
is the only observation with evidence for a variable diffuse signal
in the low-energy line band that is not correlated with variations in
the higher energy band.

Using the same time axis, we also show the solar proton flux,
as recorded by ACE at the sunward L1 Lagrangian point, approx-
imately 200 earth radii (RE) from the Earth. The data are level 2,
64 s averaged, products from the Solar Wind Electron Proton Al-
pha Monitor (SWEPAM) (McComas et al. 1998) archive.3 One can
see a dramatic rise in the solar proton level between Obs201 and
Obs301. It has been shown by Wang et al. (2005) (see also this
paper, Section 5) that the rise in activity recorded by ACE at this
epoch was due to the 2001 October 19 CME. A rise in the XMM–
Newton ratio is seen shortly afterwards. XMM–Newton, however,
does not necessarily sample the same solar wind as that measured
by ACE due to their spatial separation. Other geometric factors play
a role, such as the pointing direction of XMM–Newton, which we
discuss in more detail in Section 4. In addition, the proton flux is
only a proxy to the behaviour of the heavy ion content of the solar
wind. The expected X-ray emission from SWCX depends on the
abundances, cross-sections and velocities of the ions involved, but
we must also take into account the integration along the line of sight
that XMM–Newton takes through the interacting region.

Nevertheless, as we shall argue in Section 5, the SWCX event
seen in the XMM–Newton Obs301 data is sampling the same CME
event recorded by ACE shortly before. In the following section,
we will concentrate our X-ray analysis on the two XMM–Newton

3 http://www.srl.caltech.edu/ACE/ASC/

observations, Obs101 and Obs301. Obs101 is useful because it
allows us to unambiguously determine the non-variable diffuse
X-ray background in the direction of Obs301.

3 XMM–NEWTON DATA ANALYSIS

The Science Analysis System (SAS) software (version 8.0.0;
http://xmm.esac.esa.int/external/xmm_data_analysis) was used to
process the raw data into calibrated event lists and extract light
curves, spectral products and instrument response files. The instru-
ment effective area files were calculated assuming the source flux is
extended with no intrinsic spatial structure. The SAS accesses instru-
ment calibration data in so-called current calibration files (CCFs)
which are generally updated separately from SAS release versions.
In this paper, we used the latest public CCFs released as of 2009
July.

When creating products from the calibrated event files, we
applied the following filter expressions in the nomenclature of
the SAS: (PATTERN<=12)&&(#XMMEA_EM) for the MOS and
(PATTERN==0)&&(FLAG==0) for the pn. The specified PAT-
TERN filter selects events within the whole X-ray pattern library
for the MOS and mono-pixels only for the pn; as our focus is on
detecting line emission below 2 keV, this restriction optimizes the
energy resolution of the pn with little loss of sensitivity in the en-
ergy range of interest. For these event class selections, the energy
resolution of the pn is ∼70 eV (FWHM) at 1 keV compared with
∼60 eV in the MOS. The filter #XMMEA EM removes events from
the MOS that are from regions of known bright pixels or columns
or near CCD boundaries (which tend to be noisy). The equivalent
flag for the pn, #XMMEA EP, did not remove some residual noisy
pixels, but these were removed when we used the more conservative

C⃝ 2009 The Authors. Journal compilation C⃝ 2009 RAS, MNRAS 402, 867–878

(0.5 to 0.7 keV) / (2.5 - 5.0 keV)

ACE SWEPAM proton flux
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A CME as seen by XMM–Newton 869

Figure 1. Upper panel: the ratio of the (0.5 to 0.7 keV, oxygen emission-line band) and (2.5 to 5.0 keV, continuum band) light curves, scaled to the mean of this
ratio for each observation, for observations Obs101, Obs201 and Obs301 along with the next XMM–Newton imaging mode observation that was sufficiently
long (>4 ks) to be processed (observation ID 0083000101). The same ratio scaling is used for the Chandra data, shown in red. Lower panel: the solar wind
proton flux, taken from the ACE SWEPAM instrument.

chip 3. By inspection, the Chandra target is an extended and presum-
ably non-variable source. The XMM–Newton Obs301 observation
is the only observation with evidence for a variable diffuse signal
in the low-energy line band that is not correlated with variations in
the higher energy band.

Using the same time axis, we also show the solar proton flux,
as recorded by ACE at the sunward L1 Lagrangian point, approx-
imately 200 earth radii (RE) from the Earth. The data are level 2,
64 s averaged, products from the Solar Wind Electron Proton Al-
pha Monitor (SWEPAM) (McComas et al. 1998) archive.3 One can
see a dramatic rise in the solar proton level between Obs201 and
Obs301. It has been shown by Wang et al. (2005) (see also this
paper, Section 5) that the rise in activity recorded by ACE at this
epoch was due to the 2001 October 19 CME. A rise in the XMM–
Newton ratio is seen shortly afterwards. XMM–Newton, however,
does not necessarily sample the same solar wind as that measured
by ACE due to their spatial separation. Other geometric factors play
a role, such as the pointing direction of XMM–Newton, which we
discuss in more detail in Section 4. In addition, the proton flux is
only a proxy to the behaviour of the heavy ion content of the solar
wind. The expected X-ray emission from SWCX depends on the
abundances, cross-sections and velocities of the ions involved, but
we must also take into account the integration along the line of sight
that XMM–Newton takes through the interacting region.

Nevertheless, as we shall argue in Section 5, the SWCX event
seen in the XMM–Newton Obs301 data is sampling the same CME
event recorded by ACE shortly before. In the following section,
we will concentrate our X-ray analysis on the two XMM–Newton

3 http://www.srl.caltech.edu/ACE/ASC/

observations, Obs101 and Obs301. Obs101 is useful because it
allows us to unambiguously determine the non-variable diffuse
X-ray background in the direction of Obs301.

3 XMM–NEWTON DATA ANALYSIS

The Science Analysis System (SAS) software (version 8.0.0;
http://xmm.esac.esa.int/external/xmm_data_analysis) was used to
process the raw data into calibrated event lists and extract light
curves, spectral products and instrument response files. The instru-
ment effective area files were calculated assuming the source flux is
extended with no intrinsic spatial structure. The SAS accesses instru-
ment calibration data in so-called current calibration files (CCFs)
which are generally updated separately from SAS release versions.
In this paper, we used the latest public CCFs released as of 2009
July.

When creating products from the calibrated event files, we
applied the following filter expressions in the nomenclature of
the SAS: (PATTERN<=12)&&(#XMMEA_EM) for the MOS and
(PATTERN==0)&&(FLAG==0) for the pn. The specified PAT-
TERN filter selects events within the whole X-ray pattern library
for the MOS and mono-pixels only for the pn; as our focus is on
detecting line emission below 2 keV, this restriction optimizes the
energy resolution of the pn with little loss of sensitivity in the en-
ergy range of interest. For these event class selections, the energy
resolution of the pn is ∼70 eV (FWHM) at 1 keV compared with
∼60 eV in the MOS. The filter #XMMEA EM removes events from
the MOS that are from regions of known bright pixels or columns
or near CCD boundaries (which tend to be noisy). The equivalent
flag for the pn, #XMMEA EP, did not remove some residual noisy
pixels, but these were removed when we used the more conservative
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Figure 8. Obs301 XMM–Newton positions, in the ecliptic plane, progress-
ing (top to bottom) from T = 1.200805 × 108 s to T = 1.2009 × 108 s,
through T = 1.2010 × 108 s until T = 1.2012 × 108 s. On the y-axis is ρ, as
defined by

√
GSE-Y 2 + GSE-Z2, plotted against the GSE-X coordinate.

The solid and dashed lines give the locations of the magnetopause and bow
shock at the end of each period. The dot–dot–dashed lines show the line of
sight of XMM–Newton.

magnetosheath region is short, but not zero, at various times during
Obs301.

During Obs301 the average solar proton density (level 2, hourly
averaged data from ACE), was measured as 13 cm−3 and had an

average speed of 647 km s−1. Exospheric neutral hydrogen densities
fall off as R−3

E and are normalized to a value of 25 cm−3 at a distance
of 10 RE (Hodges 1994; Cravens, Robertson & Snowden 2001).
Using equation (2) and the solar wind parameters above, we wished
to estimate the expected X-ray emission seen by XMM–Newton at
its average distance from Earth of 13.8 RE, integrating out to 100 RE.
By this method, we compare the scale of the emission as recorded by
XMM–Newton to a non-time resolved order of magnitude estimation
for the expected X-ray emission.

The solar wind slows down and its density increases inside the
magnetosheath. The magnetosheath is the region between the bow
shock (where the solar wind slows down from supersonic to sub-
sonic speeds) and magnetopause (the boundary layer separating the
plasma of the solar wind and that of the Earth’s magnetic field).
In this estimation, we base the starting point at the average dis-
tance of XMM–Newton from Earth, so that the line of sight through
the magnetosheath region is short compared to the remaining line
of sight out to a maximum of 100 RE. We approximate a line of
sight of 2.2 RE from the average position of XMM–Newton to the
bow shock boundary, with the remainder of the line of sight in-
tersecting unperturbed solar wind. To approximate these changes,
we scaled hydrodynamical models of Spreiter, Summers & Alksne
(1966) (Kuntz, private communication) to the magnetopause stand-
off distance of 8 RE and extract factors for adjusting the solar wind
parameters at the relevant position within the magnetosheath. We
increase the solar wind density by a factor of 3.5 and reduce the
solar wind speed by a factor of 0.8 within the magnetosheath region
only, and leave it undisturbed outside the bow shock.

The value of α is dependent on the abundances of the ion species
contributing to the charge exchange process, along with the cross-
section and energy of each interaction in the energy band of interest.
For this estimation, we consider only contributions from the O VII

and O VIII. SWCX emission is directly proportional to α, which is
in turn proportional to the abundance of the ion specie in question.
We use the ratio of O VII to O VIII flux from our spectral analysis in
Section 3.6, the cross-sections found in Bodewits (2007) (assuming
a solar wind with velocity 600 km s−1) and an oxygen to hydrogen
ratio of 1/1780 as given in Schwadron & Cravens (2000) to derive
an O VII to O VIII abundance ratio of 0.085:0.915. We then calculate
α for these two ion species to be 2.3 × 10−15 eV cm2. Although the
solar wind speeds during Obs301 are more common of a fast solar
wind state, CMEs are enriched with high oxygen charge states and
other minor ions (Richardson & Cane 2004).

The total expected (oxygen band) X-ray emission along the line
of sight and for average solar wind conditions was estimated to be
9.5 keV (1.5 × 10−8 ergs) cm−2 s−1 sr−1. The contribution from in-
side the magnetosheath is estimated to be 4.8 keV (7.6 × 10−9 ergs)
cm−2 s−1 sr−1 which represents approximately 50 per cent of
the total. From our spectral analysis, we observe a flux of
∼18.9 keV (∼ 3.02 × 10−8 ergs) cm−2 s−1 sr−1 from the O VII

and O VIII emission lines, approximately two times greater than we
estimate, but which is consistent given the various assumptions as
detailed above. For example, the density of the plasma outside the
bow shock may be even higher than the values used in this calcu-
lation, due to turbulent processes, localized density enhancements
and/or the anisotropic distribution of neutral atoms in the vicinity
of the Earth (Hodges 1994).

Higher levels of geocoronal SWCX emission would be expected
had XMM–Newton been observing a target that required a pointing
vector that intercepted the area of highest X-ray emission, namely
around the subsolar point, defined as the position of the magne-
topause on the sunward side of the Earth–Sun line (Robertson &
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Figure 5. Obs301 background-subtracted spectra integrated from T =
1.200918 × 108 s to 1.201035 × 108 s (left-hand panels) and from T =
1.201035 × 108 s to 1.201230 × 108 s (right-hand panels). Contributions
are shown from soft protons (red), the non-variable diffuse sky background
(blue) and these components combined (green). The variable excess flux,
seen in the lower panels, is due to SWCX.

by Bodewits (2007) (table 8.2), who has calculated the relative emis-
sion cross-sections of these bare and H-like ions (their state before
electron capture) in collision with atomic hydrogen for a variety
of solar wind velocities. We have used the tabulated values for a
velocity of 600 km s−1 which is close to the velocity measured by
ACE at this epoch. Our model fitting allowed the six normalizations
of the principal transition from each of these ions to be free, but
constrained the normalizations of the weaker transitions to the ra-
tios predicted by the Bodewits’ model. In all, these ions contributed
33 lines between 0.299 and 0.849 keV.

At higher energies, we have taken a more empirical approach by
adding sufficient lines at known transition energies to characterize
the bulk of the residual excess emission. This will be an incomplete
list due to the multiple transitions expected from Fe. Table 3 lists
the principal transitions we have included in the SWCX model.

We have fit our combined model (containing the SWCX, sky
background and soft proton components) jointly to the integrated
spectra from each of the EPIC cameras. The free parameters in the
fit are the normalizations of the principal ions in the SWCX model
plus global normalizations applied to the individual MOS spectra
(the pn global normalization was fixed at 1.0).

Table 3. Measured fluxes in the SWCX spectral model.

Ion Principal energy (keV) Ion ratio/O VIII flux

C V 0.299 0.50 (0.16)
C VI 0.367 0.28 (0.08)
N VI 0.420 0.06 (0.05)
N VII 0.500 0.19 (0.03)
O VII 0.561 0.12 (0.03)

O VIII 0.653 2.70 (0.09)

Fe XVII 0.73 0.13 (0.01)
Fe XVII 0.82 0.05 (0.02)
Fe XVIII 0.87 0.10 (0.03)

Fe XIX/Ne IX 0.92 0.14 (0.03)
Fe XX 0.96 0.09 (0.02)
Ne X 1.022 0.46 (0.02)

Fe??/Ne IX 1.10 0.20 (0.01)
Fe XX/Ne X 1.22 0.08 (0.01)

Mg XI 1.33 0.28 (0.01)
Mg XII 1.47 0.29 (0.02)
Mg XI 1.60 0.06 (0.01)
Al XIII 1.73 0.08 (0.01)
Si XIII 1.85 0.30 (0.02)
Si XIV 2.00 0.15 (0.02)

Total SWCX (pn normalization = 1.0) 12.58 (0.20)
MOS1 normalization 0.80 (0.02)
MOS2 normalization 0.92 (0.02)

Reduced χ2/degrees of freedom 1.17/1546

Note. Here, we list only the principal transitions from C, N and O plus the
additional selected transitions from Ne, Mg, Si and Fe. The figure for O VIII

is the measured flux in units of 10−8 ergs cm−2 s−1 sr−1. The remainder of
the table is the ratio of the measured flux for that ion to O VIII and the total
flux of the SWCX model.

In Table 3, we list the flux of the O VIII line at 0.65 keV and the
ratio of the fluxes for each of the other ions to O VIII, and the total
flux of the SWCX model. As with our analysis of the diffuse sky
background in Obs101, the broad-band MOS fluxes are lower than
that measured by the pn by a similar factor.

In a study of the intercalibration of point sources from the 2XMM
catalogue, Mateos et al. (2009) found the reverse trend; on aver-
age the MOS cameras register a higher flux than the pn by 7–
9 per cent below 4.5 keV. We can only attribute the difference
to some unknown calibration uncertainty in the calculation of the
effective area for point sources compared with an extended region.

Fig. 6 shows the best-fitting SWCX spectral model (plus the non-
variable diffuse sky and variable soft proton components combined)
to the background-subtracted and flare-cleaned pn spectrum. The
non-Gaussian shape of the pn detector response (the MOS is similar;
the Gaussian shape is distorted by a low-energy shoulder) is evident
from the principal O VIII line.

The temporal variation in the SWCX emission has been mapped
by extracting spectra in eight 2 ks intervals followed by five 4 ks
intervals. This covers the soft proton flare-cleaned period plus the
additional segment as shown in Fig. 3. For each interval, we show
in Fig. 7 the fitted fluxes of the O VIII (0.653 keV) line and the
ratio of the fluxes of O VII (0.561 keV), Ne X (1.022 keV), Mg XI

(1.329 keV) and Si XIV (2.000 keV) to O VIII. There is little evidence
for a significant compositional change throughout the observation
with the possible exception of the second and third bins where the
flux ratios of the heavier ions are somewhat higher compared to the
average.
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Figure 6. The SWCX spectral model fitted to the integrated background
subtracted and flare-cleaned pn spectrum of Obs301. The top panel is the
spectrum from 0.275 to 1.055 keV and the bottom panel is 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 colour 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 Kα instrumental line.

Ion compositional data (level 2, hourly averaged) from the
SWICS/SWIMS instrument on board ACE (Gloeckler et al. 1998)
are sparse for the period of interest. XMM–Newton, therefore, is
able in this case to provide supplementary abundance information
where ACE, for data quality reasons, cannot.

4 V I E W I N G G E O M E T RY A N D O R I E N TAT I O N
O F XMM–NEWTON

The expected X-ray emissivity of SWCX emission from the solar
wind interaction with the magnetosheath can be estimated from the
integrated emission along the line of sight for the observer.

The emissivity expected (Cravens 2000) is given by the expres-
sion

Pχ = αηSWηn ⟨g⟩ eVcm− 3 s− 1, (1)

where α is a scale factor dependent on various aspects of the charge
exchange such as the interaction cross-section and the abundances
of the solar wind ions, ηSW is the density of the solar wind protons, ηn

is the density of the neutral species and ⟨g⟩ is their relative velocity.

Figure 7. Light curves of selected ions from Obs301. The top panel is the
O VIII flux in units of 10− 8 ergs cm− 2 s− 1 sr− 1. Lower panels are the ratio
of the flux of the selected ion to O VIII.

The flux is given by integrating along a particular line of sight:

F = 1
4π

∫ ∞

0
Pχ ds ph cm− 2 s− 1 sr− 1. (2)

To assist in our analysis for this section, we took data from the
Solar Wind Experiment (SWE) instrument on board the spacecraft
Wind (Ogilvie et al. 1995) and data as measured by the SWEPAM
instrument of ACE.

In Fig. 8, we plot the position of XMM–Newton and the mag-
netopause and bow shock boundaries and the line of sight during
Obs301. The line of sight pointed through the flanks of the mag-
netosheath throughout the observation. XMM–Newton crossed the
bow shock boundary as it moved along its orbit, and as the bound-
ary position changes in response to conditions in the solar wind.
The magnetopause and bow shock locations may vary dramatically,
especially under extreme solar wind conditions as we see in this
case. We used the model of Shue et al. (1998), which takes the
strength of one component of the magnetic field (Bz) and the proton
dynamic pressure as input, to calculate the location of the mag-
netopause. The position of the bow shock stand-off distance (the
distance from the Earth to the bow shock on the Earth–Sun line) is
calculated using the solar wind dynamic pressure (Khan & Cowley
1999), and its shape is approximated using a simple parabola (ec-
centricity 0.81). We plot the positions of XMM–Newton as it moves
from T = 1.200 805 × 108 s to T = 1.2009 × 108 s (top), through
T = 1.2010 × 108 s (middle) until T = 1.2012 × 108 s. The
magnetopause and bow shock positions are plotted for the end
of each period. XMM–Newton remains outside the magnetopause
for the entirety of the observation, but may cross the bow shock
boundary when the magnetosheath is compressed in response to the
solar wind (middle panel). Therefore, the line of sight through the
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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 colour 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 Kα instrumental line.

Ion compositional data (level 2, hourly averaged) from the
SWICS/SWIMS instrument on board ACE (Gloeckler et al. 1998)
are sparse for the period of interest. XMM–Newton, therefore, is
able in this case to provide supplementary abundance information
where ACE, for data quality reasons, cannot.
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wind interaction with the magnetosheath can be estimated from the
integrated emission along the line of sight for the observer.

The emissivity expected (Cravens 2000) is given by the expres-
sion

Pχ = αηSWηn ⟨g⟩ eVcm− 3 s− 1, (1)

where α is a scale factor dependent on various aspects of the charge
exchange such as the interaction cross-section and the abundances
of the solar wind ions, ηSW is the density of the solar wind protons, ηn
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of the flux of the selected ion to O VIII.
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To assist in our analysis for this section, we took data from the
Solar Wind Experiment (SWE) instrument on board the spacecraft
Wind (Ogilvie et al. 1995) and data as measured by the SWEPAM
instrument of ACE.

In Fig. 8, we plot the position of XMM–Newton and the mag-
netopause and bow shock boundaries and the line of sight during
Obs301. The line of sight pointed through the flanks of the mag-
netosheath throughout the observation. XMM–Newton crossed the
bow shock boundary as it moved along its orbit, and as the bound-
ary position changes in response to conditions in the solar wind.
The magnetopause and bow shock locations may vary dramatically,
especially under extreme solar wind conditions as we see in this
case. We used the model of Shue et al. (1998), which takes the
strength of one component of the magnetic field (Bz) and the proton
dynamic pressure as input, to calculate the location of the mag-
netopause. The position of the bow shock stand-off distance (the
distance from the Earth to the bow shock on the Earth–Sun line) is
calculated using the solar wind dynamic pressure (Khan & Cowley
1999), and its shape is approximated using a simple parabola (ec-
centricity 0.81). We plot the positions of XMM–Newton as it moves
from T = 1.200 805 × 108 s to T = 1.2009 × 108 s (top), through
T = 1.2010 × 108 s (middle) until T = 1.2012 × 108 s. The
magnetopause and bow shock positions are plotted for the end
of each period. XMM–Newton remains outside the magnetopause
for the entirety of the observation, but may cross the bow shock
boundary when the magnetosheath is compressed in response to the
solar wind (middle panel). Therefore, the line of sight through the
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Third, we will estimate the 
instrumental particle background 
for each XXM-Newton event. The 
telescope sees its own glow and 
count it as an X-ray signal. This 
false signal must be removed from 
our analysis. The edges of the 
EPIC-MOS CCDs are out of the 
field-of-view and see no sky light 
but its own electronic noise. We 
will obtain this particle background 
rate by reading the edge data. The 
details of this task can be found in 
Carter and Read [2007].  

Fourth, we will obtain 
heliospheric SWCX signals for 
each selected XMM-Newton event. 
Koutroumpa et al. [2006] estimated 
the heliospheric SWCX signals for 
solar maximum and solar minimum. 
Figure 9 shows the samples of 
heliospheric soft X-ray maps at 
0.65 keV in the ecliptic coordinates. 
The heliospheric signal quite varies 
depending on the solar activity and 
the Earth location. We will check the part of the sky for each event and obtain this heliospheric signal 
from Koutroumpa’s maps. The heliospheric signals are typically small compared to the near-Earth SWCX 
signals, for example, 9.9 counts/ks vs 50 ~ 250 counts/ks for the 16 Oct 2001 event [Connor and Carter, 
2019]. For the accurate neutral density calculation, this project will consider this weak heliospheric 
signal.   

Finally, we will obtain the near-Earth soft X-ray signal by subtracting the light source, the 
astronomical background, particle background, and heliospheric background from the raw XMM-Newton 
data. At the end of year 1, we will obtain the pure near-Earth SWCX signals from ~55 good-and-stable 
XMM-Newton events. 
  
4.2 Exospheric density during solar minimum (9/1/2020 – 8/31/2021) 
    
Objective: We will estimate a typical neutral density at 10RE subsolar location during solar minimum.  
 
Background & Motivation: The previous studies show quite a large discrepancy in the solar minimum 
exospheric densities. Zoennchen et al. [2011, 2013, 2015] have estimated solar minimum exospheric 
densities using the TWINS Lyman-alpha observations in 2008 – 2010. Their neutral density at 10RE 
geocentric distance is more than 20 cm-3 (See Figure 1). However, using the IBEX dayside ENA 
observations in 2009, Fuselier et al [2010] estimated quite different neutral density at the same geocentric 
location. Their value is 4~ 11 cm-3, 2 ~ 6 times lower than Zoennchen’s estimates. 
 Both studies have caveats. Zoennchen’s density estimates basically represent the nightside 
density because the TWINS Lyman-alpha detectors have poor dayside observational coverage due to the 
sunlight contamination. However, the dayside neutral density is expected to be lower than the nightside 
due to the solar radiation pressure pushing the Earth’s exosphere anti-sunward [Tinsley et al. 1986; 
Bishop 1991; Hodges 1994]. Additionally, Zoennchen’s neutral density has a large error when the 
geocentric distance goes above 8RE due to the poor observational coverage in this region. Zoennchen et al. 
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Fig. 1. Solar maximum and
solar minimum full sky
monochromatic for the O7+
line at 0.65 keV and the O5+
line at 0.08 keV. The ob-
server is situated at 75◦ (left
column) and at 251◦ (right
column) ecliptic longitude.
The color scale is in units
of 10−9 erg cm−2 sr−1 s−1,
red colour corresponding to
minimum and blue to max-
imum values. The masked
area is the 20◦ × 20◦ region
around the solar disk. The
map is shown in ecliptic
coordinates.

as C4+, N5+ and in particular O5+, illustrated in Fig. 1 . These
ions emit in the EUV (E ≤ 150 eV). The slow solar wind is
characterized by highly charged ions C6+, N7+, O8+ and Ne9+
which produce harder X-ray emitting ions, as for example O 7+

illustrated in the maps.
(ii) The X-ray emission pattern for solar maximum is very

similar for both O5+ and O7+ lines, but for solar minimum there
are strong differences. While O7+ emission is almost absent at
high ecliptic latitudes, O5+ is much brighter due to the difference
in relative abundance of O8+ and O6+. O7+ is generated during
CX between O8+ ion and H and He. O8+ is absent from the fast
solar wind. The O7+ emission is never zero, because there are no
lines of sight containing only the FSW.

(iii) At low latitudes, near the solar equator, X-ray emissions
are more intense for solar minimum than for solar maximum be-
cause the neutral atom content is higher during solar minimum.

During solar minimum, photo-ionization is less efficient and H
and He are less readily destroyed by photo-ionization. Further,
gravitational pressure exceeds radiation pressure and thus neu-
tral H atoms have incoming trajectories and fill the ionization
cavity.

3.2.2. Effect of the observer’s position

Each column represents a different observing position on the
Earth’s orbit. We cover half an orbit, about every 45 ◦ starting
downwind (λE = 75◦, Fig. 1, left) to upwind (λE = 251◦,
Fig. 1, right). When examining the different vantage points on
the Earth’s orbit, it is no longer the solar wind ion distribution
that is the source of the X-ray pattern differences, but the H and
He distributions in interplanetary space. These differences are

Figure 2 All-sky map of heliospheric SWCX signal at 0.65 keV in ecliptic 
coordinates during solar maximum (top) and solar minimum (bottom) for two 
different Earth locations. Left and right are 6 months apart. The color scale is in 
units of 10-9 erg cm-2 sr-1 s-1. [Koutroumpa et al. 2006]. 
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hydrogen density at a distance of ∼10 RE upstream from
the Earth.

2. Simultaneous ENA and Proton Observations

[7] ENA observations are from the Interstellar Boundary
Explorer (IBEX) mission [McComas et al., 2009a]. IBEX is
primarily focused on the global interaction between the solar
wind and the interplanetary medium (see McComas et al.
[2009b] and associated papers). However, the small
explorer also obtains extremely high sensitivity and energy
resolved observations of other, “local” ENA sources
including the Moon [McComas et al., 2009c], the terrestrial
magnetosphere, and, in this study, the magnetosheath. IBEX
has two high‐sensitivity, single‐pixel ENA cameras cover-
ing energies from 0.01 to 6 keV, with significant energy
overlap around 1 keV [Funsten et al., 2009; Fuselier et al.,
2009]. The spacecraft is in a highly elliptical, nearly equa-
torial orbit with apogee of almost 50 RE and perigee of 2–
4 RE (geocentric). The spacecraft spin axis points within a
few degrees of the Sun and the cameras’ FWHM 7° × 7°
fields‐of‐view (FOV) are perpendicular to the spin axis. As
the spacecraft spins, the cameras’ FOV scribe a circle in the
sky. For two time intervals a year (in November/December
and March/April), the ENA cameras have prolonged views
of the subsolar magnetopause. Intervals include several of
the 7.5‐day orbits and, during an orbit, the cameras view the
subsolar magnetopause nearly continuously for periods
ranging from several hours to days.
[8] Figure 1 shows Hydrogen ENA observations pro-

jected into the X‐ZGSE plane from one of these prolonged
intervals on 28 March 2009. The 11 RE subsolar magneto-
pause location in Figure 1 was determined from the Shue et al.
[1998] magnetopause model with solar wind dynamic pres-
sure of 1.1 nPa (fromWIND spacecraft observations, [Ogilvie
et al., 1995]) and no IMF. During the 11 h period, the solar
wind was very steady. The speed was 390 ± 7 km/s and
the density was 4.2 ± 0.5 cm−3. With these stable conditions,

Figure 1. Hydrogen ENA countrate integrated from 0.7–
6 keV on 28 March 2009 from 04:54–15:54 UT. The peak
is centered on the subsolar magnetopause. Significant flux
extends to nearly ±10 RE in the ZGSE direction.

Figure 2. IBEX and Cluster 3 spacecraft orbits projected into the ecliptic plane. The IBEX cameras’ FOV included the
subsolar magnetopause on 28 March 2009 from 04:54 – 15:53 UT. During the first part of that interval, the Cluster 3 space-
craft was in the magnetosheath measuring the parent proton population for ENAs observed by IBEX (see Figure 1).
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hydrogen density at a distance of ∼10 RE upstream from
the Earth.

2. Simultaneous ENA and Proton Observations
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Explorer (IBEX) mission [McComas et al., 2009a]. IBEX is
primarily focused on the global interaction between the solar
wind and the interplanetary medium (see McComas et al.
[2009b] and associated papers). However, the small
explorer also obtains extremely high sensitivity and energy
resolved observations of other, “local” ENA sources
including the Moon [McComas et al., 2009c], the terrestrial
magnetosphere, and, in this study, the magnetosheath. IBEX
has two high‐sensitivity, single‐pixel ENA cameras cover-
ing energies from 0.01 to 6 keV, with significant energy
overlap around 1 keV [Funsten et al., 2009; Fuselier et al.,
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fields‐of‐view (FOV) are perpendicular to the spin axis. As
the spacecraft spins, the cameras’ FOV scribe a circle in the
sky. For two time intervals a year (in November/December
and March/April), the ENA cameras have prolonged views
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the 7.5‐day orbits and, during an orbit, the cameras view the
subsolar magnetopause nearly continuously for periods
ranging from several hours to days.
[8] Figure 1 shows Hydrogen ENA observations pro-

jected into the X‐ZGSE plane from one of these prolonged
intervals on 28 March 2009. The 11 RE subsolar magneto-
pause location in Figure 1 was determined from the Shue et al.
[1998] magnetopause model with solar wind dynamic pres-
sure of 1.1 nPa (fromWIND spacecraft observations, [Ogilvie
et al., 1995]) and no IMF. During the 11 h period, the solar
wind was very steady. The speed was 390 ± 7 km/s and
the density was 4.2 ± 0.5 cm−3. With these stable conditions,

Figure 1. Hydrogen ENA countrate integrated from 0.7–
6 keV on 28 March 2009 from 04:54–15:54 UT. The peak
is centered on the subsolar magnetopause. Significant flux
extends to nearly ±10 RE in the ZGSE direction.

Figure 2. IBEX and Cluster 3 spacecraft orbits projected into the ecliptic plane. The IBEX cameras’ FOV included the
subsolar magnetopause on 28 March 2009 from 04:54 – 15:53 UT. During the first part of that interval, the Cluster 3 space-
craft was in the magnetosheath measuring the parent proton population for ENAs observed by IBEX (see Figure 1).
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Using	dayside	ENA	observations	of	IBEX,	Fuselier et	al.	[2010]	concluded	that	
neutral	density	is	4~11	cm-3 at	10RE	subsolar	point.

By	using	the	neutral	density	models,	we	may	over-predict	soft	X-ray	emissions.

This	study	will	estimate	neutral	density	at	10RE subsolar	point	using	the	
dayside	X-ray	observations	from	the	XMM-Newton	astrophysics	mission.

Motivation – Recent IBEX ENA study

Fuselier et	al.	[2010]

IBEX	Orbit IBEX	ENA	Observation

Dayside ~ 4 - 10 cm-3 at R0

Assumes homogeneous magnetosheath


Solar minimum observations

The exosphere: densities, dayside



The exosphere: effects of storms
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Figure 4. (a) The triangles and circles represent the limb scan data associated with quiet time and storm time,
respectively. The solid lines represent the modeled best fit radiances. The top four lines are the dayside scans,
whereas the bottom four lines are the nightside ones. (b, c) The retrieved H density profiles leading to the best fits.
(d) The percentage differences of the storm time H density with respect to the quiet time H density associated with
the (solid) 2003 event and (dashed) 2004 event.

in storm-induced H density changes as intense storms. In that case, however, the density changes are less
pronounced in the thermospheric-exospheric transition region, where the peak depletion is reduced to∼20%,
and the altitude transition between density depletion and enhancement occurs at ∼1.2 RE instead of ∼2 RE .

Quantification of the uncertainties in the retrieved H density profiles requires knowledge about the uncertain-
ties in several physical quantities used in the inversion, such as the H kinetic distribution, the global structure
of the geocorona, and the thermospheric O2 density and neutral temperature, none of which can be readily
quantified. Moreover, despite the inclusion of nightside limb scans as additional constraints, the observed
radiances from a low Earth orbit vantage are still not sufficiently sensitive for accurate quantification of the
H density at altitudes above several Earth radii. Another potential source of uncertainty is our neglect of inter-
planetary Ly ! background emission. The vertical optical depth from GUVI’s 625 km altitude to the outer edge
of the exosphere is ∼1.5–2, such that an interplanetary Ly ! emission of ∼0.7 kR contributes ∼0.1 kR to the
GUVI measurements. We have confirmed that removal of 0.1 kR from the radiances shown in Figure 2 leads to
negligible changes in the estimated H density profiles.

A potentially more significant error source arises from the spherically symmetric H density assumption used
for the inversion. It is known that the terrestrial H distribution exhibits local time asymmetries, primarily in the
form of alignment along the Sun-Earth axis with enhanced density on the nightside, a feature known as the
“geotail” [Zoennchen et al., 2015]. The neglect of this exospheric structure could introduce systematic bias in
our density estimation at high altitudes, which is constrained primarily by the nightside limb data; however,
because the geotail arises from the long-term effect of solar radiation pressure, the temporary storm time
enhancement we observe at high exospheric altitudes is unlikely to be due to this systematic bias that should
exist in both quiet time and storm time retrievals.

Uncertainties in the exospheric H density estimation can also result from the assumption that the exospheric
H population is characterized by a Maxwellian kinetic distribution at a constant temperature. In the radia-
tive transfer model, the thermospheric temperature is specified using the NRLMSISE-00 model [Picone et al.,
2002] and is extended to higher altitudes assuming an isothermal exosphere. Monte Carlo simulations have
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ties in several physical quantities used in the inversion, such as the H kinetic distribution, the global structure
of the geocorona, and the thermospheric O2 density and neutral temperature, none of which can be readily
quantified. Moreover, despite the inclusion of nightside limb scans as additional constraints, the observed
radiances from a low Earth orbit vantage are still not sufficiently sensitive for accurate quantification of the
H density at altitudes above several Earth radii. Another potential source of uncertainty is our neglect of inter-
planetary Ly ! background emission. The vertical optical depth from GUVI’s 625 km altitude to the outer edge
of the exosphere is ∼1.5–2, such that an interplanetary Ly ! emission of ∼0.7 kR contributes ∼0.1 kR to the
GUVI measurements. We have confirmed that removal of 0.1 kR from the radiances shown in Figure 2 leads to
negligible changes in the estimated H density profiles.

A potentially more significant error source arises from the spherically symmetric H density assumption used
for the inversion. It is known that the terrestrial H distribution exhibits local time asymmetries, primarily in the
form of alignment along the Sun-Earth axis with enhanced density on the nightside, a feature known as the
“geotail” [Zoennchen et al., 2015]. The neglect of this exospheric structure could introduce systematic bias in
our density estimation at high altitudes, which is constrained primarily by the nightside limb data; however,
because the geotail arises from the long-term effect of solar radiation pressure, the temporary storm time
enhancement we observe at high exospheric altitudes is unlikely to be due to this systematic bias that should
exist in both quiet time and storm time retrievals.

Uncertainties in the exospheric H density estimation can also result from the assumption that the exospheric
H population is characterized by a Maxwellian kinetic distribution at a constant temperature. In the radia-
tive transfer model, the thermospheric temperature is specified using the NRLMSISE-00 model [Picone et al.,
2002] and is extended to higher altitudes assuming an isothermal exosphere. Monte Carlo simulations have
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The exosphere: solar cycle dependenceNeutral Density Model of Zoennchen et al. [2012]

Neutral	density	at	solar	maximum Neutral	density	at	solar	minimum

At	solar	maximum,	 N0 =	~45	cm-3

At	solar	minimum,	 N0 =	~25	cm-3



The exosphere: extracted from XMM observations
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Figure 3 projects Geotail and XMM-Newton locations on the XZ (left) and XY (right) planes 
during this event. The shaded regions indicate plasma density obtained from OpenGGCM at 09:00 UT. 
XMM-Newton (green solid lines) is located in the dawnside southern hemisphere, and moves slowly 
towards the Sun. Its line of sight (green dashed lines) passes through the Earth’s dayside magnetosheath 
and observes the near-Earth SWCX emissions during 7:00 – 09:45 UT. Geotail (blue) exits the 
magnetosphere and enters the dawnside southern magnetosheath around 08:50 UT near the end of the 
XMM-Newton event. Then, it exits the magnetosheath and enters the upstream solar wind at ~13:00 UT. 

Figure 4 compares Geotail plasma observations (blue) with the OpenGGCM model results 
(green). Plasma density (Np), effective plasma velocity (Veff), effective plasma flux (Np·Veff), and model-to-
data ratio of the effective plasma flux are shown from top to bottom. The grey shaded area indicates when 
the Geotail crosses the magnetosheath. The dashed line in the bottom plot shows a line that the model-to-
data ratio becomes 1. During the magnetosheath crossing time, this ratio is nearly 1 indicating that 
OpenGGCM predicts the magnetosheath parameters reasonably well. This good match between model 
and data improves our confidence in estimating the magnetosheath plasma contribution to the soft X-ray 
signal. 

Figure 5 shows the neutral density estimate results from Connor and Carter [2019]. From top to 
bottom are solar wind flux, modeled soft X-ray emissivity (Q), observed soft X-ray count rate (CXMM), and 
estimated characteristic neutral density (N0). The last three plots are presented every 1 ks to match the 
cadence of the XMM-Newton count rates. For the neutral density calculation, Connor and Carter [2019] 
used the following values: α=4.00±1.20 ×10-16 eV cm2, Ω=4.08 × 10-5 sr, and A=148 cm2. Whittaker and 
Sembay [2016] provided the effective scale factor (α) of this specific event. The field-of-view (Ω) is 
calculated considering sky-exposed pixels and dead pixels of the EPIC MOS cameras during this event. 
The effective area (A) is obtained at 590.5eV, the mean energy of all the emission lines in 0.5 – 0.7 keV 
band, by reading the effective area graph of the median filter, the filter used in this event, in the XMM-
Newton handbooks [XMM-Newton handbook, web].  

The soft X-ray counts (CXMM) in Figure 5 show only the near-Earth soft X-ray signals.  The raw 
X-ray data include the light-source signals from stars and galaxies, the astronomical background from 
unresolved galaxies and cloud, the near-Earth signals due to the charge exchange between exospheric 
neutrals and heavy solar wind ions, the heliospheric signals due to the charge exchange between 
interplanetary neutrals and solar wind ions, and the instrumental particle background due to the 

Figure 4. Comparison of OpenGGCM results (green) with 
the Geotail in-situ magnetosheath observations (blue). 
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 684 Figure 5. Exospheric neutral density estimates during the 
16 Oct 2001 event. 
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3. Convert	the	emission	rate	to	a	count	rate	(CXray):
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4. Estimate	N0 by	adjusting	modeled	count	rates	(CXray)	to	XMM	count	rates	(CXMM):
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where		Ω	 :	field	of	view	[sr]
O$P/:	average	photon	energy	[eV]
Q	 :	effective	area	[cm2]
< :	efficiency	factor

Extract NH at 10 RE (N0)

2003-May-04 Event: OpenGGCM MHD results
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We	calculate	soft	X-ray	emission	rates	using	OpenGGCM	global	MHD	model.	As	
expected,	the	magnetosheath	and	cusps	are	strong	emission	regions.

Here,	we	use	a	simple	neutral	density	model	of	Cravens	et	al.	[2001]:
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PX-ray =  ∫ ⍺ * NH * Nsw * Veff ds

Veff = √ (V2SW + 3kT/m)



The exosphere: densities higher than thought
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Figure 2. Cluster and XMM-Newton locations projected on the GSE XZ and XY planes 
during the 04 May 2003 event. The blue line indicates Cluster orbit during 11:00 – 16:00 UT.  
The green solid and dashed lines indicate XMM-Newton orbit and its line-of-sight direction 
during 14:33 – 17:36 UT. The shaded image represents plasma density at 15:30 UT obtained 
from the OpenGGCM simulation.  
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Figure 1. Solar wind and IMF conditions in GSE coordinates on 04 May 2003, obtained from 
OMNI data. IMF, solar wind velocity, density, plasma pressure, and solar wind flux are 
shown from top to bottom. The grey shaded area shows when Cluster is in the 
magnetosheath, and the yellow shaded area shows when XMM-Newton looks through the 
magnetosheath.  
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during the 04 May 2003 event. The blue line indicates Cluster orbit during 11:00 – 16:00 UT.  
The green solid and dashed lines indicate XMM-Newton orbit and its line-of-sight direction 
during 14:33 – 17:36 UT. The shaded image represents plasma density at 15:30 UT obtained 
from the OpenGGCM simulation.  
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Figure 3. Comparison of OpenGGCM results (green) with Cluster plasma observations (blue) 
on 04 May 2003. Plasma density, effective plasma velocity, effective plasma flux, and 
model-to-data ratio of the effective flux are shown from top to bottom. The grey shaded area 
indicates when Cluster passes through the magnetosheath. The dashed black line in the 
bottom panel shows a line when the model-to-data ratio becomes unity. 
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during the 04 May 2003 event. The blue line indicates Cluster orbit during 11:00 – 16:00 UT.  
The green solid and dashed lines indicate XMM-Newton orbit and its line-of-sight direction 
during 14:33 – 17:36 UT. The shaded image represents plasma density at 15:30 UT obtained 
from the OpenGGCM simulation.  
 

 

  

XMM-Newton moves ~17,000 km


Density, case 1: ~43 cm-3


Density, case 2: ~60 cm-3


 

 
© 2019 American Geophysical Union. All rights reserved. 

Figure 4. Neutral density estimates during the 04 May 2003 event. Solar wind flux, modeled 
soft X-ray emissivity (𝑄), XMM-Newton soft X-ray count rate (𝐶𝑋𝑀𝑀), a neutral Hydrogen 
density at 10𝑅𝐸 subsolar location (𝑁0) are displayed from top to bottom. The vertical lines in 
the bottom two plots indicate error bars of 𝐶𝑋𝑀𝑀 and 𝑁0. The neutral density average and its 
standard error are given in the upper right side of the 𝑁0  plot. Due to the possibility of 
unresolved backgrounds or errors in the 𝐶𝑋𝑀𝑀 signals during 15:15 – 15:50 UT and due to 
the very low 𝐶𝑋𝑀𝑀 at ~17:12 UT, the green data points in the 𝑁0 plots are neglected for the 
weighted average/error calculation. 
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Viewing geospace simultaneously

Then, what happens here?
Use UV

Firstly, what happens here?
Use X-rays

Then, what happens here 
(ground & fine scale)?

Use radar, optical all-sky imagers, 
magnetometers, riometers, etc.



SMILE
2 imagers, 2 in situ


Joint ESA, Chinese Academy of Sciences 
mission


Large amounts of UK involvement; including 
MSSL, University of Leicester, Open University


Ground-based STP community involvement

Science questions:


- What are the fundamental modes of the dayside solar wind - magnetosphere interaction?


- What defines the substorm cycle?


- How do CME-driven storms arise, and how do they relate to substorm?
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Linking ground-based observations and SMILE

IMF, solar wind Observations

MHD simulations

In situ:

Magnetosphere

X-ray emissivity 

cubes

SXI
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Mp estimation

Sustained, highly northward IMF case: cusp spot emissions, FACs, ionospheric convection, precipitating 
particles


Carter, Samsonov, Sembay, Branduardi-Raymont, …in progress
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SMILE-SXI simulations: Mp versus time, cf. MHD
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SMILE: SWCX video

T. Sun, NSSC, China



SMILE: multi-scale approach

• To fully exploit SMILE data we need support from the ground-based solar-terrestrial community
• Global, continental, & local ground-based experiments: radar, all-sky imagers, magnetometers, etc.
• Ground-based provides essential multi-scale & multi-cadenced data contemporaneously with SMILE

SMILE: SXI & UVI
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hundreds of meters to hundreds of kilometres. Around 100 km to the north is the Chinese Arctic 
Yellow River Station in Ny-Ålesund, which has additional instrumentation. There are also additional 
auroral imagers in Ny-Ålesund and the Russian town of Barentsburg. Data from Svalbard are 
approximately magnetically conjugate with the Chinese Zhongshan Station in Antarctica, which 
allows for simultaneous observing of the northern and southern hemisphere cusps in winter. Key 
findings include a characterization of the dayside cusp aurora over Svalbard as a function of the 
interplanetary magnetic field [12], and the ionospheric signatures believed to be caused by flux 
transfer events at the magnetopause [8]. Additional southern hemisphere auroral monitoring may 
be provided by optical measurements obtained at the National Science Foundation (NSF, US) 
funded South Pole station. These observations will provide a conjugate view from the southern 
hemisphere of the phenomena that will be tracked in the northern hemisphere by the UVI.  
 
Nightside aurora 
The nightside aurora is significantly easier to observe, with a window of opportunity in the northern 
hemisphere ranging from September to April. Ground-based optical measurements of the auroral 
oval have a long heritage, and extensive coverage has been obtained in recent years. The 
THEMIS-ASI project uses 21 ground-based white-light imagers, situated across North America to 
cover a large swath of the nightside auroral oval. The mosaic of images obtained is used to track 
small-scale auroral phenomena, such as beading, that are associated with the substorm cycle. An 
example mosaic is shown in Figure 5 [13]. There are also additional optical instruments spread out 
across North America, including imagers operated by the University of Alaska Fairbanks and the 
University of Calgary, in Greenland, across Scandinavia (e.g. MIRACLE and ALIS), and in Russia. 
In addition substorm aurora are routinely observed at the NSF funded auroral observatories at the 
McMurdo station in Antarctica.  
 

 
Figure 5: Mosaic of simultaneous white light images from 11 of the 21 THEMIS ASIs captured on March 9, 
2008. 
 
C.3. Riometers (all year) 
 
Auroral precipitation, particularly of higher energy (10s of keV) electrons, significantly affects 
ionization in the D-region of the ionosphere, where electron-neutral collisions cause significant 
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This goal includes the sub-questions of: Is the duration and magnitude of solar wind driving the 
sole arbiter of whether a storm will occur? What is the relationship between the storm and 
substorm? Are storms always a separate phenomenon, or can they be considered as being 
composed of multiple substorms [1, section 3.2.3]? SMILE will achieve these goals by extending 
the observables of question 2) for CME-driven conditions. 

C: Ground-based data 
 
C.1. Radars and magnetometers providing large-scale global data (all year) 
 
Global, all year coverage of ground-based measurements is provided by a network of coherent 
scattering radars (the Super Dual Auroral Radar Network, SuperDARN) and a network of ground 
magnetometers (SuperMAG).   
 
SuperDARN is a network of high-frequency coherent scatter radars that operate in both 
hemispheres [2]. However there is considerably more coverage in the northern hemisphere. The 
coverage of the current network is shown over the geographical poles in Figure 1. A table of 
northern hemisphere SuperDARN radars, including station locations and operating institutions can 
be found in Appendix A1. SuperDARN radars transmit at high frequency (approximately 8 to 20 
MHz) and this signal is backscattered by field-aligned decametre irregularities in the F-region 
ionosphere. SuperDARN provides velocity vectors, backscattered power, and the width of the 
Doppler-shifted power spectrum of the returned signal. Two-dimensional velocity vectors can be 
obtained by combining the signals from pairs of radars with overlapping fields of view and differing 
look directions. Velocity measurements are obtained at two-minute time-resolution, and 45 km 
spatial resolution. The SuperDARN network is managed as a consortium of member institutions. 
Each institution is responsible for obtaining their own funding via national funding agencies. As 
such, new radars have become operational and have joined the network from the commencement 
of the SuperDARN project in 1983, including polar, high-latitude and mid-latitude stations. Data are 
made available via member institutes (for example [3]), or through large-scale cross-project 
collaborations combining space and ground-based archives such as ECLAT [4]. 
 
 

 
Figure 1: Coverage of the SuperDARN network in the northern (left) and southern (right) hemispheres, 
as of July 2013. 
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The discover of solar wind charge exchange X-ray emission has led to:

• X-ray investigations of Solar System bodies

• A better understanding of the sources of the X-ray background for X-ray astronomers

• An opportunity to use this X-ray emission to study geospace

SMILE (#SMILEesacas) will:

• Image the magnetospause whilst simultaneously imaging the ionosphere, plus in situ

• Be launched in November 2023

• Benefits from a better understanding of the neutral exosphere

• Is a fantastic chance for the solar-terrestrial and X-ray communities to work together

Conclusions





XMM-Newton: archival study, extra summaries

Chapter 6. Spectral analysis of the SWCX set 6.4. Line flux ratios

Table 6.2: SWCX set observations exhibiting the highest Mg XI/O VII and O VIII/O VII flux ratios, or
the lower limit (95% confidence) to this ratio when O VII is badly constrained. We also note the ACE
SWICS mean value of the O7+ to O6+ ion ratio when available, with the standard deviation of this
ratio given as the error.

Revn Obsn Mg XI/ O VIII/ Mean
O VII O VII O7+/O6+

0342 0085150301 2.5±1.9 8.3±6.4 0.58±0.54
0494 0109120101 ≥0.60 ≥2.26 1.53±0.83
0747 0200730401 ≥1.09 ≥2.49 . . .
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Figure 6.3: Observed flux versus mean solar wind proton flux. The red dotted line indicates a linear
fit (minimising the χ2 statistic) to the data.
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Figure 6.2: Plot of the flux ratios of Mg XI/O VII versus O VIII/O VII where available for the SWCX
set. Where appropriate we mark the lower limits (red).

table. As ACE is found at Lagrangian point L1, we have time shifted the solar wind data

to account for the travel time to Earth, based on the mean speed of the solar protons during

the XMM-Newton observation and assuming a planar wavefront travelling on the Sun-Earth

axis. Expected O7+/O6+ ratios for the slow and fast solar wind are 0.27 and 0.03 respectively

(Schwadron & Cravens, 2000). Both of the observations with ACE SWICS data surpass both

the nominal slow and fast values by a considerable margin and would suggest that ACE de-

tected a CME plasma. Although the identification of CME plasma generally involves many

more criteria to be satisfied, XMM-Newton could provide supplementary spectral evidence

to studies employing in-situ dedicated solar wind monitors in the field of solar system space

science.

Using the dominant transition energy for each set of lines that contribute to the O VII and

O VIII flux values, we note a mean O VII flux of 6.1 LU and a mean O VIII flux of 4.0 LU.

These values are comparable to those presented in the literature review of Chapter 3.
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Helium focusing cone: extra, O7+ distributions

Koutroumpa et al.: Heliospheric X-ray emission, Online Material p 2
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Fig. 9. Line of Sight (LOS) Geometry.
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Fig. 10. Iso-emissivity contour maps up to 15 AU for solar minimum conditions. Left column corresponds to the sum of the ion O5+ lines at 0.072
and 0.082 keV and right column to the sum of the ion O6+ lines at 0.561, 0.569 and 0.574 keV. Top panels correspond to the plane (x, y) defined
by the vectors (74◦, –5◦) and (–16◦, 0◦). Bottom panels correspond to the plane (x, z) containing the IS He wind axis (74◦, –5◦) and the ecliptic
axis. The color scale is in units of photons cm−3 s−1.

Koutroumpa 2006: 

Iso-emissivity contours for summed O7+ 
emissions at three lines



SSUSI: building up auroral pictures



Sky background subtraction: 16-Oct-2001
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Data processing: We will analyze ~55 good-and-stable events and extract the near-Earth SWCX signals 
from the raw XMM-Newton data. The XMM-Newton observations include the light sources (e.g. stars 
and galaxies), the unresolved astronomic background, the near-Earth and heliospheric SWCX signals, and 
the instrumental particle background.  To get a pure near-Earth SWCX signal, we need to subtract all 
other signals from the raw X-ray data. Such task is well established in the previous studies: light source 
removal [Carter et al. 2010, 2011]; astronomical background [Snowden et al. 1995; Whittaker et al. 2015]; 
particle background [Carter and Read, 2007]; heliospheric SWCX signals [Koutroumpa et al. 2006].  

First, we will remove all the light sources (e.g. stars and galaxies) from the ~55 XMM-Newton events. 
Using a publicly available software at the XMM-Newton Background working group webpage [BGWG 
webs, is this right software?], we obtained the light-source removed X-ray image of the near-Earth 
SWCX event on 18 Jun 2009 in Figure 7. This image includes all the X-ray counts in the entire energy 
band for easy detection of light-source signals. The black circles hide all astronomical objects in the field-
of-view, and the biggest circle at the center is the target object at that time. The circle radius should be big 
enough to remove all the source signals. We will plot such image for the entire events and make sure that 
no source signals smear out of the black circle by changing its radius. More details of this light source 
removal process can be found in Carter et al. [2010, 2011]. After getting rid of the light source signals in 
the entire energy band, we will read the X-ray count rates in the 0.5 – 0.7 keV band, the SWCX emission 
band. These source-removed signals include not only the near-Earth signal, but also the astronomical 
background, particle background, heliospheric signals.  

Second, we will estimate the astronomical background for the ~55 XMM-Newton events. This 
background is well known thanks to the ROSAT all-sky survey telescope launched in 1990 [Voges et al., 
1999]. Figure 8 shows an example of the soft X-ray astronomical background at 0.75 keV in Galactic 
coordinates with the Galactic center at the center and longitude increasing to the left. [Snowden et al. 
1995]. This sky background signal can be quite different depending on which part of the sky the XMM-
Newton observes. For each selected XMM-Newton event, we will check the satellite pointing direction 
and read the ROSAT astronomical background rates in the 0.44 ~ 1.21 keV band for this direction. Then, 
we will convert the ROSAT rates to the appropriate XMM-Newton count rates to consider the 
instrumental difference between the two telescopes. The ROSAT background data and the signal 
conversion tool are publicly available at the NASA HEASARC website [HEASARC web].  Details of 
this step can be found in Whittaker et al. [2015] and references therein. 

Figure 7. Light-source removed XMM-Newton 
image during the near-Earth SWCX event. 

Figure 8. Map of the ROSAT soft X-ray background at 0.75 keV in 
galactic coordinates [Snowden et al. 1995] 

Sky background for 16-Oct-2001 is bright, along Galactic plane 

Model background before 06:00 UT, using Xspec 

Absorbed polar law + (nh * APEC) + APEC 

Sky background plus instrument particle background is 135 counts per ks


