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Abstract

The XMM-Newtonobservatory provides unrivalled capabilities for detagtiow surface
brightness emission features from extended and diffusecespuby virtue of its large field-
of-view (15 arcminutes in radius) and high effective arekb@cnt at 1 keV). XMM-Newton
observes X-ray emission along its entire line-of-sightethler that be the intended, generally
distant astronomical target, or from much closer, for edanmpthin the Solar System. The
main motivation of this thesis was to characterise one sooftocally produced, diffuse X-
ray emission; that of solar wind charge exchange (SWCXYaateons between solar wind
ions and neutral atoms in the Earth’s exosphere.

Whilst SWCX is a source of background for astrophysicistsoeoned with studies of Galac-
tic and extragalactic emission, it provides a diagnosti¢hef charge-state distribution of
the solar wind and mass transport around the Earth’s magjmedth. This thesis describes
an archival study of XMMNewtonobservations to identify those affected by temporally-
variable SWCX emission. 3.4% of 3012 XMMewtonobservations studied unambiguously
contain a variable exospheric SWCX signal; they are prafexty detected around the sub-
solar point of the Earth’s magnetosheath.

This thesis contains a detailed investigation into the wmapand spectral characteristics
of the SWCX-affected observations. It also contains a stoidgne particular observa-
tion, whose emission likely resulted from Coronal Mass &ggcplasma moving through
the vicinity of the Earth. A model of exospheric SWCX is preteel to provide some pre-
dictive power, using the orbital and target-pointing paggens of XMM-Newtonduring a
particular observation. The model is in reasonable agraemih the observed fluxes for
approximately 60% of cases.

Finally, an idea for a future wide-field X-ray imager with accampanying plasma monitor
and magnetometer is presented. This would observe plasnzardgs in the Earth’s magne-
tosheath via the mechanism of SWCX emission occurring siregion.
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Chapter

Introduction

High-energy, X-ray astronomy requires observations bertétom outside the constraints of
the Earth’s atmosphere, which is opaque to this waveleregiime. There are now an un-
precedented number of X-ray observatories in orbit abaEdrth, including the European-
led mission XMMNewton Each of these observatories is sensitive to varying lefétsack-
ground’; some level of signal that contributes an unwantadmonent to the data intended
to be collected. This background must be carefully catesgdridecomposed into its various
constituents and understood to be correctly eliminatedtaralow proper consideration of
the remaining scientific data of interest. In contrast gug4o the majority of users of a par-
ticular observatory, the background signal may in itseldbgcientific interest to a section of
the community. The precise level of background experiethgethe science instrumentation
will depend on the structure of the satellite in questiospitbit and the local environmental

conditions about the spacecraft at the time of observation.

What constitutes the background will depend on the objec@ion of interest. The removal
of a background component is a particularly acute problenthi® study of diffuse emission

as observed by an imaging instrument, as compared to theguoes used during the analysis
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of point sources. The diffuse emission of interest may cemapy fill the field of view of
the imager, and therefore it may be difficult to eliminate d&@agkground component via
comparison of on-source to off-source regions. In contfasta point source embedded in
a region of diffuse emission, the background is dominatedhis/ emission in which it is
surrounded. In studies of diffuse and extended regiongxXample within the Galaxy or of
unresolved extragalactic sources, the ‘backgroundfitseif scientific interest. However, in
studies of both point sources and diffuse emission, backgt@omponents that are purely

instrumental in origin must be discarded.

One source of background is that of terrestrial charge exgdX-ray emission. This emis-
sion results from the interaction of highly charged ionshia solar wind with neutral atoms

in the vicinity of the Earth. Charge exchange emission magdresidered a contaminant by
the majority of those XMMNewtonusers whose main scientific interest is extra-Solar Sys-
tem astrophysics. However, in its own right, the study ofrghaxchange can provide useful
information regarding the solar-terrestial connectiod solar wind constituents that may be
inferred from its signal. This thesis considers in detas ffarticular component to the X-ray
background, with regards to the XMMewtonobservatory and the analysis of data obtained

via its imaging cameras.

1.1 The XMM-Newton observatory

XMM- Newton(Jansen et gl200]) is a European Space Agency (ESA) Horizon 2000 Sci-
ence Programme mission, that includes imaging and higbtigpeesolution X-ray instru-
mentation along with a supporting optical monitor. The imggsuite of cameras known
collectively as the European Photon Imaging Camera (ERI@)prises two MOSTurner

et al, 2001 and one pn$truder et al.2001) charged coupled device (CCD) cameras posi-

tioned at the foci of the three telescopes. The observatasy/launched on #0December

2
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1999 and has been operating in scientific operational maae siuly 2000. Due to its large
effective area (approximately 2000 émt 1 keV for the combined EPIC cameras) and wide
field of view (30 arcminutes diameter), XMMewtonprovides unprecedented detailed stud-
ies of galaxies, SNRs, clusters and other extended andsdiffaurces. Approximately 30%

of its observations are of diffuse and extended sources.

In more detail, the observatory consists of three telescogech each consist of 58 grazing-
incidence Wolter-1 nested mirrors, with a focal length 0. Each mirror consists of
a paraboloid and an associated hyperboloid surface to fiocident X-rays. The mirrors
were manufactured by electro-coating a nickel substratte gold. Each telescope contains
an electron deflector, producing a small magnetic field tognmelow-energy electrons from
reaching the focal plane and a stray-light baffle to prevght from outside the field-of-view
undergoing single reflections in the mirror module and reagthe detector. Additional com-
ponents to the observatory include star trackers, an dpticaitor and instrument radiators.
A schematic of the telescope is shown in Figlird The two high-spectral resolution Re-
flection Grating Spectrometers (RGS) are found behind twiheftelescopes which divert
about half of the light entering the telescope. The remgitight is directed to the EPIC-
MOS instruments. The EPIC-pn (or simply pn) camera is fouelird the third telescope.
Each of the EPIC CCD-cameras is accompanied by a standrofftste consisting of a fil-
ter wheel, door, calibration source, internal vacuum be#ichand radiation shielding. The
CCDs must be cooled and the temperature is controlled by@stay This is achieved by
radiating passively to deep space. The filter wheel can lsewto select the optical and
UV blocking filter required. The filter wheel options are tHit600A polyimide film with
400A aluminium), medium (1608 polyimide film with 800A aluminium) or thick (330&
polypropylene with 1108 aluminium and 45@& tin) for normal science operations, or the
wheel can be placed in the closed position. In additiot¥Fe radioactive calibration source
can be used to illuminate the detectors. The closed andasta (when both the door is

closed and the radioactive calibration source is in usajipos are important for background

3
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Focal plane platform

Aperture stops

Reflection gratings

Star tracker
Mirror doors

Camera radiators

Telescope tube

N \ Outgassing baffle
\ \ Mirror support platform

X-ray mirror assembly

Figure 1.1: Schematic, transparent view of XMMewton Credit: Jansen et a(2001).

and calibration studies, which are explored later in Chapt&he telescope achieves an an-
gular resolution of 6 arcseconds (FWHM) and the EPIC-cambeae an energy resolution

E
of AE ™ 20 at 1 keV.

XMM- Newtonorbits the Earth following a highly elongated ellipticaltpa The orbit is
discussed in more detalil in Secti@b, however it has a duration @48 hours, including
approximately 6 hours of non-science operational time assttellite passes through the

radiation belts.

The EPIC-MOS (metal oxide semi-conductor) cameras cows$iseven front-illuminated
charge-coupled devices (CCDs, manufactured by ,dgpe 22 CCD) in a staggered arrange-
ment so that the central CCD (CCD 1) is at the focal point obybtgcal axis. The other CCDs
are offset from the central CCD towards the mirror module Bym. Each CCD comprises
600x 600 40um square pixels (equivalent to x1.1 arcseconds). The camera is sensitive,

for scientific operations, in the range 0.2 to 10 keV. Due toie@roameteor event, CCD 6 of

Lhttp://www.e2v.com
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MOS1 has been non-operational since revolution 961. Thepreca consists of 12 individ-

ual back-illuminated CCDs arranged in quadrants. Each C@Dpcises 64200 150um
square pixels (equivalent to 4#%.1 arcseconds). The camera is sensitive in the range 0.2 to
15keV. The detector layouts and name of each chip are pezsémt each EPIC camera in

Figurel.2

X-ray sensitive CCDs function by the absorption of an X-rdaoton in the silicon layer
which may result in the ejection of a free photo-electrom éample as reviewed iHowell
2006. This electron moves through the silicon lattice, prodgca trail of electron-hole
(an electron vacancy) pairs along its path. The number atrele-hole pairs produced is a
function of the incident energy of the X-ray photon. The mmotould theoretically transfer
all its kinetic energy ) to the liberation of electrons throughout the lattice (aarage of
3.6 eV is required per electron, parame#tgy but in practice this is not the case. Divergence
from this outcome is termed thi&ano factor(F). This can be described as a deviation away
from a purely Poissonian process in the release of the elexts each electron-hole creation
event is not mutually independerftrasey 1989. The energy resolution of the detector is
determined by the variance in the number of electrons rete@&w) reduced by the factor
F. The resulting electrons that are released drift towardsn#marest anode of the device,
under the applied electric field. They may then be countegpoaimate the energy of the
incident photon and an image (in the case of the EPIC camanaks$pectrum may be built

up as successively more photons are absorbed.

The EPIC cameras can operate in timing or imaging modes. mhging modes are further
subdivided into the partial window modes (small or larga)l-frame mode, and in the case
of the pn, extended full-frame mode. Both the MOS and pn camean operate in timing
mode for improved timing resolution (1.75ms and 0.03 mseeBpely), when imaging is
reduced to only one CCD dimension. The pn has an additiorrat buode with very high

time resolution (us). Observations of faint, diffuse and extended sources@raally taken



Chapter 1. Introduction 1.1. The XMM-Newton observatory

EPIC-MOS1 EPIC-MOS2

DETY DETX
I 6 2 7
DETX DETY

7 5

RAWY RAWX
RAWX | 1 3 1 RAWY 6
2 4
3 4 5
RAWX EPIC-pn

RAWY

12 11 10 7 8 9
DETY

DETX
RAWY

RAWX

Figure 1.2: Detector plane layouts for (top left, top right, bottom) &&BIC MOS1, MOS2 and pn
detectors on board XMMNewton with each chip number labelled. The direction of the detect
and raw coordinate (for each CCD) systems are noted. CCD 6@$Mhas been turned off since

revolution 961.
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Table 1.1: XMM- NewtonEPIC instruments and imaging modes. We note the number efsirsed

in each case (in the X and Y directions) for the central CCOtierMOS cameras and over the whole
camera for the pn. The small window mode of the pn only uses €dame time and the percentage
of the frame time required for readout are also given.

Instrument Mode Pixels Frame time Read out time
(ms) %
EPIC-pn Small window 6364 5.7 29.0
EPIC-pn Large window 198384 47.7 51
EPIC-pn Full-frame 376384 73.4 0.1
EPIC-pn Extended full-frame 3%&84 199.1 ~0
EPIC-MOS1 Small window 100100 300 2.5
EPIC-MOS1 Large window 300300 900 0.5
EPIC-MOS1 Full-frame 600600 2600 ~0
EPIC-MOS2 Small window 100100 300 2.5
EPIC-MOS2 Large window 300300 900 0.5
EPIC-MOS2 Full-frame 600600 2600 ~0

in the full or extended full-frame modes. Details of the inmggmodes available to the EPIC

instruments and the frame time for each are given in Taldle

Observations may be stopped at any time if thresholds aecbeel by the on-board radi-
ation monitor. The scientific instruments are put into a $aéele (with the filter wheel in

the closed position) to avoid damage until acceptable $ewktadiation are recorded. The
radiation monitor consists of two silicon diode detectoose to register the incidence of
low energy protons and electrons and the other for highenggrmarticles. The low energy
detector records electrons with energies greater than @\3@kd protons over 1 MeV. The
high energy detector records electrons with energiesgréaan 0.5 MeV and protons over

8 MeV.

XMM- Newtonis controlled through real-time interactions through datks from ground
stations at Perth, Australia and Kourou, French Guiana baitk-up stations located at the
European Space Astronomy Centre (ESAC), Spain and Sandmgje. Mission operations,
flight dynamics and some software support are provided bydes the XMM-Newton mis-

sion operation centre (MOC) at ESA's Space Operation Ce@Geemany. Data downloaded
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from the satellite passes through the MOC to the scienceatipes centre (SOC), also at
ESAC, where other software, mission and user support teaenloeated. Calibration and
scientific data analysis procedures are developed at ESAGhase institutions (such as the
University of Leicester) that were involved with the comstion of the spacecraft and its

science payload.

1.2 The XMM-Newton background working group and mo-

tivation

In 2004 the XMM-NewtonEPIC Background Working Group (BGWG) was established, fol-
lowing from a request by the XMMNewtonUser Group, to investigate background issues
for the EPIC cameras. This investigation includes the atarsation of the sky background
from X-ray photons along with the particle-induced backg and electronic noise. In-
formation gathered by the group is disclosed via its pubkbwite?, available through the

XMM- NewtonScience Operations Centre.

This thesis results from work initiated by the BGWG, led bg thotivation to characterise
and quantify the incidence and level of charge-exchangdymed X-ray emission contam-
ination in XMM-Newtondata, and forms the main aim of this thesis. We concentrate on
the identification of XMMNewtonobservations that have been affected when this particu-
lar component of the background is time variable. We shallstihat X-ray emission from
charge exchange emission imparts useful information deéggthe composition of the solar
wind and may be used in the future to image large areas of thb'&amagnetosheath with
the end to understanding in greater detail the complicaiadionship between the solar wind

and the Earth.

2http://xmm2.esac.esa.int/external/xnsm_cal/background/index.shtml
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1.3 Thesis outline

This thesis is laid out as follows. In Chaptwe describe the various background compo-
nents, both sky and instrumental, of XMMewton In Chapter3 we introduce the charge
exchange process and present an overview of solar-windjetexchange induced X-ray
emission within the Solar System, concentrating on theacteon of the solar wind with
the terrestrial system. In Chaptémwe present the method used to identify cases of Earth-
exospheric time-variable charge exchange as seen by XMtonand we summarise the
overall results of this procedure in this chapter and in @Gdrep We apply a spectral model
to each of the charge-exchange affected XNWéwtonobservations identified in Chaptér
One particular incidence of charge exchange emission seggita from XMMNewtonthat
required more detailed attention is discussed in Chaptar Chapter8 we present a model
to estimate the expected time-variable component of chexgleange X-ray emission for an
XMM- Newtonobservation. We discuss how exospheric charge-exchanigsiemcould be
exploited in studies of the solar-terrestrial relatiopshrough novel technology in Chap&r

A discussion and outlook are given in Chapitér



Chapter 2

The XMM-Newton EPIC background

The XMM-NewtonEPIC background can be separated into particle, photon lactt@nic
noise components (as described in the workurib et al. 2002andRead & Ponman 2003
and references therein). Several contributions are facbgeéhe mirrors, whereas others ar-
rive at the detectors directly even through the shieldirge particle background can be fur-
ther sub-divided into contributions from soft protons andmic-ray induced events, and the
photon background can be sub-divided into contributioomfhard and soft X-rays. There
may be other, more minor contributions to the backgroundtaadontributions mentioned
here do not form a completely comprehensive list. Howeahef the major components to
the background is described in this chapter by discussigig thmporal, spectral and spatial

properties.

2.1 Particle background

The particle background consists primarily of focused poftons and unfocused cosmic ray

induced events.

10
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2.1.1 Soft protons

This contribution to the background originates from sotdt grotons, accelerated by magneto-
spheric reconnection events and trapped by the Earth’s etagphere, which are then gath-
ered by XMMNewtors grazing mirrors. They dominate times of high backgroumtdese
soft protons can occur in flares up to ten times the quiesesst In an observation. They
are highly unpredictable and affect 30% to 40% of XMW&wtonobservation time. The
frequency and intensity of soft proton flares increaseseclttsperigee. Within a single ob-
servation, a significant component may survive after gooe interval screening to remove
periods of flaring from a data sddé Luca & Molendi 2004and described in more detail in
Chapterd). Spectrally the soft protons are variable in intensity ahdpe. They produce a
wide-band, whole field-of-view (FOV) signal that can dontathe recorded signal through-
out an observation. For energie®.5keV the continuum spectrum, which shows no lines,
can be fitted by an unfolded XSPE@ower law, i.e. one not convolved with the instrumental
response (specifically a double-exponential or broken pdéawe with the break energy at
approximately 3.2 keV, and with the spectrum becoming flatdrigher intensities). Below
0.5keV, much less flux is seeKintz & Snowden2008. The soft protons are distributed
over the detector in a similar manner to X-rays, but the viggmg function (the change in
effective area of the telescopes as a function of off-axgdegnis flatter than for photons. In
addition, the vignetting function for low-energy protorssfiatter than that of high-energy
protons. They are generally only observed inside the FOMssnthe solar flare is partic-
ularly intense, when some fraction can be scattered intwtitd=OV region. There is no
other spatial structure seen in the pn, but some structuseaoeur in the MOS cameras
due to the presence of the Reflection Grating Array on boardXNewton In Figure2.1
we show a MOS1 and a pn image in detector coordinates from senadtion (identifier

0008020101) that has been severely contaminated by sdfinsoWe also show a MOS1

Lhttp://heasarc.gsfc.nasa.gov/docs/xanadu/xspex/inie

11



Chapter 2. The XMM-Newton EPIC background 2.1. Particl&kgacund

and a pn image in detector coordinates from an observatiimijfier 0112680801) that is
scarcely affected by soft protons. The in-FOV area is muchenpoonounced in the soft-
proton affected pair of images than the images without tbrgamination. All images were
created from events using a flag selectiebAG&0Xx766A0F63)==0, and with the pattern
selection PATTERN<=12) or PATTERN<=4) for MOS1 and pn respectively. In addition we
show a high-energy lightcurve from the same observationysly considerable soft-proton
flaring throughout and a large flare in the second half of treeepbng period. The lightcurve
has been constructed from the observabaokground time-seriggroduct from the XMM-
Newton2XMM catalogue Watson et al.2009, using events above 14 keV. XMMewton
data sets can be cleaned for soft protons by employaragl-time-intervafiltering to identify
periods of flaring that can then be removed. Methodology treffiltering by good-time-

intervals is discussed in more detail in Chapter

2.1.2 Internal cosmic ray induced events: the instrumentabackground

This component of the background results from high-eneggtigles producing charge di-
rectly in the CCDs, and from the interaction of high energgtipkes with the detector, causing
associated instrumental fluorescence. Within an observétis component can vary by up
to 10%. For MOS the shape of the continuum above 2 keV is redbpistable, but below
1.5keV this can vary, possibly due to the redistributionhad Al calibration line De Luca
& Molendi, 2004. From observation to observation there is some variatiprto 10 times
more intense an effect can be seen during periods of intaiaefires, but no increase is

seen after the occurrence of solar flares so activation ikaiyl

The continuum spectrum is flat (with an photon index®.2). The major instrumental fluo-
rescence lines for MOS are found at 1.5 keV (Al-K), 1.7 ke\AK$j plus some contribution

from high energy lines (Cr, Mn, Fe-K and Au). For the pn, Al4seen at 1.5 keV, whereas

12
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Figure 2.1: Top row, from left: a MOS1 then a pn image from an observatioring) which severe
levels of soft-proton contamination have occurred. Middie, from left: similar images for MOS1
and pn from an observation during which the particle badkgdowas low. The in-FOV and out-
FOV regions have been labelled for all images. Bottom paadtigh-energy lightcurve from this
observation (pn) showing a very large flare towards therlati#. Time periods after-2.6 hrs would

be rejected via good-time-interval filtering methods.
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the silicon line is self-absorbed, and high energy contidms are seen from Cu, Ni, Zn and
Ti. Detector noise occurs below 0.3 keV and is discussedati@e2.1.3 A pn and a MOS1

particle-induced background spectrum are shown in Figize

The internal instrumental background has a spatial digioh different from that of X-ray
photons as it is not vignetted. In the outer CCDs for MOS tieeneore Al, whereas the CCD
edges show enhanced Si. There are continuum differenceséethe out-FOV and in-FOV
below the Al-line, possibly resulting from redistributicas previously mentioned. There is
more Au seen out-FOV due to the Al-shielding which is coatét gold on its inner surfaces.
Energies and widths of the lines appear to be stable (littt®aorrections to the instrumental
gain are required), whereas line intensities can vary. énpth, line intensities show large
spatial variation from the electronics board, for exampke‘topper hole’, where a deficit in
high-energy instrumental lines is seen at the detectoredateyberg et a.2004. Residual
low-energy instrumental background components are seanthe CMOS Amplifier and
Multiplexing Chip (CAMEX) readout areas. Examples of thetsg distribution of these

background components are shown in Fig2u2

The BGWG provides individual and combined data sets fronentadions taken when the
filter wheel was in the closed position (filter wheel closed/®), i.e. that do not contain a
photon contribution. These files are extremely useful fafquening background analysis,
given the spatial and spectral distributions of the patinduced background as described

above.

The overall level of the particle-induced background haanged throughout the XMM-
Newton mission. In Figur@.4we show a lightcurve, created using pn combined FWC event
files. Enhanced numbers of cosmic rays can reach inner regicthe Solar System during
periods of solar minimum and this is the primary cause of tbe &ind steady ramp-up of

the particle-induced count rate throughout the lengthehtisssion. In addition, FWC obser-

14
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Figure 2.2: MOSL1 (black) and pn (red) particle-induced background specMajor fluorescence
lines have been labelled.
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Figure 2.3: Example images of the spatial distribution of the partiolgdced background. Left
upper panel: MOS1 Al distribution, in the energy band 1.45.&5 keV. Right upper panel: MOS1 Si
distribution, in the energy band 1.70 to 1.80 keV. Left lowanel: pn Cu distribution, in the energy
band 7.8 to 9.1 keV. Right lower panel: pn CAMEX noise alonghviniad pixels and bright columns,
in the energy band 0.2 to 0.5 keV.
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Figure 2.4: Particle-induced pn background lightcurve throughoutXi#M- Newtonmission. The
revolutions when the count rates were calculated are natdteofigure. Note that the observations
are typically a few months apart. Credit: XMMewtonScience Operations Centre, ESA.

vations are often performed immediately prior to or afteigee passage of XMMNewton
when the instruments are placed in a safe mode to protectftoemradiation damage when
passing through the radiation belts. This, along with emgly large flares, may be the cause

of the sharper flares seen in the lightcurve.

2.1.3 Electronic noise

Electronic noise results from bright pixels and parts otuomhs, CAMEX readout noise in
the pn and artificial low-energy enhancements in the outdd€af MOS (e.g. Figur@.3

lower right panel). Dark current may also contribute, bus ik thought to be negligible.
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Persistent noise occurs from thermal processes in each @&Dwhich creates events with
sufficient charge to appear above the detector threshold. eléctronic noise component is
essentially fixed. No temporal variations in rate are se¢hiwan observation apart from the
bright pixel and column component that can vary by up to 10%gts pixels, primarily due

to pixels damaged by radiation, fluctuate greatly betweeedations. Pixels so bright that

they can cause the event rate to exceed the instrument teydimet are blocked on board.

For the pn, the CAMEX readout noise is mode dependent; egtbfdl-frame mode suf-
fering the least from this noise, and small window mode thetmaArtificial low-energy en-
hancements may affect up to 20% or more of observations, r@neindanced during periods
of high background rate. Spectrally, this component is sedow energies (below 300 eV)
for the bright pixel and CAMEX readout contributions. Theght pixels and columns are

seen at certain locations; CAMEX structure is seen nearg@threadout.

Certain MOS CCDs show some peculiarities in and out of the FR¥htz & Snowden
2008 Pradas & Kerp2005 and spatial inhomogeneities are seen within a single MOB.CC
An as yet poorly understood feature is seen in various MOS £&atDow energieskuntz

& Snowden 2008. Occurrences of this sort are known as the ‘anomalous’ Statéhe
MOS CCD affected. Severely affected CCDs are MOS1-CCD 2nd,saand MOS2-CCD
4 and 5. Spectra taken from these CCDs during an anomalaiesestiaibit an almost flat
enhancement belowl keV. The cause of this feature is currently under invettgaby the

instrument teams and BGWG.

2.2 Photon background

The photon background can be split into components from aadisoft X-rays and these

components are focused by the mirrors.
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2.2.1 Hard X-ray photons

The hard X-ray background photons mainly originate fromesotved active galactic nu-
clei (AGN) within the FOV. There are also single reflection®ithe FOV from all kinds of
out-FOV sources, both bright and faint, resolved and urveso(the unresolved out-FOV
sources being, as for the in-FOV, predominately AGN). Oiroe events (OOT) are also a
contributor to the hard X-ray background of the pn, and tosade extent the MOS. OOTs
are smeared along the readout direction from bright sowfcésays (Freyberg et a].2004).
The hard X-ray photon background does not vary within an iMasen or between obser-
vations in a given pointing direction, although OOTs are mdépendent for the pn; the
full-frame mode experiencing more of this effect than bbiéxtended-full-frame and large

window mode, due to the percentage of the frame time use@&ataut.

The hard X-ray photon background can be modelled by a poweof&pectral index-1.4.
In times of low-background, and below 5 keV, this componehohates over the internal
instrumental component of the background, whereas aboe¥,5ke internal component

dominates. As they are genuine X-ray photons, they areadlyatignetted.

Diffuse flux from single reflections gathered from out-ofidiangles of 0.4-1.4 degrees that
are reflected into the FOV (‘single reflections’), contriout7% of the in-FOV flux Lumb

et al, 2002, and the effective area of one of the telescopes is appairign3 cnt at 20-80
off-axis (de Chambure et al1999.

2.2.2 Soft X-ray photons

Soft X-rays originate from the Local Bubble, Galactic Digkalactic Halo, extragalactic
sources and the Solar Wind Charge Excharg@ogvden et al(2004 and discussed more

fully in Chapter3), single reflections from outside the FOV and OOT events.aiSdlind
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Charge Exchange is an interaction between the highly idrastar wind and either interstel-
lar neutrals in the heliosphere or materials in the Eartkésphere. There is little variation
seen in the soft X-ray background during a single obsemaadthough long observations
may be affected by charge exchange. Variations of up to 38%een between observations
as observation pointings differ in Right Ascension and Detion. The charge exchange

component may effect observations differently and is thearsabject of this thesis.

The diffuse contributions from the Local Bubble, Galactisiband Galactic Halo have a
thermal component with emission lingd keV. The extragalactic component above 0.8 keV
has an index of 1.4, whereas the galactic contribution imseof emission and absorption
varies. The charge exchange component is very soft an&rlogvden et al(2004 work
suggested that it comprises unusual/@/O vii line ratios and strong @111 and MgxI

features.

The soft X-ray background component is vignetted as it isengalof genuine X-ray photons.
Spatially, the only structure seen is from real astronohmntgects, and the extragalactic
component above 0.8 keV is spatially uniform. Charge exghamission is seen over the
whole FOV. The single reflections and OOT events behave a® tlesulting from hard X-

rays.

2.3 Summary

We have summarised the XMMewtonbackground in terms of its components as cate-

gorised by the XMM-Newton EPIC BGWG.

The background has shown itself to be extremely complicateldnade up of various photon,

particle-induced and electronic components. When peifaymetailed XMMNewtonEPIC

20



Chapter 2. The XMM-Newton EPIC background 2.3. Summary

analysis, a good knowledge of the background is requirechefimes it may be possible to
extract the background from a region close to the parti@darce one is interested in (using
a so-called ‘local’ background). For a large or extended@®however, one may have to
extract the background far from the target source (the somay in fact be so extended that
no local background is visible within the FOV). Here, a numbkeffects, due to many of
the features described above, can cause the extracteddéieaxis) background to be highly
inappropriate in analysing the (normally on-axis locatadjet source, such as changes in the
effective area of the mirrors with off-axis angle, instrurted fluorescence and the spectral
response which can depend on the position on the detectse(tff-axis effects are corrected
in the XMM-NewtonEPIC calibration). Hence careful consideration of the lgacknd is

required when analysing diffuse and extended emission.

The remainder of this thesis concentrates on just one ofahkgsound components, that of
SWCX emission due to the interaction of solar wind ions wiglutnals found in the vicinity

of the Earth. The next chapter provides an introduction ® dharge exchange physical
process and descriptions of the interacting componeantghie solar wind and neutral atoms
in near-Earth interplanetary space. We also aim to put thaysif charge exchange emission

in the Solar System in context, with reference to the litei@and current understanding.
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Chapter 3

Solar wind charge exchange in the Solar

System

This chapter contains a description of the charge exchamgegs and a discussion of charge
exchange in terms of the emission of X-rays. We consideouarsites of charge exchange X-
ray emission within the Solar System. We examine the passifgblications of this emission

for X-ray observatories, in particular XMNilewton

3.1 Charge exchange emission

In contrast to most other physical processes that resuliénetmission of X-rays, charge
exchange does not require interactions involving hot edest The charge exchange process
involves the transfer of one or more electrons from an atormalecule (the donor) to an
ion (the projectile). The electron is received by the ioroiah excited state with a high
energy leveh (principal quantum number). In the subsequent relaxatidhevion a photon

is emitted. If the initial charge state of the projectile aas sufficiently high, the emitted
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Chapter 3. SWCX 3.1. Charge exchange emission

photon can have an energy in the X-ray regime. The basic psamfecharge exchange and

the relaxation of the ion in the excited state are given indfigns3.1and3.2

At B ADT gt (3.1)

AT A@DT Ly (3.2)

WhereA is the projectile ion an® the target donor atom or molecule.

Cross-sections for charge exchange electron transfexeardiigh compared to that of elec-
tron impact (or direct) excitation (for exampte 10~ cn? as compared te- 1020 cnm?

for NeX Ly-a at approximately 1.02 keWVargelin et al. 2008 Although multiple electron
capture can occur if the donor species has more than oneagleate consider only single
electron capture here as this is more appropriate in theafdseestial charge exchange (see

the discussion below).

Various theoretical models have been proposed to desdndnge exchange and we discuss
one such model here. The Classical Over the Barrier modeB(®9ufuku et al. 1980Mann
et al. 198) is the most simple and is appropriate for collisions eresrfpetween 100 eV/amu

and 10 keV/amu and we consider this in terms of single elaatapture below.

As the projectile ion approaches the donor, the energy sewkboth are distorted (Stark
shift). At a certain distance, an electron from the donortcansfer to the ion in the joint po-
tential well of the quasi-molecular state; at the so caledve crossing’. This occurs when
the height of the potential well is lower than that of the #&lec’s binding energy. Curve
crossings can occur at several internuclear distancescatie £lectron can be captured into
several different energy levelgVargelin et al. 2008. However, highly charged incoming

ions overlap their energy levels at a high energy and receigenor electron into a corre-
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spondingly higha energy level. The electron will radiatively decay eithaotigh a cascade

or directly to the ground state, resulting in the emissioa bfgh-energy (X-ray) photon.

A step-by-step analysis of the charge exchange processecarpbained by considering an
electron of the donor atom undergoing the following stepsnifBodewits 2007 assuming
the use of the atomic unit system so that the charge and malss efectron along with the

Coulomb constant are set to 1):

e atinfinite separation, the electron of the donor atom hagg&tive) binding energl,.

e as the ion approaches the donor atom, the binding energyedl&ttron in the donor

atom is increased by a Stark shift:

(3.3)

whereR is the separation between the ion and the donor atongdhe charge of the

incoming ion.

e the electron experiences a total potential en&dwhich is the sum of the potential of

the ion and the potential of the donor):

9 _1 tro<pr<R (3.4)

YOS TR

wherer the distance of the electron from the nucleus of the donanato
e at a certain distancg,ay the top of the potential barrier between the ion and donor is

reached and the differential of the potentdr) is zero:

R

it (3.5)

Mmax=
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e atrmax We find potentiaVmax:

Vimax= —(\/_qi;_l)z (3.6)

e the electron can transfer from the donor to the ion whervthg is smaller than the

binding energy of the electron (EquatiBr8). This occurs at a distané®:

1 2
_ (\/a;_) = lp(=) — 2 (3.7)
R = 2VaT1 (3.8)

— —lp(o)

e usingR; we can find the cross-section of the charge exchange process:

o =R (3.9)

e this cross-section should be adjusted by the probabilith@tharge exchange process
taking place, which is about 50% (the electron either stais the donor or transfers

to the ion).

e the electron is now bound to the ion. As the ion moves away fitedonor, which is
now charged, it induces a change in the potential of thereledty a Stark shift:
g—1

I =lpt == (3.10)

e the electron is now found at a higher binding energy, in a{ggéargy level of the ion
(now with chargeg — 1). The energy level in which the electron is most likely to be

found, if the donor atom is hydrogen, can be approximatedargelin et al.2008:
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Nmax~ q°/ 4 (3.11)

For fully-stripped & for example, in collision with hydrogen, the most likely emelevel

to be populated is = 5, resulting in the hydrogen-like ion’®. For hydrogen-line ions the
captured electron is likely to be inestate, from which it can decay via cascades or directly to
the Isground state releasing a photon, resulting in strong highergy level Lyman emission
(Wargelin et al.2008. In comparison, direct excitation results in a dominanickeyman-a
emission with less emission resulting from the highestates. Emission from helium-like
ions, such as the incoming ion’®, leading after charge exchange t6'Qis complicated

by the need to consider the spins of the two electrons presehe resulting ion, which
either results in a singlet (S = 0) or triplet (S = 1) state. $hngjlet state decay results, for
example, in the strong resonance lime (& 1Sy —1s2p!Py). The triplet state is prevented
by the spin selection ruleAS = 0) from decaying directly to ground and so an electron must
be passed through the= 2 level. From this level the electron can decay via the fitbn
line (z, 18 1Sy —1s2s°S;, fed from contributions from théPy ; » states) or intercombination
line transitions X, y, 18 1Sy —1s2p°®Py5). For Ovii, the branching ratios between the
forbidden and intercombinations lines are 0.7:0.3 (cal®d via theoretical transition rates
and assumed population of the triplet state), so the forbidden line is by far the most

prominent transitionBodewits et al.2007 Krasnopolsky et al2004).

The COB model described above is a simplified model of thegeharkchange process that
does not fully predict the populations of theand| levels of the resulting ion (with charge
g—1). Other more complex theoretical models, such as the IC&S3ajectory Monte Carlo
technique, Landau-Zener approximation or quantum-mecakbriose-coupling method, aim
to incorporate more detailed quantum characteristicstimgo calculations. Theoretical ef-
forts are supported by laboratory studies, using a varietygh-resolution techniques to de-

termine cross-sections for different ions and collisiofoe#ies. Outstanding discrepancies
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between predicted and observed cross-sections may be diie participation of multiple
electrons and the classical assumptions taken by the moAstsophysical X-ray sources
such as comets have become recognised as important addgitas to observe and charac-

terise the charge exchange procd3sr(ner| 2010.

When the projectile ion originates in the solar wind, thergkaexchange process is often
referred to as solar wind charge exchange (SWCX). We useatmaym throughout this
thesis. A SWCX spectrum is characterised by emission linegsponding to the ion species
present in the solar wind. Although the solar wind is appreately 99% protons, electrons
and a-particles, the remainder of the wind consists of heaviemelnts such as C, O, Mg,
Si, Fe and Ni. The heavier elements found in the solar wincb&ien of high charge state
due to the high temperatures of the solar corona. The relatmndances of the elements
are dependent on the conditions of the Sun when the solarle@ves the solar corona. We

discuss the solar wind briefly in the next section.

3.2 The solar wind

The Sun continuously releases a million tonnes of plasmeyeserond in the form of the
solar wind. This collisionless plasma (with a mean free mdthpproximately 1 AU) con-
sists primarily of electrons and protons with energies ofd. Q00 keV, although around 1%
is provided by heavier elements. The speed of the solar wvandvary drastically, from ap-
proximately 250 kms! to 1000kms?. During times of solar minimum, slow solar wind
originates from about 30or less from the solar equator, whereas faster solar wirginaties
from coronal holes (areas of open field lines) in the polaroregy During periods of solar
maximum however, this rough stratification is less well dediand the plasma is, in general,
highly variable. Along with its speed, the composition oé tholar wind can change and

is dependent on the ‘freeze-in’ temperature of the plasefeating the region in the solar
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corona from where the wind originated. This freeze-in dffeacurs when the solar wind
draws out faster than it can equilibriate to the local eattemperatureGeiss et al.1995.
The slow solar wind has a higher temperature (with a freezemperature of-1.7 MK for
O’ to OPF) than that of the fast solar wind (with a freeze-in tempea®nf ~1.2 MK) and
therefore generally contains ions with higher charge staféis situation is complicated by
several phenomena. Coronal Mass Ejections (CMES) for ebeaang large, structured clouds
of plasma that are released in solar storms with very fasicitgds and distinctive composi-
tional signatures. Co-rotating regions (CIRs) occur wlastdr moving streams of equatorial
plasma in the slow solar wind catch up and subsequentlyypilagainst the slower moving
ambient plasma. Both CMEs and CIRs have implications focefmased technology in orbit

about the Earth which may be affected by the arrival of higlegisity plasma in their vicinity.

Although they make up a very small percentage of the solad wiasma, minor ions (those
heavier tharfHe) carry information about the solar corona into interptany spaceRochsler
2007 and references therein). The dominant oxygen specie§fis To create the higher
charge states of minor ions electron collisions must ocodrsd compositional data can al-
lude to electron temperatures within the solar corona. bhtewh, the heavy ions must be
accelerated by coupling to lighter particles such as pso#om electrons to overcome gravity
and reach escape speeds to become assimilated in the sothr Ve acceleration of the
minor ions and the heating mechanism within the solar corsram important area of sci-
ence and can only be touched upon briefly here. Howé&etdman et al(2005 note that
elemental abundances can be used as tracers to locate thesstrom which the slow and

fast winds emerge.

When discussing solar-wind and coronal abundances it istammplace to talk about the
First lonisation Potential (FIP) effect. This comparesdabendance ratio of an element-to-
oxygen in the solar wind to the corresponding element-tggen ratio in the Solar System.

Low-FIP elements (such as Al, Na or Mg) below the Lynaaiimit (10 eV) are enhanced
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over typical solar-system abundances, whereas high-ElRegits (such as N, Ne or He) are
depleted. This suggests that ions are separated beforarthagcelerated into the solar wind
(Richardson & Cang2004). The Low-FIP enhancement is known as the FIP-plateau.-Coro
nal hole solar wind (in general, the source of the fast soladwat solar minimum) exhibits
a less-marked FIP-plateau than a slow solar wind stré&zoul(sler 2007 and less low-FIP
elements than the slow solar windurbuchen et al.2002 Geiss et al.1995. Although
abundance data from many solar cycles is limited, no systemariation in composition
has been seen between successive cycles, for a particldamsod type Reisenfeld et aJ.
2007. Along with differences between the fast and slow wind cosifonal fractionation,
transient events such as CMEs show marked abundance sem#tat can be used to iden-
tify plasma of this type. The presence of highly charged,ielavated oxygen states along
with enhancedr-to-proton ratios for example are indicators of CME plasReljardson &
Cane 2004 Zurbuchen & Richardsqr2006 Zhao et al. 2007). Other indicators such as a
proton and electron temperature decrease or enhancemehésmagnetic field strength are

also used (see Table 1 Atirbuchen & Richardson 2006

As the solar wind streams away from the Sun, it drags withdtdistorts the Sun’s magnetic
field, known as the interplanetary magnetic field (IMF). Tlodas wind flow is radial, but
as the Sun rotates (about once every 24 days), the field Inaggeld along with it are bent
into a spiral form. This is known as tHearker Spiral a schematic of which is shown in
the left panel of Figure.1 (Parker 1958. At 1 AU the solar wind has a density of about
10 particles cm3. The flow of the solar wind continues to fill the entire helibspe, out to

the heliospheric boundary which separates the solar widdrdarstellar plasmas.
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3.3 The Earth’s magnetosheath and exosphere

The Earth’s rotation and fluid, ferrous interior generateagnetic field Bz ~ 31uT at the
equator) that can be approximately described by that reguitom a dipole placed at the
Earth’s centre. This dipole field is slightly misalignedrfrdhe spin axis of the planet by
about 10. Due to the so-called frozen-in assumption that the Sunggnatic field is dragged
out into the Solar System and is tied to the movement of thar saihd plasma, no mixing
can occur between the plasma of the solar wind and that ofdhé Ehe magnetic field lines
of the solar wind plasma cannot cross or intermingle witlséhof the Earth-based plasma,
otherwise the conservation of magnetic flux, via Maxweltgiations, would be violated).
As a result of the gradient between the two magnetic fieldd,tara first approximation, a
thin current sheet, known as the Chapman-Ferraro currdotnsed. The position of this
boundary current sheet layer, called the magnetopausetasxined by the pressure balance
between the two plasmas. The solar wind moves supersonicaimpeded through the
Solar System until it encounters an obstacle such as th&'&€amagnetic field, whereby it
is slowed down at the magnetopause boundary. A shock waegrkas the bow shock, is
formed upstream, causing the slowing, heating and compgeséthe solar wind plasma as
it flows around the magnetopause. The region between the hogk @and magnetopause is
termed the magnetosheath. The subsolar (or nose) regiefined as the dayside area of the
magnetosheath approximately along the Earth-Sun lingh&udownstream of the Earth the
solar wind continues on its path unaffected and the reguttavity of Earth-based plasma is
known as the magnetosphere. The situation is complicatéodyreakdown of the frozen-in
approximation, leading to reconnection and the diffusibthe solar wind plasma into the
Earth system, which manifests itself in phenomena suchesaittora borealis. However, this
large scale description of the magnetosheath gives a suifigidetailed picture for the work

in this thesis. A schematic of the Earth system is shown imitite panel of Figure3.1
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magnetosheath

magrnetopause

Figure 3.1: Left panel: the Parker spiral, credit: J. Jokipii, Univeysof Arizona. Right panel:
schematic of the Earth local environment, including the nedgsheath and bowshock, credit: Win-
dows to the Universe, National Earth Science Teachers Assnt

At an altitude of approximately 600 km-Q.1 Earth radii or R) the Earth’s thermosphere
(a layer of warm atmospheric gases which lies above otheosgiheric layers defined by
their temperature profiles) gives way to the exosphere, evhgdrogen, still trapped in the
gravitational potential well of the planet, travels on =it trajectories. The exosphere is the
transition zone between the Earth and interplanetary spad¢he upper limit of this region
occurs where solar radiation pressure overcomes the graivihe Earth at approximately
30 Re. We have described how Earth-based plasma is trapped irattie’s€Emagnetosphere
due to the frozen-in approximation. Neutral atoms and muiéeschowever are not limited
by this restriction. Typical neutral hydrogen density \esat 10 R are 25 cm® (Hodges
1994. @stgaard et al(2003 used measurements of the Lymaneolumn brightness as
measured by the Earth orbiting satellite IMAGE to produceleis of the neutral density
above 3.5R, which we use for our modelling efforts in Chap&rThese neutral hydrogen
atoms in the Earth’s exosphere become the donor atoms fonSW¢€urring in the vicinity

of the planet, which we describe in more detail in SecBah2
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3.4 Sites of SWCX in the Solar System

SWCX processes occur at many locations within the Solare8y#tcluding planetary exo-

spheres, the corona of comets, within the heliosphere ahe &keliospheric boundary where
the outer reaches of the interplanetary magnetic field erteothat of the surrounding in-

terstellar medium. There are comprehensive review papetiseosubject of X-ray emission
and charge exchange in the Solar Syst8mafdwaj et al.2007 Denner] 2010. We give a

brief account of several of the charge exchange emissies sithin the Solar System here.

3.4.1 Comets

Comet Hyakutake was the first comet whose X-ray emissionbasreed by ROSATL(sse
et al, 1996, was assigned to the SWCX emission proc&amayens 1997). This SWCX
emission occurs from the interaction of the solar wind wigitnal species that outgas from
the comet as it enters the inner Solar System, and the ambaootgassing is dependent on
the comet’s distance from the Sun. These neutral speciesandy water and its dissociation
products. The SWCX emission must occur in cometary regidmsrg/photoionisation and
destruction of the neutral species can occur. Water has 4 lifletime when exposed to
solar UV photons and therefore survives longer in the cort@ior, whereas its dissociation
products (along with CO providing the comet has a sufficiehifjh carbon abundance) can
survive further into the outer coma regions. A detailed dpson of X-ray emission from
comets, primarily using data from tl@handraobservatory, can be found Bodewits et al.

(2007).

As we have seen, the solar wind is a collisionless plasmaaitd ®n composition is deter-
mined in the solar corona (bar any changes caused by chacharee processes occurring

within the inner heliosphere, which are discussed in Se@id.3. Signatures of SWCX
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occurring throughout the Solar System can therefore be tasieder the composition of the
solar wind, which varies considerably throughout the sojate and with solar latitude. As
cometary orbits are not restricted to the ecliptic plang #re ideal locations to study compo-
sitional signatures from solar wind originating from a edyiof solar wind latitudedjennerl

et al, 1997). Bodewits et al(2007) was able to use cometary X-rays to distinguish emission
resulting from three solar wind types: the cold and fast wihé warm and slow wind and
the warm and disturbed wind (such as during transient sdlad phenomena). In addition,
as the gas around a comet is cold and due to the absence af stiagnetic fields in its
vicinity, thermal and X-ray emission resulting from endrgelectrons is essentially neglible

providing an ideal laboratory for the study of charge exdsareactions.

3.4.2 Planets

The presence of magnetic fields deflects and accelerategtiig bharged ions of the solar
wind. Therefore it is useful to consider SWCX emission frémode planets with and without
a magnetic field as separate cadesr(ner] 2010. Venus and Mars have no substantial mag-
netic fields but have non-neglible atmospheres (densifies D0'*cm—2 and~ 102 cm—3

at a height of 110 km respectively). Charge exchange enmissa&y occur in the outer layers
of the atmosphere, before the incoming ion has been nesgdaby the ongoing process of
electron gain. In addition to charge exchange, X-rays oatng from the Sun are observed
that have been scattered by the atmosphere. Scatterirgysgosons are much smaller than
charge exchange cross-sectionslQ 18 cm? as compared te- 10-1° cn? at X-ray energies
corresponding to SWCX emission), although scattering mayidate providing the solar

X-ray flux to heavy-ion ratio is sufficiently larg®€énner| 2010.

Venus was first observed by an X-ray observatory W@ttandrain January 20010ennerl

et al, 2002 (XMM- Newtonis unable to view Venus due to solar avoidance restrictijons)
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wherein fluorescence lines of C4KO-K, and N-K; were observed in emission from along
the sunward limb of the planet. Later observations of thagtlaalso byChandrg revealed
an additional X-ray emission component from charge exceéaBgnner] 2008. Charge
exchange X-ray emission was observed at Mars with XMBwtonthat accompanied the
fluorescence that had previously been detecte@lwndra(Denner] 2006 and references
therein), and the sources of emission in the later observabuld be spatially resolved. The
charge exchange emission originated in the much more exdesxbsphere of the planet and

fluorescence emission, dominated by£i@es, was observed in the upper atmosphere.

The gas giants of Jupiter and Saturn have also been seen toneKirays. Jupiter has
the largest planetary magnetic field in the solar systeid.4 mT at the equator). X-ray
emission from the auroral regions has been observed by XW#Witon primarily in the

O viI band Branduardi-Raymont et al2007, and references therein). A component from
bremsstrahlung emission resulting from electron preafjoh into the magnetosphere was
also observed and its variability on the order of a few daygsested it was related to solar
activity. X-rays from the disk region of the planet, rathieaut the aurorae at the poles, show a
spectrum markedly different in shape than that from therag @randuardi-Raymont et al.
2007). The disk spectrum is harder than the aurorae and suggeastsring of solar radiation,

as shown by observations taken by both XM#wtonandChandra

Saturn has been observed several times by XM&vtonandChandra Similarly to the disk
emission from Jupiter, the X-ray emission from this regi®imierpreted as originating from
the scattering of solar X-rays (using an optically thin ca@iomodel with average temperature
of 0.5keV), with an additional fluorescence line~a0.53 keV from oxygen Branduardi-
Raymont et al.2010. The disk emission is variable and has been shown to deciaas
correlation with a decrease in solar activity, over the eaofja few years over which the ob-
servations were taken. Saturn aurorae (visible in the faa-wiolet) have not been detected

through X-ray emission, as the strength of the expectedstomiss likely to be beyond the ca-
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pabilities of the current suite of X-ray observatories. ffnhy, remote Solar System objects,
such as the outer planets of Uranus and Neptune, are exgectedt X-rays, via scattering
or precipitation but they are probably too faint to be obedrwith current Earth-orbiting

instrumentationBhardwaj et al.2007).

After the charge-exchange related cometary studies in988sland onwards, it was postu-
lated that the same emission mechanism could be respofmit{eray emission originating

in the Earth’s exospherdgénnerl et al. 1997 Cox, 1998 Freyberg 1998. The so-called
Long Term Enhancements (LTES) in observations taken by ROSAowden et a].1995
were later assigned to time-variable SWCX. Images from t@8RT all sky survey, before
and after cleaning of the LTEs, are given in Fig@r2 Observations of the Moon bghan-
dra (Wargelin et al.2004), following on from those previously by ROSAT, re-interfaeé the
time-variable X-ray emission as resulting from charge exge, rather than a bremsstrahlung

continuum Schmitt et al. 1991).

Modelling efforts byRobertson & Craven003ab) andRobertson et ak2006 have used
input solar wind conditions and a model of neutral hydrogeoua the Earth (thélodges
1994 model under solar conditions with the solar-activity prafythe 10.7 cm radio flux
value (also known as the;f-7 index) at 180 solar flux units) to generate X-ray images of
exospheric SWCX emission from various vantage points. Tuah £xamples are shown in
Figure3.3. The left panel shows an image created from a model consttucting nominal
solar wind conditionsrisy~ 7 cm 3, vy~ 400 kms1, with a line-of-sight integration length
of 100Rg). The right panel shows an image created using input camditbased on a solar
storm that occurred on $1March 2001 (integration length 3&). The increase in intensity
by a factor of about 20 is the remarkable difference betwbenwo sets of conditions and
illustrates how the time variable nature of the solar wind psult in sharp changes in the
level of SWCX emission. In addition, the cusp regions of tlegnmetosheath have been added

in the model for the solar storm and can clearly be detectethé&se conditions. During the
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Figure 3.2: ROSAT patrticle-induced and solar X-ray background remq?ykelv band images, plot-
ted in Galactic coordinates using an Aitoff-Hammer equabkarojection. LTES, in the form of streaks
across the image, are visible in the first panel. A cleaned@wdth the LTEs removed is given in the
second panel, credit: Steve Snowden (NASA).
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Figure 3.3: Modelled X-ray images of SWCX occurring in the Earth’s exuosge, for nominal solar
wind conditions (left panel) and for storm event conditigright panel). The Sun is to the left in both
cases, creditRobertson et a(20086.

solar storm the Earth’s magnetic field is compressed clogeetsurface, allowing solar wind
plasma to be funnelled into regions with higher densitiesenftrals. These modelling efforts

have indicated that imaging of the magnetosheath usingy>enaission may reveal much

about the structure of the magnetosheath and aid studibs gbtar-terrrestrial connection.

Enhancements in soft-band X-ray XMMewtonspectra have been attributed to exospheric-
SWCX in the literature. This has almost exclusively invalwbe comparison of multiple
pointings of the same field which has enabled the serendmpidetection of the low-energy
enhancement, most notably around th&iOhelium-like triplet at approximately 0.56 keV.
Snowden et al(2004 were able to detect one of a set of four observations oHukble
Deep Field North that showed an increase in the band 0.5Z&keV compared to steady
values in a higher energy band from 2.0 to 8.0 keV, which wasdl to be the result of
exospheric SWCX. As a field free of bright X-ray sources, ththars were able to easily
compare the count rates over an observing campaign thatpreadsover a two week period
in 2001, not long into the XMMNewtonmission and during solar maximum conditions. The
line-of-sight required by the target pointing passed tgtotihe subsolar region of the Earth’s

magnetosheath. Lightcurves from the affected observéteriast of the set) were compared

37



Chapter 3. SWCX 3.4. Sites of SWCX in the Solar System

with the solar wind proton flux and ©/Q°* ratio, using data from the solar wind monitor-
ing spacecraft the Advanced Composition Explorer (AGEne et al. 1998 The 0.52 to
0.75keV band lightcurve showed an enhancement in the filsbhthe observation for ap-
proximately 4 ks and this period was termed the ‘high’ statee latter half saw the lightcurve
return to levels typical of the average count rates seendrother three observations of the
set. Increases in both the solar wind proton flux add/Q%* ratio occurred during the ‘high’
state, however short-term variations in the solar protoxitere not reflected in the X-ray
lightcurve. Later work byCollier et al.(2005 explained that, due to the size and orientation
of the solar wind wavefront travelling through the Solar t8ys, the smoothing of the X-ray
lightcurve was the result of the intersection of the linesmfht of XMM-Newtonwith the
solar wind enhancement considerably upstream of the sabsgjion, and also as it moved
closer to and past the Earth. After using the previous third&XNewtonobservations along
with a spectrum derived from the ROSAT All Sky Survey to coaist the diffuse sky back-
ground in the pointing direction of the field of study, thetears were able to produce a model
of SWCX emission that contained 7 lines for the ‘high’ staggipd. Lines were added for
Cvi, Ovil, Oviil, a complex made up of iron or higher ordev@ transitions, Nex and
Mg x1. The contribution from the @11 ion required a flux of approximately 8 line units (LU

or photons cm?s1sr1).

Henley & Shelton(2010 conducted a large archival XMMewtonsurvey with the aim to
characterise, particularly at energies representativ@\af and Oviil, the soft X-ray back-
ground in a large area of the sky. Their sample contained 89adanultiple pointings of
the same target field. By comparing the brightestiOor O viil flux to the faintest in each
set, they determined that enhancements due to SWCX tygical ;xcreases in the @il

flux of <4 LU or <2 LU for O viii. The maximum enhancements seen were 26 LU and 8
LU for O vii and Ov1lil respectively. Potential correlations were investigatevieen solar
wind proton and Ovii fluxes, but the authors concluded that the solar wind protonif

not a good indicator of the level of SWCX enhancement detecke addition, they found
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no correlation with the closeness of the line-of-sight pasghrough the subsolar region of
the magnetosheath and the magnitude of the oxygen enhancétnatz & Snowden2008
also observed cases of exospheric-SWCX enhancement wilénige data set originally anal-
ysed to investigate the particle-induced background oixki- NewtonEPIC-MOS cam-
eras. The analysis of several sets of multiple pointingsatda/the same target field enabled
the identification of these cases. After constructing a Bmpdel of the magnetosheath and
noting the pointing direction of each SWCX case, they caetlthat significant SWCX en-
hancements are seen for when both the solar wind proton ficeeels 410° cm~2s1 and
the line-of-sight intersects the subsolar region. One eabéited a very high proton flux
of 1.5x10° cm2s%, but occurred when the line-of-sight intersected not thselar region

but the flanks of the magnetosheath.

A long, 100 ks observation taken by XMMewton specifically to study exospheric SWCX,
was taken in June 200&Howden et al.2009. The pointing geometry was chosen to inter-
sect the subsolar region of the magnetosheath and towaatged field that was faint in the

3 keV band to minimise the cosmic background. The solar wins aavever, at the time of
the observation, in a fairly quiescent state. The authoidaited the expected X-ray emission
by perturbing the incoming solar wind’® flux in the region of the magnetosheath and using
a simple model of neutral hydrogen in the exosphere andrhehunear interplanetary space.
After intergrating out to 20@&e they produced a lightcurve of modelled X-ray SWCX emis-
sion in a band representative oM@ . A good correlation was found between the modelled
and observed X-ray lightcurve with an average intensity .6f+2.5 LU. The authors also
commented that a sufficiently refined model of SWCX emissiay ailow subtraction of its
contribution from future X-ray data, although various unamities remain in the model of
the solar wind perturbations in the magnetosheath andhlkanbdel is limited by the time
resolution of the upstream solar wind data. Also, it showddnbted that solar wind data
(proton or ion fluxes) are not always available during an XNilwtonobservation or that

these data might be sparse. A time resolved model of exp&etagt emission is discussed
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in Chapter8.

Observations in the literature using data from tizakiandChandrahave reported SWCX
enhancements that have been attributed to exospheric cEaeh emission, whose results

are reviewed briefly here.

Fujimoto et al.(2007) observed a low-energy (0.2 to 2 keV) enhancement periadf{aine)
lasting approximately 10 ks in an observation of the Northdic Pole, taken using the X-
ray Imaging Spectrometer onboard thezakwsatellite. The line-of-sight of this observation
intersected the northern cusps region of the Earth’s magpbere and the authors concluded
that the emission resulted from charge exchange occuringelea 2 and & from the Earth.
The X-ray enhancement corresponded with a period of ineckaslar proton flux, once the
delay between ACE and the Earth was taken into account. Stswdle variations of the low-
energy enhancement during the flare period were attribotedanges in the distance to the
emitting region of the magnetosheath. Nine emission lineewequired to be added to the
model of the steady-state background signal during the lar@d. An emission line from a
high-n transition of Cvi at 459 eV (4p-1s) was comparable in strength to that of thie Ihe

at 367 eV (2p-1s). Higmtransitions are expected from charge exchange spectraasizbsl

in Section3.1 Emission from Ovii, O viii, Nex, Mg xI, low energy blends of carbon
(modelled as a single line at 269 eV) and blends of iron, oryayel neon (between 750 and
900 eV, modelled as two lines at 796 eV and 882 eV) was alsa #eéeep, 100 kSuzaku
observation of the Galactic Ridg&Zoe et al.2010 also exhibited time-variable emission
in the band 0.5 to 0.65keV (@i1) that was correlated with an enhancement in the solar
wind proton flux measured by th&ind spacecraftAcuiia et al. 1995 and the solar wind
O’* flux as measured by ACE. After eliminating the possibilitatthhe emission resulted
from X-ray fluorescence scattering in the Earth’s atmosphifie time-variable component
was concluded to originate from exospheric SWCX, contnifguiélmost double the flux from

the soft X-ray background plus any other SWCX-emissioniomtion from the heliosphere

40



Chapter 3. SWCX 3.4. Sites of SWCX in the Solar System

combined. In addition, the @1 observed during this case was greater in flux to that observed
in the previoud~ujimoto et al.(2007) exospheric-SWCX example. The line-of-sight for this
pointing intersected the subsolar region of the magnetaibh8autz et al.(2009 required

a SWCX component to be added to their model when fitting dditaimed bySuzaky of

the cluster Abell 1795. They required line emission from@nell triplet at 0.574 keV plus
additional, less prominent lines from i1, Neix, NeXx, Mg xI and Mgxli. The strength

of the Ov1li line for theFujimoto et al.(2007) case was 5 LU whereas 7 LU was seen for the
Ezoe et al(2010 case, which was the upper limit for the\@ component required bgautz

et al.(2009.

An observation taken bZhandratowards the molecular cloud MBM 12, with the aim to
measure the local X-ray background in an oxygen band, appe&ave detected solar wind
charge exchange resulting from a CME interacting with radgas in interplanetary space
(Smith et al, 2005. The authors arrived at this interpretation after notimg thigh Oviil to

O v ratio (~1.3), which is uncharacteristic of a steady, slow solar wind

3.4.3 Interplanetary space and the heliosphere

As well as in the vicinity of comets and planets, charge erglkacan occur within interplane-
tary space within the heliosphere and to a much lower levleaheliosheath boundary. Soft
X-ray emission originating from charge exchange within hletosphere was first proposed
by Cox (1998 and there have been considerable modelling efforts tcacketnise this emis-
sion due to its implications for wider studies of diffuse egion, particularly the debate sur-
rounding the nature of the Local Hot Bubble; the 100 pc cavitipw-density X-ray emitting
hot gas £ 10°K) in thermal equilibrium in which the Sun apparently resig@nowden et aJ.
1990. By combining the modelling of heliospheric oxygen enossand comparing this to

observational evidence from the ROSAT All Sky Surdgutroumpa et ali2009h conclude
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that the 3/4 keV band emission is entirely due to heliosghamission. The task to separate
local components is not simple as charge exchange from thmgena and heliosheath show
very similar emission line spectra. The dominant contrdng from oxygen also form the
major component of the supposedly distant diffuse X-rayssion. This relatively quiescent
component to the X-ray background (along with any quiesegnspheric-SWCX compo-
nent) has serious implications for the model of the Local Bobble. Alternative models
of a modified Local (Hot) Bubble, after considering the ctmttion from heliospheric X-
rays, have been put forward that require the reduction ip&ature of the supposedly hot
gas and a reconsideration of its spatial distributdfelsh & Shelton2009. It is therefore
important to understand and quantify SWCX emission to faligess its impact on the gath-
ering of astronomical X-ray data, not only in the vicinitytbie Earth, but also in the wider

heliosphere.

Interstellar hydrogen and helium flow into the heliosheattexe they can be photoionised
by solar ultraviolet radiation or charge exchange with sptatons or alpha particles. Hy-
drogen, compared to helium, is strongly affected by ragdimpressure, which results in a
lack of hydrogen close to the Sun and an anisotropic digtabibetween the upwind and
downwind directionsKahr, 1974 Quemerais et al1993. Helium, due to its lower cross-
section, is less affected by photoionisation so it can patendeeper into the heliosphere
where it is gravitationally focussed downstream of the Stims is caused by the Sun’s rel-
ative motion in the Local Interstellar Cloud region of thel&g (a low density extended
structure in which the Sun is passir§javin 2009 of ~20kms ! in the direction of 252,

7° (ecliptic longitude and latitude) into the distributiondwn as the helium focussing cone
(Weller & Meier, 1974. The helium focusing cone is directed towards 73-9.6" (ecliptic
longtidude and latitudéitte et al. 199%. The Earth is found inside the helium focusing
cone region during the northern hemisphere winter. Hydragel helium in the inner So-
lar System can also charge exchange with solar wind heawy emin the case of charge

exchange in the terrestrial exosphere, resulting in thesgon of X-rays. This emission is
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also dependent on the composition and intensity of the salad and so is dependent on
the solar cycle. The spatial distribution, and the speetndl temporal nature of the intensity
of the heliospheric X-ray component has been modelled feirther Solar System (up to
~10 AU) (Cravens 2000 Cravens et al.2001 Koutroumpa et a).2006 2007 Lallement
2004 Pepino et al.2004 Robertson et al2001 Robertson & Craven20033. Robertson

& Cravens(20033 calculate that the X-ray intensity in the helium focusiregne can be as
much as 26 keVcmés tsrl. Because of the distribution of hydrogen and helium within
the Solar System and the stratification of the solar winddegfly during solar minimum
conditions as previously described), the heliospheridrdmution varies strongly with helio-
spheric latitude. This has been observed by comparing wdisens of the North and South
Ecliptic Pole to observe away from and through the heliumec@spectively, although fur-
ther observations are required to constrain SWCX emissmn the cone and its dependence

on the solar cycleoutroumpa et a).20093.

3.5 X-ray missions and viewing exospheric SWCX

There are multiple examples of observations, from a vaoéiy-ray observatories, exhibit-
ing an enhancement in a soft-energy barn@ keV) that have been attributed to exospheric
SWCX, as mentioned in this chapter. Excluding a dedicateskfation to observe exo-
spheric SWCX (as described Bnowden et al(2009 and summarised in Sectid4.2),
these examples have identified SWCX affected time-peri@somparisons between same-
field multiple pointings with the intention to study a diféeit astronomical target. This thesis,
however, contains a method to identify individually affsttobservations, without the need

for such a comparison, which is described in subsequentetsap

The possibilities for viewing exospheric SWCX emissionhe vicinity of the Earth depend

on the orbital and viewing constraints of the observatorysa. During various periods of
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its orbit and depending on observational constraints, XM&Wwtonmay view regions of the
Earth’'s magnetosheath which are predicted to exhibit tigadst X-ray emissivity due to
exospheric SWCX (the subsolar regiddobertson et al. 200Gnd references therein). A
schematic of the orbit of XMMNewtonwith reference to the approximate position of the
magnetosheath is shown in FiguB&. As described before, the magnetosheath position and
shape is not static, but will move in response to conditiorthe solar wind. XMMNewton

is not able to observe through the subsolar region at allgiche to the configuration of its
highly elongated, 48 hour elliptical orbit. The viewingeition of XMM-Newtonis strongly
constrained by the fixed solar panels and those constraipissed to protect the instruments
from directly viewing the Sun (a solar aspect angle of betw&& and 110 must be main-
tained at all times), the X-ray and optically bright Earttddioon, and the non-operational
periods during the telescope’s passage through perigépassies through the radiation belts.
The resulting effect is that XMMNewtonis only able to view the subsolar region at certain
times throughout the year. SWCX-affected observationsrenefore expected to occur with
a higher frequency during the summer months (northern h@mare) as this is when the
telescope is able to be in a position to look through the dabsegion and bright flanks of
the magnetosheath. However, the apogee and perigee pesifikMM-Newtors orbit are
slowly precessing. The evolution of the distances fromtetrtoth the apogee and perigee
positions of XMM-Newtonare shown in the left-hand panel of FiguBéb. The orbit is be-
coming less elliptical as the mission progresses. Thislmagffect that apogee is no longer
found sunward at approximately the middle of summer. Thegs®on of the apogee and
perigee positions is shown in the right-hand panel of Fi@useHere we plot the Geocentric
Solar Ecliptic Coordinates (GSE) X coordinate of the apogred perigee positions against
time. The GSE coordinate system is defined so the positiveiXisdirected from the centre
of the Earth to the Sun. The Y-axis is positive in the diractizat opposes the orbital motion
of the planet and the Z-axis is positive towards the Ecliptarth Pole. The maxima and

minima of the apogee distance per year is slowly moving away the current summer and

44



Chapter 3. SWCX 3.6. Summary

~10 Earth radii

-

1
1
! ' Sun
C_® D
1
1
1
! 1
! 1
/ 1
/ 1
4 1
~Magnetopause + !
4
4 Il
4
L /" ~Bow shock

’

Figure 3.4: Schematic of XMMNewtors orbit about the Earth as viewed above the ecliptic plane.
The approximate summer and winter configurations of the arkishown (blue and black solid lines
respectively). lllustrative magnetopause and bow shockBaries are shown by the black dashed

lines.
winter solistic positions respectively. The maximum GSEpogee distance during the year
2001 occurred on the ¥3of July. However, the maximum GSE-X apogee distance during

the year 2008 occurred on the'®6f March. The differences here have implications for our

work in Chaptels.

3.6 Summary

SWCX is an important X-ray emission mechanism throughoetS3blar System. We con-
centrate throughout this thesis on the study of SWCX enmissazurring in the near vicinity
of the Earth. We use the time variable nature of this emisa®our marker for selecting

affected XMM-Newtonobservations. This will be the focus of the next chapter.
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Figure 3.5: Left panel: distances to XMMNewtonat the positions of apogee (black, solid line) and

perigee (red, dashed line). Right panel: distances to tHe-&gositions of apogee (black, solid line)
and perigee (red, dashed line). We overplot the times of semfiblue, dashed) and winter solistices

(black, dashed). The x-axis in both cases shows the time sirec XMM-Newtonreference time of

1998-01-01T00:00:00.
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Chapter I

Searching for exospheric SWCX in the

XMM-Newton archive

In this chapter we describe the data analysis steps takeatorsfor incidences of exospheric-
SWCX enhancements during observations by XN\dwton This work has been presented
in two papers;Carter & Sembay2008, hereafter referred to as Paper | a@drter et al.
(2011, hereafter referred to as Paper Il. Paper | consisted ofi#ialistudy of a small se-
lection of 169 XMM-Newtonobservations to establish a method to identify cases of-time
variable exospheric-SWCX emission. This method was exeénd the available archive in

Paper II.

4.1 Data selection

All observational data used in this study are availableuglothe XMM-NewtonScience
Archive (XSA) from where the Original Data Files (ODF) weretracted. Observations
taken by the EPIC-MOS cameras (MOS1 and MOS2) using thdraute mode only were
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Chapter 4. Searching for exospheric SWCX 4.2. Flare-filteeind point source removal

considered. The observations used provided an even saoipksdahe mission and the event
list data from the cameras could be combined if the same ¥iléexr used for both. Observa-

tions were considered up to and including revolution 1773gst 2009).

4.2 Flare-filtering and point source removal

Individual observation event lists were created from theFQbr each EPIC-MOS camera
and filtered for soft-proton contamination using the puplavailable Extended Source Anal-
ysis Software (ESAS)package os-filtertool) and as described Bnowden et al(2008.

At the time of data processing, ESAS was only available ferERIC-MOS cameras. The
mos-filtertool incorporates calls to various XMMewtonScience Analysis Systen{SAS)
tasks, initially building event lists from the ODFs. Once #vent lists are built, the SAS task
evselecis used to extract two lightcurves: one from inside the FOW #re other from the

un-exposed corners of the detectors.

The next step sees theos-filterFortran sub-procedudean-relfit a Gaussian to a histogram

of in-FOV count rates in a high energy band (2.5 to 12.0 ke\p€elperiods with count rates
beyond a threshold af 1.50 away from the mean value of this Gaussian were removed by
applying a Good Time Interval (GTI) file to the event lists.dfxple Gaussian profiles for two
different observations are shown in Figurd. To establish this profile, the ESAS software
determines the most likely value of the quiescent backgitaate, for example the modal
value of the count rate histogram. A Gaussian profile is the f small window of count
rates either side of this value, as shown by the blue vetilwa$ of Figure4.L The mean
and o of this Gaussian profile is determined. The red verticaldimelicate the limits taken

for the GTI periods £1.50 from this mean). The GTI files created for each EPIC-MOS

Lhttp://heasarc.gsfc.nasa.gov/docs/xmm/xmmimpnesas.html
2http://xmm.esac.esa.int/external/xmtataanalysis/
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Figure 4.1: Example count rate histograms from the ESAS software wh&aussian shaped curve is
fitted to the histogram. The first panel shows a count ratedpiatn where the data and the Gaussian
curve are almost coincident and little or no flaring has owmrwhereas the second panel shows
flaring characteristics.

event list were combined together to form one EPIC-MOS Gl dihd this file was reap-
plied to both the MOS1 and MOS2 event lists to provide sinmdtaus coverage during each
observation. Resolved point sources (from lists createdhi® 2XMM catalogue \(Vatson

et al, 2009 using a minimum likelihood threshold 6), were removed from the FOV by
extracting events in a circular region of 35 arcsecondsusagbout the source position. This
extraction radius corresponds to a encircled energy radf approximately 85% at 1.5 keV
on-axis. An example event file with and without the extraaeents is shown in Figuré.2
Those observations judged, after a visual inspection (aind {o creation of any spectra, see
Chapter6), to show residual source contamination (the wings of thetgpread function of
the EPIC-MOS camera being evident in an image of the evejtgdesed through an addi-
tional spatial filtering stage using a larger extractionordo further clean the dataset and
minimise the risk of contamination from residual point smg in the filtered event file. We

discuss further screening steps in more detail in Sedtibn
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Figure 4.2: Left panel: example image constructed from flare-filtered 34@vents, plotted in de-
tector coordinates. Right panel: the same image but withived point sources extracted. The point
source extraction regions are over-plotted (green ciratesach case.

4.3 Lightcurve creation

Two lightcurves with bin size of 1 ks were created for eacheoletion from events within
the full FOV (radius of 13.3 arcminutes). When both EPIC-M&®neras were used during
an observation and employed the same filter, events fromdaotieras were used to construct
the lightcurves. The first lightcurve was chosen to repregencontinuum, covering events
with energies in the range 2.5 to 5.0 keV and which should &e &f SWCX. The second
lightcurve was extracted using events with energies in dnge 0.5 to 0.7 keV to cover the
strong SWCX emission from @i1 and Oviil (the line-band lightcurve). This energy range
incorporates emission energies from the/iO triplet and resonance lines which are domi-
nated by the forbidden line transition at 0.56 keV. Lightas were then exposure-corrected
for periods removed during the filtering steps. As the MOSA BI©S?2 event files for each
observation, prior to the lightcurve creation, were filteresing a single GTI file which is
not energy specific, the exposure-coverage for each binleasame for the line-band and

continuum lightcurves. Therefore the same exposure-ctiorefactor for an individual bin
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was applied to both lightcurves in this step. We keep bingefightcurve with at least 60%
of the full exposure for that bin and reject the remainingsbinightcurves were rejected from
further analysis, after all other GTI and bin-rejectiongedures had been applied, that were
less than 5ks in duration. By increasing the strictness eftiin coverage thresholds, we
reduced the incidence of type | errors (those incorrecthglled detections), but ran the risk
of increasing the number of cases that were incorrectlylliedb@s non-detections (i.e. not
showing a deviance from the null hypothesis of a linear fitMaein the line and continuum
band (type Il errors). We scaled each lightcurve by its megrdduce adjusted lightcurves.
The count rates for the line-band and the continuum band therealways of the same or-
der which facilitated the identification of periods of enbament in the line-band lightcurve.
An example of the combined-MOS lightcurve adjustment pge@an be found in Figuee3

(panels top-left, top-right and bottom-left).

4.4 Testing for SWCX

We plotted a scatter plot between the two bands (using thestedj line-band as the dependent
variable), shown in Figuré.3. A linear model fit to each scatter plot was computed using the

IDL procedure/infit, which minimises the(? statistic.

We computed the reducexf for the fit, hereafter referred to g, by dividing thex? by the
number of bins minus one, to account for the reduction in thralrer of degrees of freedom
made by fitting a linear model to the data. A higﬁ indicates that a significant fraction
of the points deviate significantly from the best-fit line. Beected these cases would be
more likely to show variable SWCX-enhancement. In addijtisa computed thg? values
for each individual lightcurve in terms of the deviationritahe mean of that lightcurve

(Equatiord.1):
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Figure 4.3: Example of the lightcurve correction procedure for obsiowa with identifier
0150680101 (black - line-band, red - continuum for panetsléft and bottom-left). Top left: ex-
ample lightcurves showing a peak in the line-band that isrefbécted in the continuum. Top right:
exposure coverage for each bin, the threshold at 60% is mhdmkéhe red dashed line. Bottom left:
lightcurves after the adjustments for exposure correcéind scaling by the mean. Bottom right:
scatter plot between the adjusted lightcurves.
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(ratg — u)?

= 4.1
Z) error? (4.1)

wherep is the mean for that lightcurve amdte anderror; the lightcurve values and associ-

ated errors in each bin.

We calculated the ratio between the line-band and continy@ivalues to add to our diag-

nostic (hereafter denoted Bg).

3012 observations made up the final sample to be used foefuattalysis. The results from
Paper | showed us that those observations exhibiting bqnmxﬁ and highRy were most

likely to show near-Earth time-variable SWCX signaturefsé@vations that fulfilled these
criteria were considered for further analysis: spectradynporally and with regard to the

orientation of XMM-Newton

After ranking the observations, we were able to study thioaeexhibited the higheg(tﬁ and

Ry in more detail on a case by case basis.

4.5 Further screening

All observations in our final sample, after any rejectionsl@scribed below, were ranked by
Xﬁ- The two highest ranked observations were observationsrmokts. Although resolved
point sources have been removed, cometary X-rays are eiéfud will likely be spread over
a large fraction, if not all of the FOV. It was assumed thatdbeninant variations in the line-
band lightcurve that result in such high ranking are due taC3Vé¢mission occurring within
the cometary coma and not to any emission occurring withenvihinity of the Earth. The

cometary (and planetary) cases within the data set arestisdun Sectiod.8.
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Observations were examined for residual point or extendedcss that may contribute to
high variability in the line-band. Those observations vetde wings of the PSF were clearly
visible in an image of the event file, due to an extremely drggiurce most commonly on-
axis, were not considered further to be have experience@®@igX enhancement. Extended
or diffuse residual sources that remain in the FOV will négetfthis detection method provid-
ing no inherent variation occurs within these sources imegibne of the bands, as expected
for sources outside the Solar System. Cases were also ex@rfanresidual soft proton
contamination. Although the files used in this analysis Haeen filtered for periods of soft
proton flaring, residual contamination may remain. Exeesscatter due to residual soft
proton contamination impedes the ability to identify pdsaf exospheric SWCX and will
result in some type Il errors in our sample. Also, exosph8i¢CX can occur throughout
the entirety of an observation with little or no variatiortire line-band, resulting in these oc-
currences being passed over for consideration. Excessivgimultaneous variations in both
the line-band and continuum will result in a higl yet a low value oRy. We concentrate

our analysis therefore on cases that exhibit both b(i@land highRy.

For some observations with short lightcurves, it was imibsgo identify any time-periods

of boosted line-band emission (the putative SWCX enhanoeperiods). These observa-
tions were disregarded as SWCX-enhancement cases. Alsonethod described in this
work tested only for variable SWCX on short timescales. 8peanalysis of suspected
SWCX cases was therefore only possible when a clear lind-bahancement period could
be identified during the duration of the observation. Ligines and a scatter plot from an

example observation that was rejected from further argys shown in Figuré.4.
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Figure 4.4: Adjusted lightcurve and scatter plot example for obseovatiith identifier 0153350101
that was rejected from further analysis. Left: lightcureter the adjustments for exposure correction
and scaling by the mean (black - line-band, red - continutRight: scatter plot between the adjusted
lightcurves.

4.6 SWCX dataset overview

We find 103 observations in our sample that show indicatidmstione-variable exospheric-
SWCX enhancement, that are not excluded from considerasised on the reasons described
above. These 103 observations comprise the set of obsmrsdtereafter referred to as the
SWCX set. All of these cases hacj(é value greater than or equal to 1.2 anRjavalue of
greater than or equal to 1.0. These limits were determinea tgreful inspection of each
observation’s set of diagnostic files (such as in Fighi®, image of the event file and the
Gaussian profile output from the ESAS software to establiahd¢onsiderable residual soft
proton or point source contamination had not occurred aadatlsWCX enhancement time
period in the line-band lightcurve could be identified. T&W&NCX set cases make up only
~20% of all observations that have valuesxﬁf andR, above these thresholds, indicating
that although the values af2 andRy are indicators of a SWCX-enhancement, considerable
inspection of an observation on a case-by-case basislisesfilired. The majority of cases
in the whole sample haveRy, value less than 1, indicating that there is more variati@nse
in the continuum compared to the line-band. The continuworporates the break energy

at ~3.2keV in the two-power law models of residual soft protomteonination Kuntz &
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Figure 4.5: Xﬁ versusRy. Red filled circles indicate those observations with tiragiable SWCX
signatures (the SWCX set). The remaining points are showthdplack crosses. Histograms of the
xﬁ andRy values are shown in the side panels (using a bin size of 0.25).

Snowden(2008, and described in Chapt@). For higher intensity soft-proton flares, the
slope of the power law becomes flatter. Therefore the highengy and wider continuum will
have a greater variance than the softer, narrower line-daedo the presence of unfiltered
residual soft protons. The mea(rﬁ value is 1.77, signifying that the observed distribution
is skewed towards highe«ﬁ values rather than distributed about 1, which would haverbee
expected had there been no influence of a deviation (SWCXrer@ments) over the whole

data sample.

A scatter plot ofxﬁ versusRy, and histograms for each parameter, are given in Figise
Those observations exhibiting both higﬁ and highR, but that do not show clear SWCX
signatures (i.e. an enhancement in the mean-adjustetding{ightcurve compared to that of
the continuum) are not considered as part of the SWCX setélbleservations corresponded

to observations with highly-variable soft proton flares.

The top 10 observations as ranked)tﬁ/are given in Tablet.1 (including comets but ex-
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Table 4.1: Highest ranked observations b&} for the SWCX set observations or comets within the
whole data set. Those observations with severe residugdeddn contamination have been excluded.

Revn. Obsn. Xi Comment

0369 0103461101 856.7 Comet C2000 WM1 (LINEAR)
0808 0164960101 226.6 Comet C2001 Q4 (Neat)
0342 0085150301 27.2 Paper I@arter et al(2010
0209 0093552701 23.0 Paperl

1014 0305920601 15.0 Paperl

0690 0149630301 14.1 Paperl

0623 0150610101 13.5 Paperll

1177 0406950201 13.3 Comet73p

0339 0054540501 13.2 Paperll

0422 0113050401 12.7 Paperll

cluding those observations that had been rejected fromiadenagion). Three of these top
ten result from cometary observations, four were identifiethe work presented in Paper |
and the remaining cases were presented in Paper Il. Manyediitfhest ranked cases had
previously been identified in the literature. All SWCX-sases as ranked b(gﬁ are listed in

the Appendix, Tabl&-1.

4.7 Multiple pointings of target fields

Multiple pointings towards the same target allow one to caregliffuse and extended emis-
sion spectral models that may exhibit spectral variatiodgcative of SWCX contamination.
The long term enhancements of the ROSAT all-sky maps, wherle subsequently attributed
to SWCX, were first identified by comparisons between fieBi®ofvden et al1995. Kuntz

& Snowden(2008 examined multiple XMMNewtonobservations of thelubbleDeep Field,
amongst other targets, and identified a proportion of thetiraffected to different degrees
by SWCX emission.Bautz et al.(2009 inferred SWCX-enhancements in observations by
Suzakuowards the cluster Abell 1795 after examination of a lovergy lightcurve revealed

peaks coincident in time with enhancements in the solar wiodon flux as measured by
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ACE. Henley & Shelton(2010 used a large set of XMMNewtonobservations to compare
intensities from Ovil and Oviil lines from sets of observations with the same target point-
ings. They find no universal association between enhancdd)S¥wission and the closeness
of the the line-of-sight to the subsolar region of the magsietath. We do see a tendency
for XMM- Newtonto be clustered around the subsolar region for the SWCX casgthis is

discussed in Sectiob.1

4.8 Comets and planets within the dataset

Several XMMNewtonobservations of comets were included in the overall samp8dd2
observations. The(ﬁ and Ry values for the comets are given in Tadle2 The highest
overall values 013(3 andR, occurred during observations of comets. Example line-l@antl
continuum lightcurves from comet C2001 Q4 (Neat) (obs&ma?164960101) are shown in
Figure4.6, where the line-band lightcurve clearly dominates andgélyivariable. Also, an
earlier observation of the same comet exhibited very difievalues oﬁ(ﬁ andRy. Although
the solar wind proton flux from the upwind solar wind monito€CB& (level 2, combined
instrument data set using the Solar Wind Electron Protorh&lllonitor (SWEPAM) Mc-
Comas et al. 1998also shown in this graph, is steady and not remarkabletemngity, the
comet will more likely be sampling solar wind that originiieom a different location in
the solar corona. The © to OF* ratio, as measured by ACE, is also shown in the figure,
which shows a similarly unremarkable pattern. A more coteptBscussion of cometary

X-ray emission is beyond the scope of this thesis.

We include within the SWCX set (103 cases) an observationeptanet Saturn, taken off 1
October 2002. This observation has been comprehensivelysed byBranduardi-Raymont
et al. (2010 who attribute the X-ray flux to emission from the planetargkd produced

by the scattering of solar X-rays and an additional fluoneseeemission line of oxygen at
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Table 4.2: XMM- Newtonobservations of comets within the whole data set.

Revn. Obsn. Name Xi Ry

0209 0103460901 McNaught-Hartley 15 1.0
0369 0103461101 C2000 WM1 (LINEAR) 856.7 299.9
0719 0161760101 Comet 2p (Encke) 2.0 15
0720 0113041301 C2001 Q4 (Neat) 1.2 0.9
0808 0164960101 C2001 Q4 (Neat) 226.6 349.77
1177 0406950201 Comet 73p 13.3 17.2

T 25
1200 —

1000 ; J- J-L

800} J' ;15
600:—

400;.11 -rLl'- - _ __L._._l_‘-u-l_n]:l:-._ -'1
200:--"'__FJ' - "'---___--.___7:

countrate (CtIss”)

Proton flux (cm? s™ x 107) and O”*/0O%" (x 10

6
Time (hr)

Figure 4.6: Lightcurves from comet C2001 Q4 (Neat) that resulted in ﬁlgedfstxﬁ values (black -
line-band, red - continuum band). The time axis is given iareaince the start of the XMNewton

lightcurves. The solar wind proton flux as recorded by ACE ERAM instrument) is given in blue.
The Ot to O°* ratio is plotted using the proton flux axis and is shown by thie blashed line.
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~0.53 keV originating from the rings (also described in SetB.4.2. This observation
was previously studied biNess et al(2009 but was not investigated for any low-energy
variability. We find a highxﬁ (2.9) andRy (2.3) in our time variability test and a distinct
step in the line-band lightcurve, indicative of a SWCX ent&nent, after the same filtering
steps as to all other data sets have been applied, includurgesexclusion to remove emis-
sion from the planet and planetary exosphere. The initiat®exclusion radius equates to
~ 3.7Rsaturn  Spectra from this observation were extracted from eveed tihat had been
additionally filtered with a larger extraction region ©f10.6Rsa:um (See Chapte6). Even
after this additional source extraction step the lighteyproduction procedure yields metrics
of Xﬁ andRy of 3.1 and 2.4 respectively. Two later observations of Setaken in 2005 were
included within our sample but neither showed evidence o\CX enhancement. There-
fore, we have no reason to reject this observation (from pH0gh the SWCX set. We were
concerned that the planet's movement through and possiblgfaghe FOV may have caused
the low-energy variability. However, the dominant moveimnisnin right ascension with a
maximum speed of 8 arcseconds per h&nagduardi-Raymont et al2010, resulting in a
shift of only 0.7 arcminutes over the course of th&8 ks exposure. In addition, resolved

point sources have been removed from the FOV as for all othezreations.

4.9 Summary

We have flare-filtered a large sample of data from the XSA, Wwhvas then additionally
cleaned to remove resolved point sources in the FOV. A mettasdapplied to identify those
observations within the data sample that exhibit signatafetime-variable SWCX. This
method identifies fluctuations in a low-energy band, not seeaomparison with a higher-
energy band. The strongest indicators of time-variable SVé¥@ginated from comets but

these have been omitted from the final selected SWCX set. ¥eahit those SWCX
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observations that have been comprehensively investigatie literature yet show no tem-
poral variability in our tests. This set of observations ethwe have used for further study
throughout is hereafter known as the SWCX set and compr@sliservations. The SWCX

set observations are analysed in the following chapters.
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Chapter 5

SWCX set XMM-Newton orbital positions

and relationship with the solar cycle

We discuss the overall characteristics of the SWCX set oatiens with respect to the posi-
tions of XMM-Newtonin orbit about the Earth and consider the influence of ther sylele

on the incidence of detected exospheric-SWCX.

5.1 Orbital positions

In Figure5.1we plot both the total number of observations analysed femthole data set
and the fraction of these observations that belong to the %$\8&2 (the fractional values),
versus the GSE-X position of XMNXewtonat the mid-point of each observation. We can
see from this figure that XMMNewtonis preferentially found on the subsolar side of the
Earth (sunward side of the magnetosheath) when SWCX enimmte occur, although there
are also a non-negligible number of cases anti-sunwardreidre, there is a high enough

neutral density on the anti-sunward side of Earth for chaxgdange to occur along lines-of-
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Figure 5.1: Total number of observations analysed (black) versus Gfesition and the fraction
of observations detected with exospheric SWCX enhancenfesd). Poissonian errors on each frac-
tional value are also shown (red vertical bars).

sight that originate in this region. Comparing the fraciibvalues to a flat distribution based
on the mean value, we calculated a redugédf 9.7 (with 12 degrees of freedom), implying
that the distribution of fractional values observed is hygsignificant. The anti-sunward
bin with the highest fraction of SWCX-set observations @sauhere there are only a small
number (36) of observations analysed (between -11 andg)lL3Raddition, the peak of the
fractional distribution, which occurs in a bin with a largember of observations analysed,
occurs around the nominal magnetopause standoff distanappeaoximately 1&Re. The
XMM- Newtonline-of-sight for these cases traversed the subsolarmegibich is the region
of maximum expected exospheric SWCX emissivity, accordm¢he modelling work of
Robertson et al2006 (and as shown in Chapt8}. As previously described in Secti@5
the viewing of XMM-Newtonis constrained by the fixed solar panels and limits imposed to
avoid directly observing the Sun, Moon and Earth and theroasary is only able to view

the sunward side of the magnetosheath at certain times gttire
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Chapter 5. SWCX set orbital positions 5.2. Relationshifihie solar cycle

5.2 Relationship with the solar cycle

In the upper panel of Figurs.2 we plot the solar sunspot numbdrom the latter half of
Solar Cycle 23, which can be used as a measure of solar gctivsimple six-month split
of the SWCX set observations showed that 64 SWCX cases eccduring period 1 (April
until September inclusive) and 39 occurred during perio@&dgber until March inclusive).
However, a simple six month split does not account for thengban the orbit of XMM-
Newtonas described in Chapt8r We plot a histogram of the number of SWCX cases per half
year, to remove any bias resulting from the seasonal contstian pointing angle experienced
by XMM-Newton Each histogram bin starts at the start of ‘summer’ or the sfdwinter’.
We define the start of summer as the mid-way point between riggqus minimum and
maximum in the GSE-X coordinate of the apogee positionstfat year, to account for the
precession and the change of orbit as experienced by XN&Wtonand described in Section
3.5 The start of winter is defined similarly as the mid-way pdaetween high summer
(maximum in the GSE-X apogee coordinate) and the followimgdrwinter (minimum in the
GSE-X apogee coordinate). These maxima and minima in GS&#Xicle with the transition
from negative to positive GSE-Y coordinate values. The apognd perigee maxima dates
and times are given in Tab1 We only had access to orbit information from June 2000
up until March 2009. For the 1999 perigee value we assumeaithprecession had taken
place and fixed our first bin six months prior to the mid sumnadue of 2010. Similarly for
the 2009 perigee value we have based the interval on therstape between apogee and
perigee for the years 2007 and 2008. Overall, the ‘summeténisplit is 59:44 accounting
for precession. As expected for cases of exospheric SW@Xe thre more cases at times
of high solar activity around solar maximum than when apghgggy solar minimum. We
investigate the relationship between the observed SWCXwugus the solar wind proton

flux in Section6.4 as we consider this a better probe of the state of the solai aiiste

http://www.sidc.be/index.php
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Figure 5.2: Top panel: sunspot number versus time. Bottom panel: treuoed histogram of the
fraction of observations affected by exospheric SWCX isibthinto ‘summer’ and ‘winter’ periods
(blue - summer, black - winter). The total number of all olvaéons for each period is noted above
the bin.

and type of wind experienced in the vicinity of the Earth oraaezby-case basis. Also, for
the cases from 2002 onwards and approaching solar minimuir2009, we see a higher
proportion of SWCX cases in the summer six-month period cmexgb to the winter period
for the same year, although this is barely discernible ferrtiost recent years. This is not

true however for 2009 and this trend should not be oversthiedo the low number of cases

in each hin.

5.3 Sky pointings and the helium focusing cone

As described in Chapt&; the Solar System helium focusing cone is found downstrddheo
Sun’s motion through the Local Interstellar Cloud. In Figl6t3 we plot a trace of Earth’s

orbit in the region of the helium focusing cone and mark thsiuns at which observa-
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Chapter 5. SWCX set orbital positions

5.4. Summary

Table 5.1: XMM- Newtonorbit apogee and perigee GSE-X maxima dates (mid summer dhd m

winter). The GSE-Y coordinate at these times is zero.

Year

Date apogee maximum Date perigee maximum

1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009

2000-07-13T21:37:39
2001-07-13T22:23:21
2002-07-10T01:43:21
2003-07-06T02:33:37
2004-06-27T02:45:49
2005-06-17T03:16:43
2006-06-05T03:50:43
2007-05-18T04:34:48
2008-04-29T05:14:20
2009-04-10T07:00:11

2000-01-11T22:48:00

2000-12-31T09:14:06
2001-12-31T12:44:54
2002-12-31T14:26:15
2003-12-31T14:31:10
2004-12-24T14:48:59
2005-12-12T15:28:35
2006-11-28T16:06:03
2007-11-12T716:36:50
2008-10-20T17:19:49
2009-10-10T17:19:49

tions within the SWCX set occur. We also show the pointingctions of the observations.

Very few observations occurred in the region of the heliuocuBing cone. We discuss these

observations further in Chapt8rSection8.5, but to summarise here we find no evidence to

suggest that temporal variability originating in the halitocusing cone significantly affected

the SWCX set.

5.4 Summary

We have looked at the overall characteristics of the SWCXrs&trms of XMM-Newton

orbital positions. We have shown that SWCX cases prefaigntccur when XMMNewton

has a line-of-sight that intersects the subsolar regioh@Barth’'s magnetosheath and when

solar activity is highest. In the next chapter we will prodspectra for each SWCX case and

investigate the relationship between sample line ratidsomtween the observed flux and the

solar wind at the time of the observations.
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(AU)

X (AU)

Figure 5.3: Plot in the Ecliptic plane showing the pointings directiafsXMM- Newtonfor those
SWCX set observations that occurred near the helium fogusime. The position of Earth for these
cases is shown by the red squares. The helium focusing ceaésanarked by the area of pink dashed
lines (10 in longitude either side of the pointing direction of (73.95.6") in ecliptic longitude and
latitude projected onto this plane. Only those pointingecliions that intersect the helium focusing
cone are plotted, given by the dashed lines (black, or bluthtocases when XMMNewtonis found
inside the helium focusing cone).
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Chapter 6

Spectral analysis of the SWCX set

We continue our study by analysing the spectral signaturdeedSWCX cases. We examine
the implied fluxes of a standard model applied to each casdirté ratios between pairs of

specific ion species and present a combined exospheric-S¥g€etrum.

6.1 Spectral extraction

XMM- NewtonSAS software (version 9.0.0) was used to produce spectodupts and in-
strument response files for all observations of the SWCXBe¢. SAS accesses instrument
calibration data in so-called current calibration files @&fwhich are generally updated sep-
arately from SAS release versions. In this work we used tH8ip@€CFs released as of

February 2010.

For each exospheric-SWCX case we extracted spectra foRl&HOS cameras for the sus-
pected SWCX-affected period and for the suspected SWCXgegiod from the event files

that had previously been cleaned for high soft-proton cuoitation, as described in Chap-
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Chapter 6. Spectral analysis of the SWCX set 6.1. Specttedaion

ter4. The SWCX-affected period was when the enhancement inrtkebland lightcurve was
judged (however not by a formal mathematical argument) t@ lweccurred. The enhance-
ment could have occurred at the beginning, middle or endebtiservation. One case had
two periods that contributed to the SWCX-affected spectraiken from both the beginning
period and latter period of the observation. The remainimg tperiods in the observation
made up the SWCX-free period. We used events from a circuiaetion region, cen-
tred on detector coordinate positiorse(f X, DETY = -50, -180), with an extraction radius
of 16000 detector units or 13.3arcminutes. We also apphedlag and pattern selection
expression '#¥MMEA _EM&& PATTERN<=12&&FLAG==0". This pattern selection selects
events within the whole valid X-ray pattern library for th@IE-MOS and the flag selection
removes events from or adjacent to noisy pixels and knowghbgolumns. We produced
instrumental spectral response files for each period. T$teument effective area files were
calculated assuming the source flux is extended, filling &#id 6f view and with no intrinsic

spatial structure.

We knew from the work ofCarter et al(2010 (the subject of Chapter) that exospheric
SWCX can occur throughout the entirety of an observatidhpalgh the line-band lightcurve
may show an enhanced and a steady-state period. We usedettteasipom the apparent
SWCX-affected period as the source spectra and that frorapgharent SWCX-free period
as the background. This background-subtracted spectraradfter referred to as the resul-
tant spectrum) therefore provides a lower limit to the SW@Xancement that has occurred
during an observation. Providing the particle-inducedigacund is reasonably constant over
the duration of the observation (at masit0%, De Luca & Molendi 2004 this background
component will be eliminated. An inspection of the resultgpectra was made for energies
above 2.5keV, to check for the presence of significant vigisgsidual soft-proton contam-
ination. Each SWCX-case showed a count rate statisticaligistent with zero above this

energy.
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Chapter 6. Spectral analysis of the SWCX set 6.2. Spectrdeimo

Table 6.1: Principal ion species emission lines used in the spectraemplus any minor transitions
emission line energies used.

lon Energy (keV) Minor energies (keV)

Cv 0.299 0.304, 0.308, 0.354, 0.379

Cvi 0.367 0.436, 0.459, 0.471

N VI 0.420 0.426, 0.431, 0.523

Nvii 0.500 0.593, 0.625, 0.640, 0.650

Ovi  0.561 0.569, 0.574,0.713, 0.666, 0.698, 0.723
Ovi  0.653 0.775,0.817,0.837, 0.849

Nex  1.022

Mg xi1 1.330

Sixiv  2.000

6.2 Spectral model

We modelled the resultant spectrum for each SWCX case witdialard model of emission
lines (with no absorption along the line-of-sight). The &p& from MOS1 and MOS2 were
fitted simultaneously, although a global normalisationapaeter for the MOS2 spectrum
relative to the MOS1 was allowed to vary. The relative linesgjths for a particular ion
species below 1 keV, for examplevd (which involves seven separate transitions including
the OviIi triplet), were set using the velocity dependent crossksesbf compiled theoretical
charge exchange collisions between highly charged ionsatordic hydrogen, as found in
Bodewits et al(2007). We assumed a solar wind speed of 400 kifer these cross-sections.
We also added emission lines from Kat 1.022 keV, MxI at 1.330 keV and Stlv at 2 keV.
There may be emission from other ion species present in thetrsp such as from highly
charged iron or aluminium (as seenQarter et al(2010 and described in Chapt&j, but
we wished to simplify the model applied to a general case aaddminant SWCX emission
lines are found below 1 keV. We fixed the relative normalmadiof the minor transitions to
that of the principal transition for each ion species. Thagipal, dominant transition in the
case of the helium-like @, N vi and Ov1i is the forbidden line transition. The principal ion

and minor transitions used in this modelling are listed inlé&.1
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Chapter 6. Spectral analysis of the SWCX set 6.3. Whole bamd fl

6.3 Whole band flux

We used Version 12.5.0 of the XSPEC X-ray spectral fittingkpge to perform this anal-
ysis. We fitted the model to each resultant spectrum by maiigithe x? statistic. We
calculated the modelled flux and 1-sigma errors on the fluwéen 0.25 and 2.5keV for
each EPIC-MOS instruments. The keyword giving the areaectdt in the spectral extrac-
tion (BACKSCAL) was converted into units of steradians and used to converindividual
flux values to units of keVcm?s 1sr 1. Fluxes presented here onwards are for a combined
error-weighted average EPIC-MOS flux. The error on the flus welculated from the in-
dividual flux errors, combined in quadrature. A histogranthd total spectrally fitted flux
for each of the SWCX set can be seen in Figérg The minimum flux we observed for
a SWCX case was 2.2keVcris tsr ! (observation id. 0112490301) and the maximum
50.1 keVcm?s 1sr1 (observation id. 008515030Carter et al. 2010 The mean value of
15.4keVcm?s tsr1isreasonably close to the value§.8 keV cm2s 1sr-1) under nom-
inal solar wind conditions dRobertson & Craven@003h, given that the SWCX set sample

contains results from many different input solar wind coiedis and viewing orientations.

6.4 Line flux ratios

The relative strengths of the component lines to the SWCXtsaplemodel varied consid-
erably within the SWCX set. Individual line fluxes were cdétad by finding the best fit
model using all lines, as described above, then setting dittee normalisations to zero in
XSPEC. The flux for the individual ion species contributioasiccalculated in the range 0.25

to 2.5keV.

High O’* to 0% and magnesium to oxygen ion ratios are used as indicatohe @resence
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Figure 6.1: Histogram of total spectrally fitted flux between 0.25 andke¥ for the SWCX set
resultant spectra.

of CME plasma Zhao et al. 2009 Richardson & Cane2004 Zurbuchen & Richardsgn
2006. O Vi line emission, resulting from an incoming solar wind'Gon gaining an elec-
tron through charge exchange to beconfe” Qs the dominant component to the SWCX
emission in the majority of cases. In Figle2 we plot the ratio of the fluxes of the lines
Mg x1/O vl versus Oviii /O vii (using all those oxygen transitions available to us within o
X-ray spectral band). To look for plasma signatures withtilgghest charge states we only
plot those cases where the normalisation of the numeratthreimatio is well constrained.
Three observations are constrained to have both a ratio ofilk@vii > 0.6 and OviiI /O VviI

> 1.0. One of these (with identifier 0085150301) was an observavith emission assigned
to a passing CME and described@arter et al(2010 and Chaptei7. These observations
are listed in Tablé.2 and are therefore possible candidates when XM&wtonmay have
observed CME plasma. We quote the lower limit to the ratidvendase where the @i flux

is badly constrained, i.e. very weak. In this table we alsotethe mean value of the’®

to O°* ratio during the period of the observation, using valuestakom the ACE SWICS

instrument Gloeckler et al.1998. This data was only available in two of the cases in the
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Figure 6.2: Plot of the flux ratios of Mg«1/O viiI versus Ovii1 /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 timdtstithe solar wind data

to account for the travel time to Earth, based on the meardspiethie solar protons during
the XMM-Newtonobservation and assuming a planar wavefront travellingherSun-Earth
axis. Expected © /0% ratios for the slow and fast solar wind are 0.27 and 0.03 ity
(Schwadron & Craven2000. Both of the observations with ACE SWICS data surpass both
the nominal slow and fast values by a considerable margimandd suggest that ACE de-
tected a CME plasma. Although the identification of CME plaggenerally involves many
more criteria to be satisfied, XMNilewtoncould provide supplementary spectral evidence
to studies employing in-situ dedicated solar wind monitorthe field of solar system space

science.

Using the dominant transition energy for each set of line$ tdontribute to the @1 and
O vin flux values, we note a mean\ flux of 6.1 LU and a mean @111 flux of 4.0 LU.

These values are comparable to those presented in thédreraview of Chaptes.
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6.4. Line flupsat

Table 6.2: SWCX set observations exhibiting the highest k¢O vii and Oviii /O v flux ratios, or
the lower limit (95% confidence) to this ratio whemv@ is badly constrained. We also note the ACE
SWICS mean value of the© to O ion ratio when available, with the standard deviation of thi

ratio given as the error.

X-ray flux (keV cm? s srt)

Figure 6.3: Observed flux versus mean solar wind proton flux. The red diditte indicates a linear

Revn Obsn Mxi/  Ovii/ Mean
oIl Ol O’*/0%*
0342 0085150301 2451.9 8.3:6.4 0.58:0.54
0494 0109120101>0.60 >2.26  1.53:0.83
0747 0200730401>1.09 >2.49
| I I I I | I | I il
0 50 100

Solar wind proton flux (cm? s™'x 10)

fit (minimising the x? statistic) to the data.
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Chapter 6. Spectral analysis of the SWCX set 6.4. Line flunsat

To test if any relationship exists between the flux of the SWiG&s and increased solar wind
flux, we plot in Figure6.3 the observed flux versus the difference in the mean solar wind
proton flux (as measured by ACE when data was available) leetivee SWCX-affected and
SWCX-free periods. We have again time-shifted the ACE datactount for the distance
between L1 and the Earth. Although there is considerabldescamongst these values,
there is a positive correlation between line flux and solardaproton flux. We include the
linear fit, calculated by minimising thg? statistic, in the plot. This linear fit was added
primarily to aid the eye however, the fit has a correlationffoment of 0.35 but with a very
low probability (~2%) of obtaining a test statistic at least as extreme as thsdroed here,
reflecting the amount of scatter seen in the data. There a@@8f 95 cases (the total
number of cases when ACE data was available), that exhiipeitive resultant mean solar
wind proton flux. Under the null hypothesis that the resultaran solar wind proton flux
is equally likely to be negative or positive, the probakilif the observed outcome is only
~ 7.3x 10°8. Therefore, an elevated solar wind proton flux, for our SW@¥X & a good
indicator of the presence of a SWCX-enhancement, if not ¢wellof this enhancement.
This is in contrast with the results éfenley & Shelton(2010, whose SWCX cases were
considered to be due to SWCX occurring within the heliosplaerd therefore no correlation
would be expected between an upstream solar wind monitoaapdEWCX enhancement.
Examples of proton lightcurves are given in Figérd. Heliospheric SWCX is expected to
vary on longer timescales than exospheric SWCX and thexefdl be harder to identify by
the technique described in this work. However, at certaires of the year XMNMNewton
may have a line-of-sight that passes through the heliunsiagucone, that could potentially
produce a variable signal in the line-band that may be dadézby this technique (variations
over a few hoursKoutroumpa et a).2007). We discuss this possibility further in Secti8rb.
We assume hereafter that the flux variations seen within @(C% set are due to local X-ray

emission in the vicinity of the Earth.
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Chapter 6. Spectral analysis of the SWCX set 6.5. Exampksa@isSWCX enhancement

Table 6.3: Most prominent ion line fluxes for example cases. Fluxes aretegl in units of
keVem 2s-1sr-1. Upper limits (95% confidence) are given for very weak lines.

Revn Obsn a1 N VI Ovil Oviil

0623 0150610101 4.861.10 2.19:1.48 7.73:0.37 2.42£0.61
0339 0054540501 5.810.85 <3.50 11.73:0.27 4.74:0.41
0422 0113050401 9.0%.41 <2.80 11.66:0.27 4.36:0.46

6.5 Example cases of SWCX enhancement

In this section we comment on three of the exospheric casesTable4.1 Individual fluxes
for a selection of prominent lines are given for each in T&8e Lightcurves for each, over-
plotted with the solar proton flux as recorded by ACE, are mjiveFigure6.4. The solar
proton lightcurves have been adjusted for the distancedstWCE and the Earth as before.
We also plot a resultant spectrum for each observation bybaung data from both EPIC-
MOS cameras and over-plot the best fit model to the data asopsdy found for each case

and as described in SectiériL

e observation 0150610101 (revolution 0623), see Figuddtop)

The line-band lightcurve shows a period of enhanced couatatathe beginning of
the observation. The ACE solar proton flux is raised at thenmégg of the lightcurve
and reduces as the lightcurve progresses. The resultasitpeexhibits emission at
Ovii, Ovii, along with evidence of carbon emission below 0.5 keV. Thedlserved

between 0.25 and 2.5keV was 20.6 keVes 1srl:

e observation 0054540501 (revolution 0339), see Figu4émiddle)

The line-band lightcurve shows an enhancement during titer l[part of the obser-
vation, which is also observed in the ACE solar proton flux.e Fasultant spectrum
exhibits emission in the oxygen band, along with evidenceanbon emission below

0.5keV. The flux observed between 0.25 and 2.5 keV was 41.8ke¥s 1sr1;
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Chapter 6. Spectral analysis of the SWCX set 6.6. Stackexdrspe

e observation 0113050401 (revolution 0422), see Figudébottom)

The line-band lightcurve shows a period of enhanced cot@tatehe beginning of the
observation. A short enhancement period is seen in the AGE gmton flux and the
overall magnitude of this flux is much higher than the othew tases in this section.

The flux observed between 0.25 and 2.5 keV was 25.9 keVfemtsr 1,

6.6 Stacked spectra

We combined the SWCX spectra (SWCX-enhanced period) tegétin each EPIC-MOS
instrument to produce one average time-variable SWCX gpador MOS1 and MOS2. We
also combined the associated background spectra (SW@&*p&rod), ancillary and detec-
tor response filesaff andrmf files) for each MOS instrument. The resultant background-
subtracted spectra are shown in Fig6re. We fit a model for the SWCX emission in the
energy range 0.25 to 2.5keV, as in Sect®A allowing a global normalisation for MOS2
relative to MOSL1 to vary, the result of which is also shown be plot. The residuals at
~1.48 keV may be due to variations in the particle-induceanahium fluorescence back-
ground line or to real charge-exchange emission from alwminThere are also clear resid-
uals at~0.9 keV which may be due to either kex or Neix or a blend of these lines. These
additional lines were not included in the general model ig@dpto the whole SWCX set. On
adding a line at 0.91 keV (Nix) we see an increase in the model flux of 1.3% in the band
0.25 to 2.5keV, so reason that the addition of this line tosfamdard model would have a

minimal effect on the overall observed flux values quotedhis $ection.

We used the XSPE&tepparcommand to calculate confidence intervals on the normadissait
of the Ovil and Oviil major transitions (to which the other minor transitionsdach species

are tied). A contour plot with contours drawn at 68%, 90% a@%onfidence intervals is
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Figure 6.4: Example cases of SWCX enhancement, for observations véttdéntifiers 0150610101
(top tow), 0054540501 (middle row) and 0113050401 (bottom)r Each left-hand panel shows
the line-band (black) and continuum band (red) non meansg&lj lightcurves along with the solar
proton flux (blue, right-hand y-axis). The split between 8WCX-free and SWCX-affected period is
indicated by the dot-dashed vertical line. In the rightdhpanels we show the combined EPIC-MOS
resultant spectrum and the model fitted to the data for easah (salid line).
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Figure 6.5: Stacked SWCX set spectra in the energy range 0.25 to 2.5 ke\sfectrum for MOS1 is
shown by the black crosses, the spectrum for MOS2 is showhéebged crosses) and the model fitted
to the data (continuous black line).
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Figure 6.6: Contour plot between the @11 and Oviii normalisations (major transitions) for the
stacked SWCX spectra (common to both MOS1 and MOS2).

shown in Figure6.6. The Ovil line has a flux of 7.6:0.3 LU, more than double that of
the Ovii, line which has a flux of 3.@:0.1 LU. It should be noted that the ratio between
the Ovill and Ovil normalisations for any given observation does not acclyragpresent
the abundance ratio of & to O’* found in the solar wind. & may charge exchange
to produce @ and then subsequently charge exchange agairfto @his may occur to

different extents along the line-of-sight of the observer.

We looked in more detailed at the\® helium-like triplet. We untied the normalisations of
the intercombination (x, y, at 568.6 eV) and resonance ljnest 574.0 eV) from that of the
forbidden line (z, at 561.1 eV) and fixed the energies. We theiit the spectrum in the en-

ergy range 0.5 to 0.8 keV. We used gtepparcommand to calculate confidence intervals on
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the forbidden line normalisation and that of the resonaimee A contour plot with contours
drawn at 68%, 90% and 99% confidence intervals is shown inr€@u (upper panel). We
also show a similar plot for the forbidden line normalisati@rsus the intercombination line
in Figure6.7 (lower panel). The expected ratio between the resonancéogbidden line
normalisations has not be given in the literature. Theahinergy level of the resonance
line can be populated by many different branching paths faagher order transitions which
severely complicates any attempt to calculate this ratiowéVer, the expected ratio of the
forbidden to intercombination lines, assuming an init@pplation of the triplet staté and
theoretical transition rates as described in Sec3idnis 0.7:0.3. We over-plot the line rep-
resenting the ratio on this second plot, given the norm@adisdound for the forbidden line.
The forbidden line, within the uncertainties in the caltiwa, is stronger than the resonance

and intercombination lines, as expected for a spectrunitiegdrom charge exchange.

6.7 Summary

After applying a standard model to spectra from each observaf the SWCX set, we see
a wide range in the value of the total flux and considerablatian in the strengths of indi-
vidual emission lines. Increases in the solar proton fluxnaasured upstream of the Earth
by dedicated solar wind monitors, is a reasonable indidatirincreased SWCX X-ray flux
can be expected. Ratios between certain lines may be uskftilcamal information for solar
wind studies for classifying incoming plasma types. Fomepke, the identification of cer-
tain ion species within a SWCX spectrum may indicate that &Cids passed in the vicinity
of the Earth. A spectrum constructed from a combination ofC3{Aéet spectra requires
the forbidden-line transition of @11 to be the most prominent emission line of thev®
hydrogen-like triplet, as expected from theoretical mbidgland laboratory experiments of

charge exchange cross-sections.
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Figure 6.7: Upper panel. contour plot between the/® resonance line and forbidden line normalisa-
tions. Lower panel: contour plot between the intercomlimaline and forbidden line normalisations.
The theoretical ratio between the forbidden and intercoatinn lines is plotted with the dashed line.
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Chapter ;

A study of a Coronal Mass Ejection as seen

by XMM-Newton

The SWCX case described in this chapter was first identified particularly noteworthy
observation during the systematic search for SWCX emissnalertaken in Paper | and de-
scribed in Chapted. This SWCX case proved to be the most spectrally rich example
SWCX found within the initial Paper | sample and also the nepsctrally rich example
within the whole dataset, and its possible association aithown CME warranted a more
detailed study. This work was presented in the pdpater et al(2010, in collaboration
with two co-authors. This SWCX case occurred on th& @flOctober 2001, recorded dur-
ing an XMM-Newtonobservation of target 1Lynx.3&E (right ascension 08h 49m 06s and
declination +4451’24”). This is a field that contains no bright point or exded source
emission. The Galactic column in the direction of this fiedddw (2.79x 10?°cm~2). For-
tuitously there were two additional observations of the séanget field taken around 6 days
and 15 hours respectively previous to the SWCX event. Thegs@bservations had substan-
tially overlapping fields of view; the pointing direction$ these observations being offset

by 1.4 and 2.9 arcminutes respectively which is small coexgbaéo the circular 30 arcmin-
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utes field of view of XMMNewton The analysis of these three observations is described in
this chapter, including analysis of data from the EPIC-pme&. For this particular case it
was decided to extend the analysis to the pn for detailedrgpp@nalysis and given that all

instrumental exposures were taken using the full-frameemod

We present the analysis of this SWCX case and reason thantiseial X-ray signatures seen
are due to a Coronal Mass Ejection (CME) that was recorded®®rolOctober 2001 by the
Solar and Heliospheric Observatory (SOHOp(ingo et al. 1995 and which subsequently
passed by the Earth. CMEs involve an ejection of high deqdagma with characteristics
different to that of the ambient solar wind; for example wrall/ high Fe charge states or
enhanced alpha particle to proton ratidsiouchen & Richardsqr200§. CMEs may pass
by the Earth, depending on their location of origin in theas@orona and passage through
interplanetary space. The absolute frequency of CMEs ase®around solar maximum, al-
though at solar minimum, CMEs occur approximately weeklige Bvent under analysis in
this section occurred close to solar maximum in 2001. We dd#ianal data from both ACE
and theWind spacecraft to support our argument. We also analyse XINeMAonobserva-
tions before and after our case observation and the ne@hestdraobservation in time to

this period.

7.1 Target pointings

The observations and their start and stop times for the ERRUments are detailed in Table
7.1 The identifiers for these observations are 00851501015 TH#&01 and 0085150301.
Henceforth they are referred to as Obs101, Obs201 and OHBOEWCX event) respec-

tively. Breaks during a single observation, noted usingpuarexposure identifiers, are due to
the instruments being switched to a safe, non-observatmode as a result of the extremely

high radiation environment that the satellite encountelgthg this period. No other XMM-
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Table 7.1: XMM- Newtonobservations from October 2001, towards Right AscensiahReclina-
tion (08h 49m 06s, +4451' 24"). We state the orbital revolution number (one orbies 48 hours),
instrument and exposure identifiers as explained in the T start and stop times are given in the
XMM- Newtontime system (number of seconds since the start of 1999). bSkkvations were taken
with the medium filter and in full-frame mode.

Obs id. Rev Inst ExplD Start Stop
(x10%s) (x1(Bs)
0085150101 0339 MOS1 S002 1.195187 1.195674
MOS2 S003 1.195185 1.195674
pn S001 1.195211 1.195671
0085150201 0342 MOS1 S002 1.200241 1.200703
U002 1.200739 1.200743
MOS2 S003 1.200241 1.200704
U002 1.200742 1.200743
pn S001 1.200265 1.200746
0085150301 0342 MOS1 S002 1.200781 1.200800
U002 1.200837 1.200838
U003 1.200865 1.201288
MOS2 S003 1.200781 1.200801
U002 1.200837 1.200839
U003 1.200865 1.201288
pn S001 1.200805 1.201286

Newtonobservation was performed between Obs201 and Obs301.

All three observations underwent the lightcurve analysiscdbed in Chapte4. Obs101
and Obs201 showed no evidence for a variable SWCX compoadhetobserved diffuse
emission. This case of Obs301 exhibited the highest valp(§ dtiring the search through the
XMM- Newtonarchive, excluding two observations of comets and as pteden Table4.1
The diagnostic plots that were used to identify this casslaogvn in FigureZ.1 In this figure
we show the steps applied to the lightcurves (as describEtapted). The upper-left panel
shows the original line-band and continuum lightcurvese €kposure coverage of each bin
is shown in the upper-right panel. The lightcurves adjustgdheir respective means are
shown bottom-left and the scatter plot with the result oflthear fitting routine (red line) is

given bottom-right.
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Figure 7.1: Diagnostic plots used to identify the archival case with hﬁ@ﬁestxﬁ value. For the
lightcurve plots, the line-band is plotted in black and tlmmtchuum in red. Top left: example
lightcurves showing a peak in the line-band that is not regdn the continuum. Top right: ex-
posure coverage for each bin, the threshold at 60% is markedebred dashed line. Bottom left:
lightcurves after the adjustments for exposure correcéind scaling by the mean. Bottom right:
scatter plot between the adjusted lightcurves.
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In addition, we searched f@handra(Weisskopf et al.2000 observations within th€han-
dra archivé during the period of the Obs301 event, but unfortunatelyetheas no si-
multaneous coverage. The closest observation, (nu@®B&s instrument ACIS-I, target
1RXSJ161411.3-630657), began towards the end of Obs2@lydsustopped well before
the start of Obs301 due to the high radiation environmerd algperienced byChandra
at the time. The next observation taken Giandradid not occur until the 28 Octo-
ber, after Obs301 had been completed. The XMEWwtonobservation immediately af-
ter Obs301 was very heavily radiation contaminated ancemety short so was excluded
from further analysis. This was followed by several obsgoves in a closed calibration
mode CALCLOSED). The observation after theseaLCLOSED observations (observation
0083000101, target B30731+438) was also in full-frame nfodeach of the EPIC instru-

ments.

In Figure 7.2 we plot an illustration of the X-ray activity as seen by thedxservations.
We have plotted the ratio of the diffuse “oxygen” line-bafd5(to 0.7 keV) count rate to
continuum band (2.5 to 5.0 keV) count rate, normalised byntiean of this ratio for each
observation. All XMM-Newtondata have been filtered as described in Chagtdfor the
Chandraobservation we downloaded the ACL®vel 2event file and extracted the counts
from a large region (radius 0.06 degrees) centred on chify 3a$pection th&Chandratarget

is an extended and presumably non-variable source. The XWMtonObs301 observation
is the only observation around this period with evidencafeariable diffuse signal in the low

energy line-band that is not correlated with variationdmhigher energy band (continuum).

Using the same time axis we also show the solar proton fluxe@sded by ACE at the sun-
ward L1 Lagrangian point, approximately 200 earth radiRom the Earth. The data are
Level 2 64 second-averaged products from the SWEPAM instnifnom the ACE archive

One can see a dramatic rise in the solar proton level betwés2@ and Obs301. It has

Lhttp://cxc.harvard.edu/cda/
2http://www.srl.caltech.edu/ACE/ASC/
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Figure 7.2: Upper panel: The ratio of the (0.5 to 0.7 keV, oxygen emigsime-band and (2.5 to
5.0 keV) continuum lightcurves, scaled to the mean of this far each observation, for observations
Obs101, Obs201, and Obs301 along with the next XIMxtonimaging mode observation that was
sufficiently long (-4 ks) to be processed (observation id. 0083000101). The s&tinescaling is used
for the Chandradata, shown in red. Lower panel: The solar wind proton fluketafrom the ACE
SWEPAM instrument.
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been shown byVang et al.(2005 (and later discussed in Secti@ng) that the rise in ac-
tivity recorded by ACE at this epoch was due to th&Xctober 2001 CME. A rise in the

XMM- Newtonratio is seen shortly afterwards.

In the following analysis we concentrate our X-ray analgsighe two XMM-Newtonobser-
vations, Obs101 and Obs301. Obs101 (the longer of the twaqu® observations) is useful
because it allows us to unambiguously determine the naablardiffuse X-ray background

in the direction of Obs301.

7.2 Extraction of spectral products

XMM- NewtonSAS software (version 8.0.0) was used to process the rawrdatealibrated
event lists and extract lightcurves, spectral productsiastlument response files. The in-
strument effective area files were calculated assumingdhbecs flux is extended with no
intrinsic spatial structure. For this analysis we used déibesit public CCFs released as of July

20009.

When creating products from the calibrated event files wéieghhe following filter expres-
sions in the nomenclature of the SAPA{TERN<=12)&&(#XMMEA _EM) for the MOS
and PATTERN==0)&&(FLAG==0) for the pn. The specifieBATTERN filter selects events
within the whole X-ray pattern library for the MOS and moniagds only for the pn; as our
focus is on detecting line emission below 2 keV, this resticoptimises the energy resolu-
tion of the pn with little loss of sensitivity in the energynge of interest. For these event
class selections, the energy resolution of the pn ¥ eV (FWHM) at 1 keV compared with
~ 60eV in the MOS. The filter ¥#MMEA _EM removes events from the MOS that are from
regions of known bright pixels or columns or near CCD bouigdafwhich tend to be noisy).

The equivalent flag for the pnx#MEA _EP, did not remove some residual noisy pixels, but
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these were removed when we used the more conservative==0. This flag also masks out

events from regions adjacent to noisy pixels.

In addition we selected only events within a radius of 11cfanutes, centred on a common
sky position such that the extraction region of all three esas was covered by active silicon,

barring inter-CCD gaps.

7.3 Spectral modelling

A spectral analysis of the SWCX emission component in Obs@giires us to identify
and account for each of the sources of X-rays that contritnutee combined signal across
the field of view. A detailed description of the various magomponents which constitute
the XMM-NewtonEPIC background was given in ChaptrIn the following sections we
describe how each of these components, plus the contnibfrben resolved point sources,
is either subtracted from our data, or modelled within owcsgal fitting. Both Obs101 and
Obs301 are considered in this section. We used VersionQl@tshe XSPEC X-ray spectral

fitting package to perform this analysis.

7.3.1 Residual resolved sources

Using the source count rates within the source lists, wenedé that the total residual re-
solved source count rate (0.2 to 2.0 keV) in the pn after ahegawould be around 0.04 ct'$

in Obs101. The background-subtracted count rate in the saewgy band after source re-
moval was 0.75 cts!, hence, residual sources contribute approximately 5%eobbiserved
diffuse flux in this observation. In Obs301 the diffuse fluunbrate is 1.8 ctst and the

residual contribution from resolved point sources is auath2%. Figurer.3 shows the
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cleaned images from each camera from Obs301, with the positf the point sources and
spectral extraction region marked, in the energy ranged2BakeV. There are 62 sources

which overlap the source extraction region.

Figure 7.3: Images from each of the EPIC cameras for Obs301 (left to)igh®S1, MOS2 and pn,
in the energy range 0.3 to 2.0 keV. The small black circlescatd the point sources removed from
analysis, and the large black circle indicates the spatiahetion region used for spectral analysis.

7.3.2 Soft protons

As described in SectioR.1.], solar protons may be accelerated by reconnection events in
the vicinity of the Earth llumb et al, 2002. They are funnelled by the telescope mirrors
onto the detectors where they are absorbed; the signalsigegddy individual events are
indistinguishable from X-rays. Figuré.4 shows the Obs301 2.5 to 8.5keV lightcurves of
the three EPIC cameras (after point-source removal) bitmé&®0 s intervals. The dataset

is extremely contaminated by soft proton flares and shows giaps in the MOS when the
instrument was switched to a safe mode. The pn instrumees takger to set up for a given

observation therefore the pn lightcurve starts about 4Qtagafter the MOS.

Data cleaning schemes for flares include excluding bins @loosint rate in a high energy
band exceeds a set threshold or excluding bins which are tharea set value of sigma
from the mean value of the lightcurve. The latter method & #mployed by the publicly

available ESAS package, as describe®nowden et al(2008 and used in Chaptet. At
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Figure 7.4: The 2.5 to 8.5keV EPIC lightcurves of the diffuse signal fr@hs301, incorporating
all exposures. The variance in the signal is due to soft protmtamination. Bins marked in red
indicate where data have been excluded from further asalgins marked in black are the cleanest
data used for spectral fitting of the integrated spectras Birblue are used in addition for analysis of
the lightcurve.
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the time of processing the data the ESAS package was onlgtlgisgpplicable to the MOS
data, however, we used the package to derive Good Time &it@w 1) files for MOS1 and
MOS2 and then merged them into a single file which proved touffecently accurate in

identifying periods of proton flaring in the pn data.

The data bins accepted by the single GTI file are shown in Eigudrin black. We have used
this data selection for the integrated spectra as deschib8dction7.3.6 We also included
the data for the period marked in blue in our analysis of theC3Wightcurve because we

wished to try and establish the start of the period of SWCXaackment.

Soft protons can have a low temporal variance which is ofifficdt to detect via an analysis
of the lightcurve, although in this case it can be seen tleatthppears to be a slowly varying
signal in the residual GTI periods. This was confirmed asddire to soft protons via our

spectral analysis.

These soft-proton events produce a featurgbeseer lawspectrum unmodified by the detec-
tor response. There is generally a correlation betweertrgpbardness and intensity and the
spectral slope can show a break with a steepening at higkegiea. The component can be
modelled within a typical XSPEC analysis session by foldinqgpwer law (or broken power
law) through a diagonal response matrix (i.e. one congtduct have a response value of 1.0
on the diagonal elements and zero elsewhere). XSPEC Vet&idras the functionality to
enable several model spectra to be convolved with distesganses and then added together
into a combined model which can be compared with the datas ddmbined model refers
to the model of the diffuse X-ray emission, which incorpesavarious background compo-
nents convolved with the instrument response and the sofbpmodel convolved with the

diagonal response.
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7.3.3 Cosmic-ray particle background (CPB)

High energy cosmic rays produce background either direatlyin the CCDs or via fluores-
cence within the spacecraft material surrounding the tiete¢see Sectiod.1.2. The CPB
contribution to a given observation can best be estimatetkbying the spectrum from EPIC
data taken when the instruments are in the FWC configuratiernhe filter wheel is closed
and not open to the sky). In this configuration the observgdasiconsists of the CPB plus
detector noise (see Secti@rB.4. The XMM-NewtonBGWG maintain co-added event files
of FWC data (total exposures of around 700 ksec in each MOS3@8dsec in the pn) on

their public web site (as described in Cha®gr

The intensity of the fluorescence lines resulting from th&@Rries across the field of view
of each instrument, therefore, it is necessary to extra&csgectra from the identical regions
to those that define the source spectrum. The spectra edrécm the FWC data sets

constituted the background files in our XSPEC fits.

It is not unusual for the derived CPB spectrum to require semall amount of re-scaling
for a given observation. This can be done by comparing thergbd high energy count
rate in the source and CPB spectra above an energy whererttidoation from components
other than the CPB in the source spectrum is expected to bigibégy Naturally, the source
dataset must be clean of soft proton contamination befoiraale scaling of the CPB can be
made. As this was the case in Obs101 and as our model of thuseli¥-ray sky predicted
a relatively negligible contribution to the observed cotate in the energy range 7.75 to
12.0keV, we used this band in all three EPIC instruments twvelecaling factors for the
CPB of 1.26, 1.11 and 1.08 respectively in the pn, MOS1 and MQ@8. the observed FWC
CPB count rate was greater by these factors than observed soarce observation). Such

factors are not uncommoDé Luca & Molendj 2004).
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Because our SWCX dominated observation, Obs301, was cordted by residual soft pro-
tons throughout the observation and therefore had a strmmtgiloution from this component
at high energies, we were unable to apply the same proceddoz ®bs101 to subtract the
CPB. We assumed therefore that the scaling factors for tliedefived from Obs101 would
be appropriate for this observation; a reasonable assamgitven that the observations are

only 6 days apart.

7.3.4 Detector noise

Detector noise is one low-energy component of the signddivEWC datasets (see Section
7.3.3and ChapteR) and it is fairly straightforward to subtract from the totagnal. This
component is approximately of constant count rate throughaiven observation. Certain
defective areas are recognised by the SAS and events frasr tkgions are flagged (see
Section7.2), enabling them to be excluded or included depending oneeirements of the

analysis.

There are other components, however, that are not so aneetoedalibtraction via event flag-
ging. CCD5 of the MOS1 detector showed an elevated backgraaross the whole chip
characterised by a continuum of spurious events with eegingp to~ 1 keV. This CCD was
in the anomalous state, as described in Se@i@r8 Our solution was simply to remove this
CCD from our analysis. This type of noise signal is varialbtf observation to observa-
tion and other CCDs can also show a similar behaviour withirde- 20% of observations
affected at some leveK{intz & Snowden2008 and described in Chapt@y. The physical

cause of the noise is unknown at present.
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7.3.5 Sky background model

Obs101 allowed us to independently derive the contribufiiom the diffuse Galactic and
extragalactic emission components in the direction of ObhsJI he target area has a galactic
longitude and latitude of (17640°) so is well away from the plane of the Galaxy and Galactic
centre. Having removed the resolved point sources and flaamed the data (as described
in Chapterd), Obs101 appeared by inspection to contain no evidencedoifisant residual
soft protons or a time varying SWCX component. We therefesumed that the resultant
diffuse emission comes from non-varying sources and tleegplectrum and intensity of this

component could be fixed and applied to observation Obs301.

Following previous authors (e.gGaleazzi et al. 20Q7Ave have modelled the Obs101 dif-
fuse photon emission with a three-component descriptitwe. first component is a constant
un-absorbed plasma representing emission from the LocaBHbble and a possible con-
tribution from SWCX emission at the boundary of the helicsghfRobertson & Cravens
2003a Koutroumpa et a).2007). Any contribution from the heliospheric SWCX we assume
to be essentially constant over the 6 days between the @igers. The second component
is an absorbed plasma representing emission from the @&aledb. We used the APEC
(Smith et al, 2001) model within XSPEC to model the plasma components althabgh
commonly used alternative Raymond-Smith and Mekal modale @ statistically similar
result in the former and marginally worse in the latter, sabl&7.2 The third component,
also absorbed by the same line-of-sight material, is a ptaverepresenting the unresolved
extragalactic X-ray background from point sources. Forahsorption, we have used the
phabsmodel within XSPEC. The element abundances in the absoratid emission models
used were those set by tiaelm table Wilms et al, 2000 and the cross-sections based on
Balucinska-Church & McCammof1992 andYan et al.(1998. The value of \; was fixed

at the Galactic line-of-sight value of 2.%a1.0?° cm~2 and derived using the nH tool available
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Table 7.2: Plasma emission models tried as components to the modeédgpl Obs101, with the
associated reducegf values of the fit.

Model Reduced? / Degrees of Freedom

APEC 1.11/1775

Mekal 1.49/1769
Raymond-Smith 1.16/1772

from the HEASARC web sité.

We firstindependently fit the model to each of the CPB backaplesaubtracted Obs101 spec-
tra from the pn, MOS1 and MOS2. However, after several arslierations we found that
we could achieve an acceptable fit to the data by jointly Gttime model to all three EPIC
instruments allowing only the global normalisation of thiee model to vary between the
cameras. Tabl@.3lists the derived model parameters and component fluxestlbtes from
each camera are consistent with each other at the 90% cociderel, although the MOS

returns values- 20% lower than the pn.

Figure7.5shows the data compared to the best-fit model in each of the tameras. When
fitting the data we excluded the energy range 1.35 to 1.9 keMiuse, as can been seen in
the figure, the strong instrumental AlKkand Si K, lines can produce large residuals at these
energies after background subtraction. There is also albvesadual in the pn fit at 0.45 keV
whose strength is not sensitive to the particulars of whimmaance table or plasma model
within XSPEC is selected. MOS1 has a similar, although negrdeature, whereas MOS2
does not. The strength of the feature is not sufficient to tzasgynificant bearing on our

analysis of the SWCX signal within Obs301.

3http://heasarc.gsfc.nasa.gov
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Figure 7.5: Background-subtracted pn (black), MOS1 (red) and MOS2fgrepectra from Obs101

compared with a model of the diffuse sky emission. Also shanathe three components of the
model, the un-absorbed plasma (orange), the absorbedal@smple) and absorbed power law con-
tinuum (blue). For clarity, only the individual model commqants for MOS1 are shown. The lower
panel shows the deviation of the data from the model.
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Table 7.3: Sky model parameters in the direction of Obs301 derived femnanalysis of Obs101.
Quoted errors are 90% confidence for one interesting paemEtuxes are observed values in the
energy range 0.2 to 10 keV in units of ®ergscm?s1sr 1,
Diffuse Sky Background Model
Reducedy? / Degrees of Freedom  0.99/1008

Component Parameter/Flux  Value (Error)
Unabs. Plasma Temperature (keV) 0.11 (0.01)
MOS1 Flux 2.04 (0.18)
MOS2 Flux 1.99 (0.18)
pn Flux 2.42 (0.20)
Abs. Plasma  Temperature (keV) 0.23(0.02)
MOS1 Flux 1.23(0.18)
MOS2 Flux 1.12(0.18)
pn Flux 1.46 (0.21)
Abs. CXRB Photon Index 1.44 (0.12)
MOS1 Flux 5.31 (0.56)
MOS2 Flux 5.18 (0.55)
pn Flux 6.29 (0.63)

7.3.6 SWCX model

The lightcurve of Obs301 in Figuré2suggests the soft band flux haliare and aquiescent
period. Background-subtracted spectra integrated oesetintervals (extracted from the
soft proton flare-cleaned data) are shown in Figug In addition we show the diffuse sky
model folded through the instrument response and the stemigual soft proton component.
The soft protons are modelled with a single power law spatfruby initially restricting the
spectral fit to the range 2.5 to 6.5 keV. The extrapolatiomefower law shows that the soft
proton component is comparable to or weaker than the naablardiffuse sky component
below~ 1keV, and may be weaker still because, as previously disdyssft protons often
display a spectral break. For this reason, the strengtheofdsidual SWCX component at

low energies may be underestimated by a few percent.

It is evident from Figurer.6 that both the flare and quiescent periods show an excess flux

99



Chapter 7. A study of a CME by XMM 7.3. Spectral modelling

. 100 L *M' M MOS1 + MOS1
% + Fhpy *”W 1 *&
Y4
§ 010
o g —
2 i
O
0.01¢
w 10F [ + .
[ f | M
B 05" | | + -
@ . e ++++ ﬂ# Wy * A M})\ ﬁ“‘ +
[n'd [+ ++ +“ W“* U h
00 - - - - - - - 2 USRS L o e e e ]
F.|> 1.00 » HM' ) ,’”*”,, MOS2 + N MOS2
O BT 1 Ul
;‘ i W HA H}m :++++++++++H++# gﬁ&w m N{* M f
5 0105 « | ]
8 I
O
001 ? T |
w 1.0} M mN - R
S i &”&
| h | 1 |
% 0.5 fr ++H ﬁ jﬁ It t *w% \ dﬂH ~+¢ |
€ ool *LHJ T ,++,++Hj+*7+fwf Lﬁ ﬁ“w”mwmwm_,»,m
ERAUE T W”W“"» i # PN T, f PN
< A A et et
% 1.00¢ . '%« W*W + W"Mw 3
X F t i ! L T %M mw ]
% * fM{M‘ — ':W ¥ W 1
g L i i s i Wﬂ 1
B 010F b L T
o S — i a0 ! ww
5 i m HTWHM "H
0.01: . + E
g3 i *
S 2 / T .
R . h
g 1 i+ %ﬂwﬁ*ﬁ W «WW \M s it s &'" P |
@ o — — — ‘iQL"‘"ﬁ"“MmM.MWEH, Lmﬂ _ '@ ﬁm %J’W AP i
0.5 1.0 2.0 5.0 0.5 1.0 2.0 5.0
Energy (keV) Energy (keV)

Figure 7.6: Obs301 background-subtracted spectra integrated from T.200918x 10°s to
1.201035< 1% s (left panels) and from & 1.201035< 10° s to 1.2012306« 10° s (right panels). Con-
tributions are shown from soft protons (red), the non-ydealiffuse sky background (blue), and these
components combined (green). The variable excess flux,is¢ba lower residuals panels, is due to
SWCX.
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above the combined diffuse sky flux and soft proton contrdouivhich is spectrally distinct
from these components. The excess clearly contains emisgs and is variable which
are both signatures of SWCX. The most prominent lines are6atkeV and 1.02 keV which
we identify with Oviil and Nex. Laboratory measurements and theoretical calculations
of SWCX emission (e.gWargelin et al. 200Bindicate that emission spectra will contain
multiple lines from a variety of ions and their transitionsost of which will be unresolved

in the EPIC instruments, given the limits of the energy nesoh of the detectors.

Our spectral model of the SWCX excess was built up from a sefieero-width Gaussian
lines with energies fixed at known X-ray emission transgidmom likely solar wind ions.
For Cv, Cvi, Nvi, Nvii, Ovil and Oviil we have used the theoretical model as presented
in Bodewits et al(2007 (Table 2), who has calculated the relative emission cses$ions

of these bare and H-like ions (their state before electrqguiuce) in collision with atomic
hydrogen for a variety of solar wind velocities. We have ues tabulated values for a
velocity of 600 kms?! which is close to the velocity measured by ACE at this epochr O
model fitting allowed the six normalisations of the prindiansition from each of these ions
to be free, but constrained the normalisations of the weasesitions to the ratios predicted

by the Bodewits’ model. In all, these ions contributed 32&metween 0.299 and 0.849 keV.

At higher energies we have taken a more empirical approacidding sufficient lines at
known transition energies to characterise the bulk of te@tal excess emission. This will
be an incomplete list due to the multiple transitions expeétom Fe for example. Table4

lists the principal transitions we have included in the SWiGxdel.

We have fit our combined model (containing the SWCX, sky bemligd and soft proton
components) jointly to the integrated spectra from eaclhefEPIC cameras. The free pa-
rameters in the fit are the normalisations of the principasim the SWCX model plus global

normalisations applied to the individual MOS spectra (thgjobal normalisation was fixed
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at 1.0).

In Table7.4we list the flux of the Qviil line at 0.65 keV and the ratio of the fluxes for each
of the other ions to Qviil, and the total flux of the SWCX model. Individual line fluxes
were calculated by finding the best fit global model, thenrsgtll other line normalisations
to zero. As with our analysis of the diffuse sky backgrounddins101, the broad-band
MOS fluxes are lower than that measured by the pn by a simitzorfaln a study of the
inter-calibration of point sources from the 2XMM catalogMateos et al(2009 found the
reverse trend; on average the MOS cameras register a higkeéhdin the pn by 7-9% below
4.5 keV. We can only attribute the difference to some unknoalibration uncertainty in the

calculation of the effective area for point sources comghavith an extended region.

7.4 Spectral variability

Figure 7.7 shows the best fit SWCX spectral model (plus the non-varidiffese sky and
variable soft proton components combined) to the backgteuitracted and flare-cleaned
pn spectrum. The non-Gaussian shape of the pn detectomsesfine MOS is similar; the
Gaussian shape is distorted by a low-energy shoulder) tertvirom the principal Qviii
line. The residual at- 1.4 keV may be due to incomplete background subtractioneat th

energy of the strong Al K instrumental line.

The temporal variation in the SWCX emission has been mapyedtbacting spectra in eight
2 ks intervals followed by five 4 ks intervals. This covers ot proton flare-cleaned period
plus the additional proceeding segment as shown in Figutémarked in blue). For each
interval, we show in Figuré.8the fitted fluxes of the @111 (0.653 keV) line and the ratio of
the fluxes of Ovil (0.561 keV), Nex (1.022 keV), Mgxi (1.329 keV) and Sxiv (2.000 keV)

to Oviil. There is little evidence for a significant compositionabege throughout the
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Table 7.4: Measured fluxes in the SWCX spectral model. We list only thecgal transitions (C,
N and O) plus the additional selected transitions (Ne, M@ri8i Fe). The emission line at 1.10 keV
maybe due to Nex or highly-charged iron. The value for Qi is the measured flux, quoted in units
of 108 ergscm?s~tsr1. Other values are the ratio of the measured flux for that ioB toI1 and
the total SWCX flux.

lon Principal Energy (keV) lon Ratio / @i Flux

Cv 0.299 0.50(0.16)
Cvi 0.367 0.28(0.08)
N VI 0.420 0.06(0.05)
N vii 0.500 0.19(0.03)
Ovil 0.561 0.12(0.03)
Ovin 0.653 2.70(0.09)
Fexvil 0.73 0.13(0.01)
Fexvii 0.82 0.05(0.02)
Fexvii 0.87 0.10(0.03)
Fexix/Neix 0.92 0.14(0.03)
Fexx 0.96 0.09(0.02)
Ne x 1.022 0.46(0.02)
Fe??/Nex 1.10 0.20(0.01)
Fexx/Ne x 1.22 0.08(0.01)
Mg XI 1.33 0.28(0.01)
Mg Xl 1.47 0.29(0.02)
Mg XI 1.60 0.06(0.01)
Al xin 1.73 0.08(0.01)
Si Xl 1.85 0.30(0.02)
Sixiv 2.00 0.15(0.02)

Total SWCX (pn normalisation = 1.0) 12.58 (0.20)

MOS1 Normalisation 0.80 (0.02)
MOS2 Normalisation 0.92 (0.02)
Reducedx? / Degrees of Freedom 1.17 /1546
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observation with the possible exception of the second aindl ims where the flux ratios of

the heavier ions are somewhat higher compared to the average

lon compositional data (level 2, hourly averaged) from tNéIGS/SWIMS instrument on
board ACE are sparse for the period of interest. XNNdwtortherefore is able in this case to

provide supplementary abundance information where ACEjdta quality reasons, cannot.

7.5 Basic emissivity modelling

The expected X-ray emissivity of SWCX emission from the seland interaction with the
magnetosheath can be estimated from the integrated emglsiog the line of sight for the
observer. The expected emissiviBx) can be expressed as in Equatiod (from Cravens

2000.

P = a Nswin <g> [eV Cm*SSfl] (71)

Wherea is a scale factor dependent on various aspects of the chacharge such as the
interaction cross-section and the abundances of the saofdrians, nsw is the density of the

solar wind protonsin is the density of the neutral species ggflis their relative velocity.

The flux (F) is given by integrating along a particular linesafht, shown in Equatioid.2

1 /® o 1
F= ET/O Pids [eV cm?s tsr ! (7.2)

To assistin our analysis for this section, we took data fre@Solar Wind Experiment (SWE)

instrument Qgilvie et al, 1995 on board the spacecraffindand data as measured by the
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7.5. Basic emissivity modsdl
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Figure 7.7: The SWCX spectral model fitted to the integrated backgrauunutracted and flare-
cleaned pn spectrum of Obs301. Top panel: the spectrum ft@@bGo 1.055 keV. Bottom panel:
the spectrum from 0.975 to 2.055 keV. The sum of the non-bkrisky and variable soft proton com-
ponents is the continuous line in black. Individual lines eolour coded; & (red), Cvi (orange),

N vi (yellow), Nvii (green), Ovii (purple) and Qviil (blue). Heavier elements are shown in black.
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SWEPAM instrument of ACE.

In Figure 7.9, we plot the trace of XMMNewtors path, the magnetopause and bowshock
boundaries and the line-of-sight at three points during3Dlhs The line of sight pointed
through the flanks of the magnetosheath throughout the wdigmn. XMM-Newtoncrossed

the bow shock boundary as it moved along its orbit, and as dhedary position changes

in response to conditions in the solar wind. The magnetapansl bow shock locations
may vary dramatically, especially under extreme solar weimaditions as we see in this case.
We used the model @&hue et al(1998, which takes the strength of one component of the
magnetic field B;) and the proton dynamic pressure as input, to calculatecitetion of

the magnetopause. The position of the bowshock standdéiraie (the distance from the
Earth to the bowshock on the Earth-Sun line) is calculatedguthe solar wind dynamic
pressure Khan & Cowley, 1999, and its shape is approximated using a simple parabola
(eccentricity 0.81). We plot the positions of XMMewtonas it moves fronT = 1.200805x

10®8s to T = 1.2009x 1(¥s (first panel), througl = 1.2010x 10®s (second panel) until

T = 1.2012x 1(®s (third panel). The magnetopause and bowshock positienslaited for

the end of each period. XMNewtonremains outside the magnetopause for the entirety of
the observation, but is not always found outside the bowsh®berefore the line-of-sight

through the magnetosheath region is short, but not zer@retus times during Obs301.

During Obs301 the average solar proton density (level 2rih@yeraged data from ACE),
was measured as 13 crhand had an average speed of 647 ki sExospheric neutral hy-
drogen densities fall off asgR® and are normalised to a value of 25cfmat a distance of
10 Re (Hodges 1994 Cravens et a).2001). Using Equatiory.2 and the solar wind param-
eters above, we wished to estimate the expected X-ray emissien by XMMNewtonat
its average distance from Earth of 13.8 Rntegrating out to 100R By this method we
compare the scale of the emission as recorded by XNi#4onto a non-time resolved order

of magnitude estimation for the expected X-ray emission.
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Figure 7.9: Position of XMM-Newtonat three different points during Obs301, at the beginning,
middle and end points of the observations for the first tadtipianels respectively. The position is
plotted in GSE-coordinates as(defined as/GSE-Y2 + GSE-2) against GSE-X. The line-of-sights
towards the target field are shown with the dot-dash line.sbid and dashed lines give the locations
of the magnetopause and bowshock at the end of each period.

The solar wind slows down and its density increases insie@rthgnetosheath (as described
in Chapter3). In this estimation, we base the starting point atalieragedistance of XMM-
Newtonfrom Earth, so that the line-of-sight through the magnetasihregion is short com-
pared to the remaining line-of-sight out to a maximum of 1@0WR/e approximate a line-of-
sight of 2.2 R from the average position of XMNNewtonto the bow shock boundary, with
the remainder of the line-of-sight intersecting unperéarisolar wind. To approximate these
changes, we scaled hydrodynamical modelSpreiter et al(1966 (Kuntz, private commu-
nication) to the magnetopause standoff distance of &R extract factors for adjusting the
solar wind parameters at the relevant position within thgme#osheath. We increase the
solar wind density by a factor of 3.5 and reduce the solar wpekd by a factor of 0.8 within

the magnetosheath region only, and leave it undisturbesidmithe bow shock.

The value ofa is dependent on the abundances of the ion species contigltotthe charge
exchange process, along with the cross-section and eneggachb interaction in the energy
band of interest. For this estimation we consider only ébations from the O/1l and Oviii.
SWCX emission is directly proportional t, which is in turn proportional to the abundance

of the ion species in question. We use the ratio ofiOto O viil flux from our previous
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spectral analysis, the cross-sections founBadewits et al(2007) (assuming a solar wind
with velocity 600kms?) and an oxygen to hydrogen ratio of 1/1780 as giveS8éhwadron

& Cravens(2000 to derive an Ovii to O vill abundance ratio of 0.085:0.915. We then
calculatea for these two ion species to be 2310-1°eVcn?. Although the solar wind
speeds during Obs301 are more common of a fast solar wirel &MESs are enriched with
high oxygen charge states and other minor idRgljardson & Cane2004). Equation7.3

shows how the values of for a particular transition (oxygen or otherwise) are chdted:

Xa"

O

O

¥ [eVen?] (7.3)

Oyqt = oE

wherea is the transition cross-sectiofi,the energy of the emission for this transition and X
the ion of charge state'q The totala is given by the sum of alr, .+ values contributing to

the emission.

The total expected (oxygen band) X-ray emission along tteedf sight and for average solar
wind conditions was estimated to be 9.5kea\5x 10-8ergg cm=2s tsr 1. The contribu-
tion from inside the magnetosheath is estimated to be 4.§k&x% 10~ °ergg cm?s 1sr?
which represents approximately 50% of the total. From oecspl analysis, we observe a
flux of ~ 18.9keV(~ 3.02x 10-8ergg cm2s~tsr! from the Ovii and Oviil emission
lines, approximately 2 times greater than we estimate, Iittwis consistent given the var-
ious assumptions as detailed above. For example, the defsite plasma outside the bow
shock may be even higher than the values used in this catoulaiue to turbulent processes,
localised density enhancements and/or the anisotropighidison of neutral atoms in the

vicinity of the Earth Hodges1994).

Higher levels of geocoronal SWCX emission would have begreeted had XMMNewton

been observing a target that required a pointing vectornitetcepted the area of highest X-
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ray emission, namely around the subsolar point (definedeagdkition of the magnetopause
on the sunward side of the Earth-Sun lifgbertson & Cravens 2003&obertson et al.
2006. The solar wind flux during Obs301 was so high that the maipaeise was pushed
close to the Earth as a result of the balance between theupeest the solar wind and
that of the Earth’s magnetic field. Therefore, only a very bmaportion of the line-of-
sight of XMM-Newtonintersected the magnetosheath region, for a large propodti the
observation. The remainder of the line-of-sight intersdaindisturbed solar plasma. There
was a sufficient density of neutral donor atoms outside obthe shock, interacting with a
particularly dense solar plasma, that a significant coutioin to the SWCX signal originated
from this region, even though beyond the bow shock the soiad \Wwas not been slowed
considerably or the density increased as it would have beganvwhe magnetosheath. The
SWCX emission in this case was emitted from both before astljayond the bow shock
boundary. Clearly in cases where XMNewtondoes not have an optimal view through
the magnetosheath there is still the possibility of detgc8WCX emission from the local

region.

7.6 Upstream density pulse

In Figure7.10 we plot the ACE andVind proton density lightcurves. We include on the
plot the combined XMMNewtonEPIC instrument flare-filtered lightcurve, between 0.5 and
0.7 keV. The EPIC lightcurve shows the same general tembefadviour as the enhance-

ments in solar proton density measured by both ACE\&fmttl

The offset in time between the signals at ACE aNihdis explained by the separation be-
tween the solar wind monitoring spacecraft. We are unabtietermine the moment when
the signal first crossed into the field of view of XMMewton as the XMMNewtondata

had to be heavily filtered for soft proton contamination & feginning of the observation.
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Figure 7.10: ACE andWind solar wind proton densities plus XMMewtoncombined EPIC instru-
ment (0.5 to 0.7 keV, oxygen emission line-band) lightcypenels top to bottom) prior to and during
Obs301. The XMMNewtonlightcurve has been flare-filtered using the method destiibéhe text.
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The shape of the lightcurve seen Windis not exactly the same as that seen by ACE, so
we infer that some evolution of the CME may be occurring ot thare are local inhomo-
geneities within the CME wavefront although the bulk moveins fairly constant. The
shape of the XMMNewtonlightcurve suggests some level of averaging along the XMM-
Newtonline-of-sight and so a delay calculated between the lighteirom Wind and that
from XMM-Newtonis of limited use as it will be distorted by this averaging.nitst also

be kept in mind that the proton density is only a proxy for the density of the solar wind.
From the positions of the spacecraft we are able to ascehaithe CME wavefront extends
at least 25 R in the GSE-Y direction. We have shown that SWCX emission is-nero
throughout the XMMNewtonobservation, however we assume that the major bulk of the
CME has passed by a timeBt= 1.2012x 10°s. If we take the start of the CME wavefront
to be at approximately = 1.20085x 10° s travelling at an average speed of 647 krh she
CME extends a minimum of 3500Rn the GSE-X direction.

As the solar proton density lightcurves from both ACE &¥ichd showed the same shape we
conclude that the same density enhancement was receivethatlese solar wind monitors
and subsequently XMMNewton We assume a planar wavefront for the enhancement, which
is a reasonable assumption at a distance of 1 AU for a C&liebuchen & Richardsqr2006).
Following a similar analysis to that d@ollier et al. (2005 and Collier et al. (1998 the
orientation of the passing wavefront could be derived ushegdelay between the signal

received at ACE and that received Wjnd

Using a discrete correlation function algorithBEdelson & Krolik 1988 applied to the ACE
andWind proton density lightcurves (Figurg10), we calculate the delay between the sig-
nal received at the first and then by the second spacecraift.Miéthod normalises the two
lightcurves by subtracting the mean from each and dividinthke standard deviation, result-
ing in lightcurved; andl, (with errorse; ande, and standard deviatiortg andg»). Then

for each pair of points we calculated the un-binned disareteslation (Equatiof7.4):
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l1j X Iz
Uij = Li % 2 (7.4)

The time difference or lagr between each pair of points is calculated. We bin up theagalu
u for each value ofr, sum all the values in each bin and normalise by the numleithat

bin, to calculate the discrete correlation functaoif(7) (Equation7.5):

n
def(t) = Zun(r) (7.5)
The maximum of the resultindc f(7) distribution gives the delay between the signal in the

two lightcurves.

Based on the period of the solar proton density enhanceneémebnT = 1.2009x 10°s and
T =1.2011x 10®s, we find a delay of 261 minutes from ACE taVind The two spacecraft
are separated bgpar along the Earth-Sun line and loer perpendicular to this line. For
a wavefront travelling along the Earth-Sun line for a distanh,r at the average speed (v)

mentioned above, this results in a simple delay timg,J of 29 minutes from ACE t&Wind

If the wavefront passing from the first spacecraft (ACE) ®sbcond\\Vind) was planar, then
given the speed and the delay observed between the sidiglg)(the distance ()l between

them would simply be (Equation6):

d/ =VX 5T0bs (76)

This is less than theyd,, therefore the wavefront is tilted at an ang® 6o that the signal

reaches the second spacecraft before the simple case afaa plavefront moving along the
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Figure 7.11: XMM- Newton ACE andWind positions at the time of Obs301, in GSE-coordinates
in the ecliptic plane. Spacecraft positions in bracketsgiven in units of R. The position of the
magnetopause, as calculated usingSheae et al(1998 model, is shown for the start of Obs301. The
dashed lines are used to aid visualisation and the wavafoapresented by the tilted solid lines.

Earth-Sun line (Equatio®.?).

(7.7)

We calculate that a tilted wave front at approximately 40rdeg would have passed in the
vicinity of the Earth and XMMNewton In Figure7.11we plot the position of ACEWind
and XMM-Newtonat T = 1.2009x 10° s of Obs301.
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7.7 Summary

We consider the possibility that the SWCX enhancement of30bss linked to the CME
event of the 19th October 200Wang et al. 2005. The delay between the occurrence of
the CME at the solar corona and its arrival near Earth woulagy@oximately two and a
half days. Increased solar proton fluxes were registeretiyACE andWindand therefore
this plasma cloud would have passed in the immediate weaifithe Earth. It is not always
the case that enhancements in solar proton fluxes, and anynpaaying highly charged
ions, are registered by increased incidents of soft protomfi or SWCX enhancements by
XMM- Newton However, the arrival of the peak of the low energy enhanceras seen by
XMM- Newtonis consistent with the delay expected as the feature passegjuence from

ACE toWind, on to a region intersected by the line-of-sight of XMN&wton

We have shown that line emission fromMDI is very prominent and dominates that o0,
contrary to signatures of heliospheric SWCKoUtroumpa et aJ.2009h. We have also
shown in our spectral analysis that the observed flux from W@ission is much greater
than that from a simple estimate of the expected emissi@@dan the abundances of a slow
solar wind. Also, mid-energy emission lines in the regimé&Qao 2.00 keV infer the presence
of highly charged states of iron, as is often seen in a CHilitlfuchen & Richardsqr2006
Zhao et al. 2007). We see no significant compositional changes in the linesgiom over
the duration of the XMMNewtonobservation. In addition, we have observed emission at
2.00keV from highly charged states of silicon, implying ay&igh temperature plasma.
A CME, rather than a steady state solar wind, would explagnléinge enhancements, flux
observed and the richness of the spectrum as seen by XMon This case is the richest

spectrally of those examined in both Paper | and Paper II.

CMEs have been used to explain the results of other X-rayreasens in the literature

pertaining to the diffuse X-ray backgroundHenley & Shelton(2008 invoked a CME to
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explain differences between results obtained from XMgatonand Suzakywhen deter-
mining Halo and Local Bubble X-ray spectra. They also obsgemission from MgI and
Nex, although emission lines from oxygen were less significihey attribute this emis-
sion to a possible localised enhancement in solar wind teasissing the line-of-sight of
XMM- Newton Smith et al.(2005 attributed the anomalously high level ofV@I seen in
their observation of a nearby molecular cloud to SWCX, angadhis was unlikely to be
due to SWCX from a steady-state solar wind. Instead theyladedhat their enhancement
was due to charge exchange from a CME and the interstellaiumeg@robably at a distance
of a few AU from the Sun, due to the depletion of neutral gaslabvie for charge exchange
near the Sun. We eliminate the possibility that the emissean in Obs301 is due to SWCX
occurring at the heliospheric boundary or at a large digtdram Earth. Short-term varia-
tions can occur for heliospheric SWCX, especially if obgagvalong the helium focusing
cone Robertson & Cravens 20028, but the pointing of XMMNewton which does not
intersect the region of peak emission from this area, arggemst this case. In addition,
the abundant emission line spectrum and the variationsifidixes of the major ions in the
spectrum which reflect the variations in solar proton fluxgarpa geocoronal occurrence of
SWCX. We conclude that the SWCX interaction we have obseoeedrs between ions from
a CME and neutrals in the exosphere of the Earth, at a rel\atil@se distance to the Earth,

but not confined to the magnetosheath within the bow shock.

Although data regarding the ion states of the solar windtergeriod of Obs301 from the
solar wind monitors ACE andlvind are sparse, we have been able to identify ions from
a rich set of emission lines from a passing CME. Not all CMEeded by ACE will be
detected byVind or indeed intersect the line-of-sight of XMMewton XMM- Newtonwas

not optimised to study the magnetosheath or near Earthrregidowever, we have shown
that XMM-Newtoncan be used to provide additional compositional infornmatibthe solar
wind plasma, especially for the highest charge state ianthet obtained by upstream solar

wind monitors, providing the observing geometries andimations of the incoming wave
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fronts are favourable.
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Chapter 8

Modelling of SWCX emission

The expected X-ray emissivity of SWCX emission from the soland interaction with the
magnetosheath can be estimated from the integrated emaisiog the line-of-sight for the
observer. We have developed a model, applicable to locadglanetary space, to calculate
this emission. In this chapter, we model the expected ex@gpBWCX X-ray emission for
each of the observations of the SWCX set. The work here seBolin a modification to the
model described in Sectioh5. The expected X-ray emission in this adapted model is time
dependent and as previously, depends on upstream solapasiacheters as measured by the

solar wind monitor ACE.

We only calculate the expected exospheric-SWCX emissianhave not attempted to in-
clude any contribution from further into the heliospher®t@increase the integration length
would lead to greater uncertainty in the underlying paramsstf the solar wind on large spa-
tial scales. We assume that the solar wind parameters usbd model are approximately
constant (excluding the magnetosheath region) along tieedi-sight. The emissivity ex-
pected Cravens 2000 is given by Equatiory.1 as previously described in our study of a

passing CME.
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For each observation under study in the SWCX set, we wislstonteether any relationship
exists between the total SWCX flux seen and the theoretitagiated X-ray emission along

the line-of-sight (see Equatioh?).

We take data describing the conditions in the solar wind fADE (Level 2processed data,
merged instrument data using hourly averages) at the tineadi observation. We needed
to apply a delay to the signal received, to account for tharsgpn between ACE and the
Earth. This delay will be time variable and will depend on #peed and orientation of
the solar wind. However, as a first approximation, we havenake average solar proton
speed of the data and assumed a planar wavefront travehingunward perpendicular to
the GSE-X axis. We calculate and apply to the delay requioedHe wavefront to travel
from ACE to the Earth. This is a reasonable assumption givatrthe majority of the SWCX
emission will originate from close to the Earth and givenlts integration time of the X-ray

lightcurve.

Throughout this work we assume a geocentric solar-eclgoiizdinate system (GSE), where
positive X is directed from the Earth to the Sun, positive Yooges planetary motion and
positive Z is parallel to the direction towards the northat pole, as described in previous

chapters.

8.1 Construction of the model

For each time bin of an observation (1 ks binning):

e We extract the solar wind bulk proton velocityg) and temperaturél() from the ACE
data, and for these parameters we calculate a thermal iyeboa average speed, using

Equations8.1and8.2
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Chapter 8. Modelling 8.1. Construction of the model

Vih = /3K T (8.1)

<g> =\ Vt2h+ ugw (8-2)

¢ We estimate the position of the magnetopause, based on the of&hue et al(1998.
To do this we use information regarding the strength ancttioe of the interplanetary
magnetic field B, component, given in units nT) and the dynamic pressgg given
in units nPa). The standoff positioN{,) of the magnetopause and flaring facfoare
shown in Equation8.3 and8.4. The distancer{ to the magnetopause is then given
by Equation8.5, where@ is the solar zenith angle. We assume that the magnetopause
shape is symmetrical about the GSE-X axis and place the n@gmese standoff dis-

tance along this axis.

1

Mso = {10.224 1.2%anh[0.184 B, + 8.14)] } (D) &% (8.3)
f = (0.58—0.0078,) [1+0.024n(Dy)] (8.4)

5 f
= MS°<1+ cosﬂ) (8:5)

e Using the magnetopause location as a guide, we approximagedsition of the bow
shock. We base the shape on a simple parabola and calcugatevthshock standoff
distance Bsp) using the solar wind pressure (calculated from the parammelf the so-
lar wind densitynsw and speedis,) and the relationship ilKkhan & Cowley (1999,
expressed in Equatidh6. The magnetopause and bowshock together define the mag-

netosheath region.
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162
Bso -

( n S""Ugw)

(8.6)

ol

¢ We create an Earth-centric square image for use in subsesfeps. The side length of
the image is 208c. Thisimage is divided into cells, with side length ®5(~3150 km).
The magnetosheath shape is projected onto this image. Wabkrd¢o use an image
rather than a cube due to the assumption made previouslydiegahe symmetry of

the magnetosheath shape about the GSE-X axis.

¢ We find the neutral density of hydrogen atoms for each cellugéethedstgaard et al.
(2003 model for neutral hydrogen density profiles around thetgdotit limit this to
a minimum density of 0.4 cr? (Fahr 1971 approximate neutral hydrogen density for
upwind of the interstellar hydrogen flow). TH#stgaard et al(2003 model of the
neutral hydrogen density is valid above 35 Rhich is sufficiently close to the Earth
for our modelling efforts, due to the restrictions on themireg angle of XMM-Newton
as described in previous chapters. Although the neutrabdgyeh model was developed
from night-side data taken by the IMAGE satellite, we asstinie profile is radially
symmetric and take parameter values for a solar zenith af@e . The radial profile
of the neutral density used is shown in Fig8r#& In this figure we also plot thdodges
(19949 profile, which has been approximated by a simpi&relationship, also limited
by the same minimum density value. The neutral density gofabout the Earth are

described in more detail in Secti@a3.

¢ We determine the line-of-sight of the XMMewtonpointing through the grid by ex-
tracting the relevant information from the ODF and conveytihe positions and target

pointing direction to the GSE coordinate system.

e We find the velocity and density of the solar wind for each,q8preiter et al. 1966

K.D. Kuntz private communication). As the solar wind pagbesowshock and enters
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Figure 8.1: Exospheric neutral hydrogen density profiles, using an tadagodges(19949
(solid line) and &Jstgaard et al2003 (dashed line) model.
the magnetopause its density increases (by about a fadimurah the subsolar region,

as compared to the unperturbed value), and the velocitysdmabout one tenth.

e The value ofa is dependent on the abundances of the ion species comghtotithe
charge exchange process, along with the cross-sectionrangyeof each interaction
with the neutral donor in the energy band of interest. Theraédonor is hydrogen in
the geocoronal case. The relative abundances found in ldrergad vary considerably
with solar wind state. As described in Chap8ithe composition of the solar wind
generally follows abundances seen in the photosphere douvary by up to a factor
of about 2 (fast wind) or 4 (slow wind) for elements with firsihisation potential
(FIP) below the Lymary limit of 10.2 eV (Richardson & Cane2004 and references
therein). However, we use the slow solar wind abundanceariaon species with
respect to oxygen, as listed Bchwadron & Craven§2000. We use an oxygen to

hydrogen ratio of 1/1780 for solar wind speeds0650kms* or 1/1550 for speeds
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above this threshold. For this modelling we consider cbations to the emission
from the principal and minor transitions as described ingiéi6. Cross-sections for
charge exchange transitions are dependent on solar wied s calculate an map
with the same dimensions and binning as that of the Earthagrilpopulate this map
with values ofa depending on the speed of the solar wind, unperturbed @utsithe
magnetosheath or perturbed inside the magnetosheath @sbddsabove. The value

of a can be calculated using EquatidrBas shown in Chaptef.

e We multiply the solar wind velocity, solar wind density anelutral hydrogen density
together for each of the cells in the line-of-sight and nplytthis value by the efficiency

factora for each cell. This is the emissivity of each cell.

e We sum all cells in the line-of-sight, accounting for the raenof cells included in the

integral, to give the value of the emissivity metric, appnoating Equatiorv.2

There are some known limitations to this model, such as:

e There are no magnetosheath cusps (increased density oficatdns to the velocity

of the solar wind specific to these regions) included in theeBgr approximation

e The neutral hydrogen has been modelled as spherically symeaieabout the Earth.

However, there may be density enhancements or depletioagions of the exosphere.

e The abundances of the solar wind are not constant, but walhgh for example with

the phase of the solar cycle or the injection of plasma fronM&C

e The magnetopause and bow shock standoff distances havabsemed to be on the

GSE-X axis, this may not often be the case.

e The interstellar neutral density may be significantly defet from that of the approxi-

mate limiting density applied in this model.
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We also consider an adapted model, wherebyatmlculated is dependent on the relative
abundances of & and 0. We use the ratio of these ionisation states, taken from G A
merged, hourly-averaged data sets to re-calculate thedabea of G+ assuming the initial
0%t and O+ abundances as found8thwadron & Craven@000. We then re-calculate the
valuea and the subsequent line-of-sight flux. These results witeberred to as the Model-2
results and will be discussed alongside the results of tleel tixmodel (as described above)

later in this chapter.

A schematic of an example line-of-sight of XMMewtonthrough the magnetosheath and to

illustrate the steps above is shown in Fig8r2

8.2 General model results

Modelled lightcurves were produced for each SWCX case wheretwere data available
from ACE. We split the modelled emission based on the timeégdsrused for the creation
of the spectra in Chapt&: The resultant flux is the difference between the mean mediell
flux during the SWCX-affected and the SWCX-free periods. stdgram of the modelled
fluxes is given in Figur&.3 (top panel), along with a scatter plot showing the obserued fl
versus the modelled resultant flux for each exospheric-SVe&s¢ (bottom panel). There
is a very weak, but positive correlation between the modetied observed flux, with a
correlation coefficient of 0.27. However, 76 out of 95 cagbat(complete the modelling
procedure), have a positive modelled flux. Under the nulidtlyesis that the modelled flux
is equally likely to be negative or positive, the probabilif the observed outcome is
1.5x 10~°. Negative modelled fluxes happen when the SWCX-affectedges determined
using an enhancement seen in the observed line-band Iigbtcoiccurred in the opposite
period to the maximum expected modelled flux. The enhanceméme observed line-band

lightcurve occurred sufficiently far away in time from anyageseen in the modelled X-ray
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toshea

Sun

wind

Figure 8.2: Schematic of the model, showing an example line-of-sighitpay through a magne-
tosheath of shape determined by the solar wind conditiortiseatime of the XMMNewtonobser-
vation. The position of XMMNewtonis marked by the satellite symbol. The colours in the cells
intersected by the line-of-sight are coloured to approxintae magnitude of expected emissivity in
those cells (e.g. yellow for the highest emissivity, red iftermediate emissivity and blue for the

lowest emissivity).

125



Chapter 8. Modelling 8.3. Comparison of modelled and olehghtcurves

flux lightcurve.

In Figure 8.4 (left-column) we show modelled lightcurves for the threp ttew cases of
Table4.1 Contributions from the model were only taken for the pesiachere there were
counts in the XMMNewtonlightcurves (periods not removed during the filtering pssje
Example lightcurves of cases where the resultant modelledglnegative are given in the
first two panels of the second column of Fig&td. We also plot a modelled lightcurve when
SWCX was not detected (below the thresholdsﬁﬁandRX) in the bottom-right panel of the
same figure. In this case the line-band lightcurve does ngtsignificantly. The modelled

emission in this case is small compared to the SWCX casesmgsssin the other examples.

8.3 Comparison of modelled and observed lightcurves

We wished to test how well the individual modelled flux ligimtee tracked that of the line-
band lightcurve for each observation. We also wanted taoéte the most dominant param-
eter in the modelling of the expected emission. To do this pgied principal component
analysis to the model versus the line-band lightcurve aednbdel versus the solar wind
flux. We calculate the correlation matrix between a linedofthe relationship between each
pair of values, for each exospheric-SWCX case. We calctit@teorrelation rather than the
covariance matrix as the scale ranges of the data differ agga lamount and so by using the
correlation coefficients we standardise the data. We usgritmary eigenvalue of this matrix
to calculate the percentage contribution along the assuimeat relationship between these
lightcurves. Histograms of these percentage contribstman be seen in Figu&5. The
histogram (left) shows that the X-ray lightcurve is genlgrabrrelated with the modelled
lightcurve, as the first principal component percentageshagh (with a mean of 73.7%).
The histogram (right) also shows high first principal comgrarpercentages (with a mean of

73.6%), which suggests that in the vast majority of casesnbeel is dominated by the in-

126



Chapter 8. Modelling 8.3. Comparison of modelled and olehghtcurves

6i _
v |
[&] L i
o | i
Z
2i _
S0 A e
-50 0 50 100
Modelled flux (keV cm? s™* srt)
I ‘
i , |
| { / i
/
S L / i
D - /
Flcw 40* // T -
(7] | / i
(&]
> L ][ - 1
()
< 20 ]l { J[ .
g il |
> B |
3
o 0r B
O L |
|- /. —
|- / —
| I I /o | L I I | I I I I |

-50 0 50 100
Modelled flux (keV cm™? s™ sr?)

Figure 8.3: Top: histogram of the modelled fluxes. Bottom: observed flug%g to 2.5 keV) versus
the modelled flux for the SWCX set. A line (dashed, red) of gmatlunity has been added to the
graph to aid the eye.
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Figure 8.4: Example modelled (blue, in keVcms tsrt, left-hand y-axis) and XMMNewtonline-
band (black, cts!, right-hand y-axis) lightcurves. Observations with idets 0150610101 (top-
left), 0054540501 (middle-left), 0113050401 (bottomileshow the model lightcurve generally fol-
lowing the shape of the XMMNewtonlightcurve. Observations with identifiers 0141150101 {top
right) and 0150320201 (middle-right) show the modelletitégirve peak in a different period to the
XMM- Newtonlightcurve and 0301410601 (bottom-right) is an examplenftan observation with-
out a SWCX enhancement. Five panels show the split betweeS\WWCX-affected and SWCX-free
periods (vertical dashed line).
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Figure 8.5: Histograms of the first eigenvalue’s percentage contiputd the total, for the modelled
emission versus the XMNNewtonline-band lightcurve (left) and versus solar wind flux (tigh
coming solar wind flux. The lowest eigenvalue when compattiegnodelled emission to the
line-band lightcurve occurred for the observation withithentification number 0101440401.
Modelled and line-band lightcurves for this case are shawiigure8.6. We also plot the
component lightcurves that make up the total modelled d¢igitve from within the magne-
tosheath and from beyond the bow shock. The contributiamm the magnetosheath region
in this case dominates the modelled lightcurve. XNNéwtonis found anti-sunward of Earth
during this observation and so the line-of-sight of XMNé&wtonpassed through the flanks of
the magnetosheath. This region is less well defined in ourehchek to the approximations
of the shape of the bowshock boundary and the extrapolafitimeovalues used to perturb
both the solar wind density and velocity in this region. Therall modelled emission was

very low for this case, compared with the top-row cases ofifei§.4.

8.4 Line-of-sight through the magnetosheath

In Figure 8.7 (top panel) we plot the modelled resultant flux versus theames length of
the line-of-sight through the magnetosheath (between tgnetopause and the bow shock),
during an observation. In Figu@7 (bottom panel) we present the observed flux versus

the average length of the line-of-sight through the magstetath. There is no discernible
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Figure 8.6: Example modelled lightcurve (blue, left-hand y-axis) witle XMM-Newtonline-band
(black, right-hand y-axis), for the case where the first migue percentage contribution was the
lowest when comparing the modelled and XMWewtorlightcurves. The contribution to the modelled
lightcurve from the magnetosheath (green-dashed) andrrggist the bow shock (plum-dashed) are
also shown. The SWCX-affected period was taken betweendtieal dashed lines.
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general relationship between the modelled or the obseruedafith the length of line-of-

sight through the magnetosheath.

8.5 Fractional difference

We investigate when the model and observed fluxes are desardyy calculating the frac-
tional difference between the observed and modelled flujdsérved-modelled)/observed
flux). In Figure8.8 (top panel) we plot this fractional difference versus thexmaim solar
wind flux during each observation, along with a histogranheffractional difference values.
The mean of these fractional differences was +0.17 and thdahtn of the histogram was
for values between 0 and 1. A large proportion (approxinyed@Pso) of the modelled cases
had a fractional difference between -1 and 1. The most ¢iscrtecases occurred when the
solar wind flux was low (compared to the maximum solar wind ftdixhese exospheric-
SWCX cases). The solar wind plasma flow around the Earth’syetagheath in these cases

has been badly described by the model.

The observation with the largest absolute fractional déifice had identifier 0041750101.
This case was similar to cases (bottom-left and bottomiriftigure8.4when the modelled
lightcurve peaked in the alternative (SWCX-free) periothi® enhancement in the observed

line-band lightcurve (SWCX-affected).

We also wished to consider whether the fractional diffeeewas due to some underlying
emission with temporal variability occurring in near-losipheric space, in particular to that
of the helium focusing conéNeller & Meier, 1974. We consider cases within the SWCX
set that occur within 100of the cone’s direction (73%9ecliptic longitude and-5.6" eclip-

tic latitude, Witte et al. 199%. As the integration length for the model is relatively ghor

compared to the spatial extent of the helium focusing conessre of Earth’s orbit, only
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Figure 8.8: Fractional difference between (top panel) the observednandelled flux and (bottom
panel) the observed and Model-2 flux, versus the maximunr sofed flux. Also included in each
panel is a histogram of the fractional differences. Casesr&/lXMM-Newtonis found within the
helium focusing cone are marked in red.
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those observations taken when XMNewtonis within this region are of importance. We
find 4 cases within this region. These cases are marked inrrddgnre8.8. A statistical

analysis, repeatedly drawing 4 random cases from the SWEXnskcates that we obtain
an average fractional difference for the 4 random cases tyrdeger than that of the 4 he-
lium focusing cone cases 28% of the time. We therefore havevidence to suggest that
temporal variability originating in the helium focusingreis a significant component of the

observed-to-modelled flux discrepancy.

We also compute the fractional differences between therebd@nd modelled flux values for
the Model-2 results. These are shown in FigBu&(bottom panel). The peak of the distribu-
tion lies in the same bin as that of FigiBe3 (top panel), although there is a greater variance
seen in the differences. We conclude that for the SWCX setscam benefit has arisen by
using a compositionally-variable dependent model as ggptsthe simple compositionally-
static version of the model. We continue our discussiondhasethe simple model results

only.

We split the fractional difference values into two sets; ¢éases where this value is-1.5

or >1.5 (bad), or any other value (good). In Figl8® we plot histograms of the mid-
observation position of XMMNewton(in GSE coordinates, GSE-X, Y and Z) for each ob-
servation for the good and bad sets. We performed a KolmegBnairnov test on the three
pairs of good and bad sets. The probabilities that the goddad sets are drawn from the
same sample distribution were 0.22, 0.002 and 0.79 for GSESE-Y and GSE-Z respec-
tively, indicating that for the GSE-Y coordinates, the gaod bad sets are statistically differ-
ent. The good set for the GSE-Y positions are skewed towargative values and there are
relatively more observations in the bad set in the positivection. We repeat the test using
mid-observation position of XMMNewtonexpressed in Geocentric Solar Magnetospheric
(GSM) coordinates. These differ from the GSE coordinateth@assSM-Y axis is perpen-

dicular to the Earth’s magnetic dipole (the X-axis is unaded). The Kolmogorov-Smirnov
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test results were 0.22, 0.004 and 0.28 for the GSM-X, GSM-Y @BM-Z respectively. The
Y-coordinate result remains significant. Therefore we plas¢ that the model is better at

describing the conditions seen by XMMewtonwhen the Y-coordinate is negative.

The simplifications used in this model to describe the flarikB®magnetosheath in terms of
shape, solar wind density and velocity may mean that the hi@tkss robust in the positive
Y-coordinate region. We assumed cylindrical symmetry altbe GSE-X axis, however,
the magnetosheath will be non-symmetrical in shape, saffdor example magnetosheath
erosion along one side of the magnetopause (along the diisisiven et al. 2008 a full
discussion of which is beyond the scope of this thesis. Toennng solar wind is expected
from the GSE-Y positive direction, determined by the flowlsd solar wind along the Parker
Spiral as it emanates from the Sun. Itisin this region thagéxpeect the greatest differences in
shape from the simplified magnetosheath we have used in odeliimy steps and it is here
that we see the largest absolute fractional differencesdsst the observed and modelled
fluxes. It is clear that although the model can estimate tlsemed flux within a factor of
~ 2 in approximately 50% cases, there are still many occueemien the local physical

conditions combine so that the simple model does not exfit@imbserved flux adequately.

8.6 Summary

We have produced a time-resolved model to estimate exaspB&'CX emission for indi-
vidual pointings of XMMNewton We base the modelled emission on upstream solar wind
parameters and approximate the neutral hydrogen densiiyt dbe Earth using a simple
radially symmetrical profile. A large proportion of the SW@4ses showed an observed-
to-modelled fractional difference within the range (-1 jo Considerable uncertainties may
arise from the assumptions taken regarding the propagafitime solar wind, the magne-

tosheath shape and perturbations of the solar wind witl@mtagnetosheath region. There
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Figure 8.9: Histograms of mid-observation (top) GSE-X, (middle) GSEad (bottom) GSE-Z
XMM- Newtonpositions for good (blue) and bad (red) fractional differes between the observed
and modelled fluxes. The histogram bins have been offset menanother in the plot, for ease of
viewing.
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is some suggestion that greater model-to-observed fluxegiaacies arise in the positive

GSE-Y direction which may indicate erosion of the dusk-srgnetosheath.
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Chapter 9

Future missions to observe exospheric

SWCX

Growing interest in the charge exchange emission process@stributor to the total emitted
radiation of astronomical targets has led to a sharp inereate number of publications over
the past decadddenner] 2010. This has included studies of local objects, found within
the Solar System and local Galactic region, to more distajgots, including studies of
galaxies and galaxy clusters. The augmentation of communtérest in the charge exchange
emission process, in particular from Solar System objéeisJed to the idea that exospheric-

SWCX may provide a means by which to image the environs of #réhE

As we as a society become increasingly dependent on spaed-bechnology, the impor-
tance of our knowledge and understanding of the interadiietween the Sun and Earth
becomes more apparent. The complex interplay between the wmd, magnetosphere,
ionosphere and thermosphere requires rigorous studgrdlyiundertaken by a combination
of in situ and remote sensing measurements. The magnetbdtesamainly been explored

by in situ measurements, although a large-scale, globajenad this region would greatly
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enhancement our understanding of the plasma dynamicssiarnéa.

Several mission ideas have been suggested in recent yealstadvantage of exospheric-
SWCX emission and image large regions of the magnetosheatt X-ray instrumentation
and these ideas are being disseminated to the communitgxXémpleCollier et al. 2010).
The author of this thesis has been involved in mission pralgdsr a lunar-basedMagEX
Robertson et al. 20Q0%nd free-flyer imagers (for example STORKUYntz et al. 2008 One
recent proposal was submitted in response to the ESA's 20&M(C Vision M3 mission call.
The project was given the name of AXIOM (Advanced X-ray Inmagof the Magnetosphere,
Branduardi-Raymont et al. 201)1

AXIOM would aim to address key questions within the framekvof ESA's Cosmic Vision
agenda salient pointHow does the Solar System work?The key science questions by

which the instrument design was driven are:

e How do upstream conditions control magnetopause positehshape and magne-

tosheath thickness?

e How does the location of the magnetopause change in respompselonged periods

of subsolar reconnection?

e Under what conditions do transient boundary layers, suthegglasma depletion layer

arise?

AXIOM is a concept for a wide-field X-ray imager (WFI), withéltemporal and spatial res-
olution to answer a selection of fundamental questionsrdagg the physics of the magne-
topause, magnetosheath and bowshock. It would consistiofidarly slumped microchan-

nel plate optic (MPO), with a large area solid-state detgmbsitioned at the focal plane. The

http://www.mssl.ucl.ac.uk/ gbr/AXIOM/index.html
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Figure 9.1: Basic layout of the AXIOM spacecraft in its housing for labntop left) and deployed
(top right, bottom left and right). Credit: Astrium.

WFI would be supported by a plasma package (consisting aftapalpha sensor and an ion
composition analyser) and a magnetometer, located on a brt@nding from the spacecratft.
The spacecraft design, including the support spacecrafabd potential configuration when
housed for launch (assuming a Vega launcher), has beeng@oby Astrium and is shown

in Figure9.1

The WFI would be sensitive in the range 0.1 to 2.5 keV, as amtmum requirement for meet-
ing its science targets. The proposal team investigatadusconfigurations of the instru-
ment and presented baseline field-of-view dimensions 8f<105°, an optical focal length
of 70 cm, an energy resolution ef 65 eV (FWHM) at 0.6 keV and an angular resolution of
better than 2 arcminutes. The baseline configuration waserthto maximise the scientific
output whilst avoiding the hazard of the bright Earth. Theige of this instrument was led

by the need to optimise the design to observe the most pram8&CX emission lines of

2http://lwww.astrium.eads.net/
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Ovil and Oviil. The effective area that could be achieved by the instrupaéierr applying
an iridium coating to the MPO and assuming the use of a UV bhacklter and a CCD

detector with a quantum efficiency of 80%, is 37cm

Various orbit options were considered for AXIOM by the inttigd collaborators (Astrium)
taking into account the mass that could be lifted by a Vegadhar, Sun and bright Earth
avoidance and hence orbital efficiency, and the radiatisr@mment of the configuration.
Included in the considerations were polar elliptical andagqrial circular orbits with differ-
ent apogee and perigee distances or different radii. Thaibasorbital configuration chosen
for AXIOM is a Lissajous orbit at the Earth-Moon Lagrangiapdsition, assuming the use
of a propulsion system to acquire the desired formationdmrse operations. Although pe-
riodic house keeping is required in this configuration, trlst allows for a large duty period
during each lunar month with only short periods unavaildbteprimary science observa-
tions. These periods could be used for calibration and tervessecondary science targets

such as comets and diffuse heliospheric emission.

The author of this thesis took on the role of providing sineedaspectra for the AXIOM
proposal. Figureé.2 shows two simulations of background-subtracted exospt&NCX
emission, one resulting from an incoming quiescent soladwiith nominal density and ve-
locity and the second from a passing CME. To create this ptoguxiliary response file was
constructed using ray-tracing software developed at Istgceo describe the effective area
of an MPO and assuming the quantum efficiency of an EPIC-pn @&®ctor. The spec-
tral response of the CCD detector at the focal plane was basemh EPIC-MOS response
matrix, modified to improve the low-energy shoulder of therent spectral response seen
in the MOS cameras. The SWCX spectrum for quiescent solad wimditions was con-
structed using 33 Gaussian emission lines using relativgsesections between major and
minor transitions for a particular ion, taken for a solar vt 400 kms?* (see Chapte8).

The model for the SWCX spectrum resulting from a passing CMIs Wased on that de-
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Figure 9.2: Simulated background-subtracted spectra produced fokXt®M proposal (1 ks expo-
sure, total WFI FOV) for emission resulting from (left) gsoent solar wind and (right) from a CME.
The major SWCX emission lines have been labelled.

scribed in detail in Chaptef. The X-ray sky background was modelled to incorporate both
the extra-Galactic (unresolved AGN) and local Milky Way aremission (from the halo
and Local Hot Bubble) using absorbed power law and RaymanidhSmission components
plus an un-absorbed Raymond-Smith component. A particladed X-ray background was
added using a model consisting of a power law plus two Gandisies representing the flu-

orescence lines of aluminium and silicon, unfolded throtlghinstrument effective area, see

Chapter2. Both simulations were based on an integration time of 1 ks.

The AXIOM proposal also included simulated WFI images peatliby various members
of the collaboration. These images were produced for boitsgant and storm (CME) so-
lar wind conditions, for various integration times and wbeased on the modelling work of
Robertson et al(2006 (and shown in Figur8&.3). These images are shown in Figl@&.

These images were constructed by folding the expected SWai¥sevity through the detec-

tor response and assuming a distance d®@birom the Earth.

At the time of writing, the AXIOM proposal had not, disapptingly, been short-listed by
ESA for further study. The authors of the proposal will hoeregontinue to promote the

mission idea and search for mission opportunities so tlegptbject may progress.
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Figure 9.3: Simulated WFI images produced for the AXIOM proposal by saveollaborators for
both quiescent and storm (CME) solar wind conditions, foiotes integration times. The scale bar is
in units of counts ks* per 0.F pixel and the images have been smoothed to bring out detail.
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Discussion and outlook

We discuss the results presented in this thesis and sungmanisnain findings. This thesis
has shown that exospheric-SWCX emission is not only justodtige various components of
the complicated X-ray background for various X-ray astraigal missions, but of interest in
its own right scientifically. Observations that have beamidied to contain SWCX emission
may be used as additional tracers of solar wind constityentaplimenting upstream solar
wind monitors. We also comment on potential future areaswdstigation involving charge

exchange in the Solar System and beyond.

10.1 Discussion

We have identified 103 XMMNewtonobservations, 3.4 % of the sample studied, when tem-
porally variable SWCX emission was present in the data. Trhedcale of the variability
implied that the emission had occurred in the near vicinitthe Earth, i.e. within the exo-
sphere of the Earth or within near interplanetary space. rié#hod presented in this thesis

has been able to identify cases of temporally-variable SV#tGX within a large sample of
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XMM- Newtonobservations using data from the majority of the availabbbiae at the time
of the study. This was achieved by identifying periods of\a-Energy enhancement, in an
energy regime expected to contain the strongest signatdirelsarge exchange, compared
to a higher-energy band which was expected to be free of ®athres. Two metrics were
used to measure the strength of the low-energy enhanceprﬁaand Ry. These values were
calculated by comparing two lightcurves, one constructedife low-energy regime and the
second for the higher-energy band. 'I)tfpvalue was calculated as the reduggdeomputed
from a linear fit to a scatter plot between the two lightcurviése R, was calculated by com-
puting the ratio of the individug{? values from each lightcurve. The SWCX-set cases were
taken from those observations presenting the higklésind Ry values. The corresponding
occurrence rate within the sample used in the initial pitatlg of Paper | (which has been
incorporated into the whole sample presented in this thesis~6.5 %. The data taken from
a larger section of the archive and presented in this thasigablished in Paper Il covered a
wider range in time compared to Paper |. The lower level oécl&in in the larger sample can
be attributed to the reduction in solar activity as this thanege extended into a period towards
solar minimum. There will be many more XMMewtonobservations affected by SWCX,
either occurring within the exosphere or near-interplanespace, such as within the helium
focusing cone or at the heliospheric boundary, and unddikcby the method presented
in this thesis which has been designed to identify periodgwiporally variable emission.
SWCX emission occurring within the heliosheath will getigraary over longer periods
than exospheric SWCX and so is more suited to detection bgreagon-to-observation
comparison (e.g. observations within the studieohtz & Snowden 200&nd Henley

& Shelton 2010. Enhancements from the helium focusing cone will produraestempo-
ral variation but affected observations are strongly aamséd by viewing geometry. Those
observations within the SWCX-set that involved a line-igfks that intersected the helium
focusing cone did not present remarkable values of a matiett®bserved flux ratio and

therefore the primary source of emission in these casesakas to be exospheric SWCX.
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The method presented in this thesis is only able to identifgtvariable SWCX which varies
over the length of an observation and therefore the levebofaamination quoted in this thesis
can only provide a lower limit to the occurrence of exosph&WCX as observed by XMM-
Newton When SWCX emission is only slowly varying or constant oveeaposure it will
be undetectable by this method. There will also be caseshwidee slipped detection due
to a high percentage of the observation data being removéleasoft proton flare-filtering
process, resulting in short lightcurves that are excludewh four analysis. As increased con-
centrations of solar wind ions in the magnetosheath arectggeo mirror increases in the
general flux of the solar wind, increased levels of SWCX eioisare expected precisely
when the flux of solar protons increases. If the on-boardatami monitors of XMMNewton
detect a dangerous environment for the satellite, the seigrstruments are switched into a
safe mode which invariably leads to the loss of high SWCX sinisperiods being available
for detection within our sample. Even after soft-protondiéltering has been applied to the
data, considerable proton contamination may be preseird.céh result in a significant scat-
ter when plotting either the line-band or continuum lighit@) whilst potentially masking a
clear enhanced period of SWCX-emission during the observathe level of residual soft-
proton contamination may mean that the observation is cetelylrejected by an observer.
If the user does indeed proceed to process the data, the jmasented here qtﬁ andRy
may be useful to guide any further analysis as to whetheaeeution should be taken to
account for potentially high levels of time-variable SWCiXission. However, they should
also be aware that SWCX-emission may still be present evargthno time-variable SWCX

emission signal has been observed.

We have shown that exospheric SWCX occurs preferentialthersunward side of the mag-
netosheath, when the line-of-sight of XMMewton pointing towards its astronomical target
of interest, intersected the area of strongest expected)>S¥vassion of the exosphere. This
occurs during the northern hemisphere summer months. Hayweonsiderable fraction of

the SWCX-affected observations had lines-of-sight thegrsected the flanks of the magne-

146



Chapter 10. Discussion and outlook 10.1. Discussion

tosheath, where the SWCX X-ray emission is expected to b&ave@ihe example presented
in Carter et al(2010 and Chaptei, along with showing the highest flux of the SWCX set,
is one such case whereby XMMewtonwas not pointing in the region of strongest expected
SWCX flux. This suggests that there are considerable dewstirom our current under-
standing of either or both the hydrogen neutral density hagerturbation of the solar wind
in the flank regions of the magnetosheath. A dedicated mnmssigerving SWCX emission
to probe the magnetosheath would answer many questionslnegéhe distribution of mass
and mass transfer in the magnetosheath, bowshock and maatyof the Earth Collier

et al, 2010.

For each time-variable exospheric-SWCX case and EPIC-M&{BUment, spectra were cre-
ated for the SWCX-affected and the SWCX-free periods. Thelteg spectrum between the
two periods became the spectrum used for further spectafysia (the resultant spectrum).
We applied to each resultant spectrum a standardised apettdel of 33 Gaussian lines
involving 9 ion species. We set the relative normalisatioetsveen emission lines from tran-
sitions for one particular species based on ratios of ldbora&ross-sections measured for a
collisional speed of 400 knt$ between ions and atomic hydrogen. A combined EPIC-MOS
flux was calculated between 0.25 and 2.5 keV for each caseSWeX set showed a large
spread in spectrally modelled observed flux. Although thams®lar proton flux during the
SWCX-affected period was not a very good indicator of thelef observed flux, there was

a positive correlation between these two parameters.

The SWCX set showed a range of spectral characteristick, @itii and Oviil being the
dominant lines. Spectral signatures obtained from thesd/XINewtonobservations, such
as the ratio between magnesium and oxygen ion species, megnbglementary to data
obtained from in-situ solar wind monitors in classifyindesovind plasma types. In addition,
a stacked spectrum constructed from all the observatiotied@WCX set showed that @I

is by far the most dominant line and that the centroid of thetpoominent line is consistent
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with the forbidden line transition for this ion species, apexted for the charge exchange

emission process.

We have studied the SWCX set with the largest observed fluglwhie attributed to a CME
passing by the Earth. The passage of this CME could be tracgedits signatures at the
upwind solar wind monitors ACE an@/ind, followed by its detection by XMNMNewton
This case also formed part of the subset that exhibited tjieelst Mgxi to Ovii and Oviil

to Ovil ratios. CME plasma is compositionally different to steatitessolar wind plasma.
Other phenomena, such as co-rotating interacting regiongXample, may include high
density pulses of plasma but show spectral signatures thosgnonical solar wind plasma

conditions.

We wished to investigate whether the observed spectrallyeted flux could be estimated
using a simple model, constructed using data describingngosolar wind conditions, and

the orbital and target pointing configuration of XMMewtonat the time of each SWCX-

set observation. This was first attempted for the specifie cdighe passing CME, using
a static model using the average solar wind conditions atithe of the observation. For
the time-dependent model we used simple models of hydrogesittes about the Earth
and the perturbations of the solar wind within the regionhaf magnetosheath. A positive
modelled flux, indicating that resultant exospheric SWC#8tl be detected after taking into
account the difference between the SWCX-affected and SWe&Xperiods as determined
by the X-ray lightcurves, was observed in 80% of cases. Ayxiprately 60% of exospheric-

SWCX cases showed an observed-to-modelled flux fractiaffatehce between -1 and 1.
Negative values of the modelled flux occurred when the modelipted an emission pulse
in the alternative time period to that assigned as the SWfietted period. The largest
outliers occurred when the solar wind flux was at its weakdste principal component

of the model was the solar wind flux. The presence of the maghetth made a large

contribution to the modelled emission in a few cases. Theshtine-of-sight length through
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the magnetosheath did not have any discernable influenciéhen #he observed or modelled
flux. The model employed a large parameter space and thexaaoeis aspects which are
expected to have a large uncertainty. For example the eaicalof the time delay from
ACE to the Earth will change if the solar wind plasma frontilseet and there are large
uncertainties in the distribution of solar wind flow arouh@ tmagnetosheath, especially in
the regions far from the subsolar point. Adapting the moalatcount for changes in the solar
wind O’*/08* ratio did not improve the observed to modelled flux fractiatitierence for
the SWCX set overall. We have not accounted for any anis@sap the Earth’s exosphere
in terms of hydrogen density. In addition there was some assiijgn that those cases when
XMM- Newtonwas found at positive GSE-Y (the dusk side) resulted in thstlevell-fitting

models, where anisotropies in the shape of the magnetdsimasgt be most apparent.

This thesis details the analysis of a large data set of XM&vtonarchival observations to in-
vestigate the incidence of temporally-variable exosgh8MVCX emission over an extended
period during the current mission. It is the largest studgWwCX-affected XMMNewton
observations to date, and compliments previous work initeeture that has primarily in-
volved the comparison of multiple pointings of the samedafigld to identify those obser-
vations exhibiting signatures of SWCX emission. The teghaiemployed in this work does
not require such comparisons between pointings, althautymited to detecting temporally-
variable and not steady-state SWCX emission. The positikrelation between the modelled
and observed fluxes presented here implies that the modeloged has been reasonably
successful in determining that exospheric-SWCX emissiaukl be present within a par-
ticular dataset. Advances and improvements in the assangpthade in the model, by the
author or other interested parties in various researchiuies developing similar modelling
approaches, will improve the predictive power availablausers of XMMNewtonwhen

analysing their X-ray observational data.
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10.2 Outlook

As the solar cycle moves towards its maximum over the nextykears, there will be an in-
crease in the frequency of opportunities to study passargsient phenomena such as coronal
mass ejections, whose paths may intersect lines-of-sight §pace-based X-ray astronom-
ical observatories. Such observations could be prepaneh fadvance of such an event,
and requests for Targets of Opportunity (XMNewtor) or other such discretionary time on
other X-ray satellites could be obtained. These obsenmvainuld be included in any future
archival studies of exospheric-SWCX affected XM¥ewtonobservations, which may also
incorporate data from the EPIC-pn in the analysis. Any fitmodelling efforts to estimate
the expected line-of-sight emissivity may incorporateaselind parameters from magneto-
hydrodynamical models of the Earth’'s magnetosheath, tetetodel the solar wind distri-

bution, particularly in the flank regions.

Charge exchange has been recognised as an important atiotrito emission from other
extra-Solar System astronomical targets, such as witkinitiis of supernovae remnants (for
example the Cygnus LoofKatsuda et al. 2001 within the diffuse gas regions of galaxies
(for example within M82 Liu et al. 201) or at boundaries between hot plasma and cold
neutral clumps in complex nebulae (for example in the Caxielbulae,Townsley et al. 201)1
Indeed, it will be a ubiquitous emission process throughletUniverse. Charge exchange
emitting regions such as cometary comae have been propssedential calibration targets
for space-based X-ray instrumentation. The charge ex@angssion process results in
spectra consisting of many emission lines, the number oflwtiepend on the compositional
complexity of the plasma involved. Indeed, in the work preed in this thesis, blended lines
in spectra from the EPIC-MOS cameras, especially in theggmmegime below 0.5 keV, point
to the wealth of emission lines that may be found when obsgrthe interaction of solar

wind plasma with exospheric neutral hydrogen. Improvesiantheoretical and laboratory
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cross-sections, involving both single and multi-electcapture processes, will allow more
robust models of charge exchange to be tested via astroabatiservations, which in turn
may aid the low-energy calibration of X-ray instrumentatieuture, high-spectral resolution

instruments such as micro-calorimeters will also help ia task.

Future space-based missions to investigate the interabgbween the Sun and the Earth
could use the exospheric charge-exchange process as afoapédasma dynamics in the
Earth’s magnetosheath. An orbiting satellite, placed atficgent distance from the Earth,
would be able to image large areas of the magnetosheathdprgyt was equipped with a
large field-of-view optic and adequate effective area. Badygoposals based on this premise
have been put forward in response to announcements of oiiees for mission concepts.
It is hoped that in the relatively near future such a missidhlve commissioned and allow

this idea to be realised.
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Table A-1: Table of the SWCX set observations, ranke()(ﬁ)(the reducedk? to the linear fit between
the line-band and continuum lightcurves). Also listed facte case are the revolution number (Revn),
observation (Obsn), the MOS1 and MOS2 exposure identifieqgr{ M1 and Expn M2) and the ratio
of the lightcurve variancesRy).

Ind. Revn Obsn Expn M1 Expn M2 Xﬁ Ry Ind. Revn Obsn Expn M1 Expn M2 Xﬁ Ry

1 0342 0085150301 U003 U003 27.2 10B 53 0997 0206090201 S001 S002 25 2.6
2 0209 0093552701 S001 S002 23.0 40 54 0690 0134531701 S002 S003 24 24
3 1014 0305920601 S001 S002 15.0 301955 1023 0304531801 S001 S002 24 22
4 0690 0149630301 S001 S002 14.1 21{6 56 0476 0109661201 S001 S002 24 26
5 0623 0150610101 U002 U002 135 4.8 57 1018 0212480801 S001 S002 24 88
6 0339 0054540501 S002 S003 13.2 22458 0871 0206360101 S001 S002 24 13
7 0422 0113050401 S001 S002 12.7 12|359 0689 0149610401 S001 S006 2.4 1.9
8 0151 0094800201 S001 S002 12.6 7.2 60 0859 0203541101 S001 S002 2.3 2.0
9 0657 0141980201 S001 S002 12.0 8.1 61 0354 0049340201 S001 S002 2.3 18
10 0664 0150680101 S001 S002 9.8 53 62 0052 0099760201 S001 S002 2.2 1.0
11 0505 0153752201 S002 S003 8.5 6.9 63 0322 0094400101 S001 S002 2.2 23
12 0271 0111550401 S002 S005 7.8 6.9 64 1232 0406420401 S001 S002 21 23
13 0279 0070340501 S001 S002 7.8 2.3 65 0990 0203450201 S001 S002 21 4.7
14 0178 0101040301 S001 S002 7.2 52 66 0167 0106460101 S001 S002 21 11
15 0139 0109060101 S002 S003 7.0 6.1 67 0395 0084140501 S002 S003 21 5.8
16 0529 0147540101 S001 S002 6.9 7.1 68 0234 0069750101 S001 S002 21 17
17 1199 0402250201 S001 S002 6.8 9.9 69 0175 0110660401 S002 S003 21 2.0
18 0676 0049540401 S001 S002 6.5 89 70 0554 0056021001 S001 S002 2.0 35
19 0982 0306700301 S001 S002 6.2 99 71 1232 0405210601 S001 S002 2.0 15
20 0645 0150320201 S001 S002 5.8 42 72 0150 0105260501 S001 S002 2.0 3.0
21 0630 0143150601 U002 U002 5.7 8.0 73 0634 0151400201 S001 S002 2.0 3.4
22 0494 0109120101 S002 S003 5.4 7.8 74 1594 0560191501 S001 S003 2.0 1.9
23 0178 0110980101 S001 S002 5.2 19 75 0747 0200730401 S001 S002 1.9 11
24 0114 0127921101 S001 S002 4.9 3.8 76 0428 0112520101 S001 S002 1.9 12
25 0811 0202100301 S001 S002 45 3.9 77 0692 0112490301 S011 S012 1.8 15
26 0997 0303260501 S001 S002 4.1 23 78 0428 0112521001 S001 S002 1.8 15
27 0163 0100640201 S002 S003 3.7 3.1 79 0875 0203750101 S001 S002 1.8 1.9
28 0431 0136000101 S002 S003 3.6 2.2 80 0457 0124712501 S002 S003 1.8 2.9
29 0605 0146390201 S001 S002 35 4.8 81 0191 0093550401 S001 S002 1.8 18
30 0906 0203361501 S001 S002 3.4 2.1 82 0882 0203610401 S001 S003 1.8 22
31 0113 0127921001 S001 S002 3.4 2.0 83 0865 0206610201 S001 S002 17 1.2
32 0834 0200000101 S001 S002 3.3 34 84 1349 0406960101 S001 S002 17 11
33 0846 0164560701 S001 S002 3.3 1.8 85 0750 0201160401 S001 S002 1.6 18
34 0387 0073140501 S004 S005 3.2 1.3 86 0235 0051940501 S001 S002 1.6 26
35 1600 0553650101 S001 S002 3.1 2.3 87 0750 0201030301 S001 S002 1.6 3.4
36 0555 0146510301 S001 S002 3.0 3.5 88 0420 0093190501 S001 S002 15 1.0
37 0515 0089370501 S001 S002 2.9 2.3 89 0457 0112521301 S001 S002 15 25
38 1049 0300800101 S002 S003 2.9 14 90 0168 0101440401 S001 S002 15 16
39 0376 0001930301 S001 S002 2.9 14 91 0369 0084230201 S001 S002 15 13
40 1206 0404965401 S003 S004 2.9 1.4 92 0461 0041750101 S001 S003 15 17
41 0574 0110910201 S002 S003 2.9 13 93 0997 0201330101 S001 S002 15 12
42 0136 0101440101 S001 S002 2.9 1.7 94 0630 0151390101 S007 S008 15 12
43 1075 0305560101 S001 S002 2.8 21 95 0449 0082140301 S001 S002 15 18
44 0643 0141150101 S001 S002 2.7 24 96 0325 0085280501 S001 S002 14 15
45 0918 0206430101 S001 S002 2.7 2.2 97 1555 0552410401 S001 S002 14 1.0
46 0313 0092140101 S001 S002 2.7 2.6 98 0148 0112880801 S001 S002 14 14
47 0391 0085280301 S001 S002 2.7 1.8 99 0159 0112980201 S001 S002 14 13
48 0173 0106660201 S001 S002 2.7 1.2 100 0676 0152460301 S001 S002 13 2.8
49 0982 0303720301 S001 S002 2.6 2.8 101 0974 0302640101 S002 S003 13 1.8
50 0258 0112290201 S001 S002 2.6 3.4 102 1094 0306680201 S001 S002 13 11
51 0260 0070340201 U002 U002 26 3.3 103 1364 0500500801 U002 U002 13 17
52 0484 0103060201 S002 S003 2.5 1.9
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