Doctoral Dissertation

i

A Study of the Soft X-ray Diffuse Background in 0.2-2 keV
with the Suzaku Observatory

(T AR E N 720.2-2 ke VIS BT 2 X 5= OBFSE)

A Dissertation Submitted for the Degree of Doctor of Philosophy
March 2019

PR 31 4R 3 R (BRY) HAGE

Department of Physics, Graduate School of Science,
The University of Tokyo

FUURARF B B R IETERE P BEE TN

Kenichiro Nagayoshi

K EER






Acknowledgements

I would not have been able to complete this thesis without kind, dedicated, persevering and
continuing supports I have got from many people. About four years have past since I started
working on this project and I am writing this last part of my thesis finally. I would like to
express my gratitude here.

I sincerely thank to my supervisor Prof. K. Mitsuda. My idea one day came up "use the
Suzaku’s 1/4 keV band" has been brushed up through constructive discussions with him and
grown up to the core of this thesis. His insights and comments on data analysis results based
on a deep scientific knowledge have been always sharp and to the point. He have taught me
how to think logically when I lost the way. He has been incredibly patient and so kind over
the last four years. I genuinely respect you and it is an honor to be taught by you.

I would like to thank to Prof. N. Y. Yamasaki. Without her scientific advices, encourage-
ments and kindness, I would not have been able to continue this project. I have learned a lot
from you how to approach to difficult subjects by changing a point of view, and importance
to get rid of a biased way of thinking. I will not forget what once you told me "Any data says
something, regardless of whether you want it or not.". I know I have kept you worried about
me. I apologize deeply but nevertheless, I am sincerely grateful to you.

Secretaries N. Takahashi and A. Yokoyama have helped me a lot especially when I visited
to ISAS form SRON. They have cheered me up always and I have enjoyed daily chatting
with them. "Thank you" is not enough for all the help I have received from you.

I thank to my colleagues in the lab.: N. Sekiya, K. Sakai, R. Yamamoto, T. Kikuchi, T.
Hayashi and M. Muramatsu. We have talked a lot about our detector development and that
kind of things have helped me recover when I was in a tough moment.

Finally I appreciate my parents for their great help and encouragement over a number of
years.

Kenichiro Nagayoshi






Abstract

The hot gas of 0.1 keV filled in the cavity surrounding the solar neighborhood (so-called local
bubble; LB) has been studied since the beginning of X-ray astronomy, as one of the emission
components which contributes to the Soft X-ray Diffuse Background (SXDB) below 2 keV.
However, another local diffuse component has became evident since 1990s; the emission
induced by the charge exchange interaction of the solar wind and neutrals in the Heliosphere
(H-SWCX; Heliospheric Solar Wind Charge eXchage). The properties and possibly even
existence of the LB has been suspected due to this discovery. Moreover, it has been also
pointed out since 1970s that the LB cannot be in dynamical equilibrium because the pressure
of the hot gas in the LB far exceeds the thermal pressure of the interstellar medium (ISM).
X-ray spectroscopy with modern X-ray CCD instruments is one of the keys to deepen our
understanding of the SXDB. However, the energy band below 0.3 keV has not been available
mainly due to instrumental issues, while the bulk of the emissions from the LB and H-SWCX
would present in 0.1-0.3 keV.

In this thesis, we for the first time enable quantitative spectral analysis for the SXDB
in 0.17-2.0 keV and investigate the origin of the local diffuse emission. The core of our
research is the XIS1 CCD instrument on-board the Suzaku observatory. It is known as one of
the best detectors to study the SXDB owing to the low and stable background, good energy
resolution and excellent Gaussian-like response for monochromatic X-rays. However, due to
uncertainty in contamination accumulation in orbit, the energy band below 0.4 keV could not
be analyzed.

The neutron star RXJ1856.5-3745 is known as a standard calibration source for the low
energy band. We carefully analyzed data taken from 2005 to 2014 biannually and discovered
that the degradation of the quantum efficiency below 0.3 keV is well explained if we assume
existence of sulfur as a new contaminant element. We developed a new contamination growth
curve based on this result and validated that the calibration accuracy is significantly improved
within 10 % below 0.4 keV from 2005 to 2014.

Our SXDB analysis was performed toward the Lockman Hole field, known as a blank field
without bright sources. Suzaku observed this field annually from 2006 to 2012, corresponding

to the period for which the solar activity migrated from minimum to maximum. The H-SWCX
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emission is the only time-variable component in the SXDB reflecting the solar activity. We
compared spectra observed in the solar minimum (2006-2009) and solar maximum (2010-
2012) periods and found a systematic brightening in the solar maximum spectrum over the
range of 0.17-1.0 keV. It became clear that the H-SWCX emission does contribute to the
SXDB spectrum below 0.3 keV at least in the solar maximum period. In contrast, we found
that the spectrum below 0.3 keV taken during the solar minimum period is well explained
only with a thermal emission model characterized by temperature of 0.093 (0.06-0.11) keV.
This result is consistent with the historical LB picture and suggests the contribution from the
H-SWCX is minimal.

The SWCX-contributed spectrum was evaluated with existing H-SWCX models and
revealed that none of the models can fully explain the observation. There seems an uncertainty
in modeling of the emissions from heavier ions for example Si, S, Mg and Fe, whereas the
emissions from C, N and O are in good agreement with the observed spectrum. We also
estimated the pressure of the LB to be p/k =8.1(5.9—-9.1) x 10° cm™ K. This value
is still higher than the ISM pressure of ~ p/k =2 x 10° cm™3 K but about half of the
LB pressure estimated in 1970s. The pressure of the magnetic field is estimated to be
~ p/k=28x 10> cm™3 K. If the LB is relatively free of the global magnetic field, then it

can be in pressure equilibrium with the environment around the LB.
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Chapter 1
Introduction

Soft X-ray Diffuse Background (SXDB) is truly diffuse emission that contributions signif-
icantly to the X-ray background sky below 2 keV. From the observations using the X-ray
focusing optics and the X-ray CCD camera onboard Suzaku, XMM-Newton and Chandra
observatories after 2000, the SXDB is now considered to consists of at least three different
emission components; (1) the emission from the Heliosphere by the charge exchange interac-
tion of the solar wind and neutrals in the planetary space (SWCX), (2) the emission from
the ~1 MK hot plasma in the so-called local bubble, which is a cavity surrounding the solar
system (LB), (3) the emission from the ~2 MK hot plasma in the halo of our Galaxy (e.g.
Yoshino et al. (2009) and Henley and Shelton (2013)). However, in previous observations,
the first two components, the SWCX (the solar wind charge exchange) and the LB (Local
Bubble), could not be separated well from each other in the X-ray spectra. In most cases,
the sum of the two components were represented with a single thermal-emission model.
However, there ia clear evidence for the existences of both components.

The LB was first suggested from the sounding rocket experiments in late 1960’s (Tanaka
and Bleeker (1977)). Those rocket experiments extensively studied a large-scale spatial
variations in intensity of the emission in ~0.1 to ~0.3 keV band, which is often called the 1/4
keV band or C band. They found that the intensity in the C band shows an anti-correlation
with the total line-of-sight column density of the neutral interstellar medium (ISM) of our
Galaxy. However, the anti-correlation is clearly not due to the X-ray absorption of the ISM
because the hardness ratio of the emission, e.g. 0.1-0.2 keV to 0.2-0.3 keV intensity ratio
is constant (e.g. McCammon and Sanders (1990)). Those results were interpreted by a
displacement model of the hot gas in a cavity. Namely, the solar system is surrounded by
a cavity where neutral ISM density is low and replaced with a hot gas of a temperature of
~1 MK. The line-of-sight length of the cavity depends on the direction and in the direction
with longer sight length, the total Galactic neutral ISM column density is low. This model
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was supported by the 1/4 keV band observations of the ROSAT observatory in 1990’s. The
existence of the cavity is supported by Naj absorption-line observations of the background
stars. Lallement et al. (2003) combined the Nay absorption data with the star-distance data by
Hipparchus and created a 3D map of the cavity. The cavity is extended with about 100 pc
length scales depending on directions.

We recognized the importance of the SWCX after the discovery of the X-ray emission
from comments (e.g. Lisse et al. (1996)). XMM-Newton, and Chandra observations clearly
detected temporal variation of Oyyy emission at ~0.57 keV in the X-ray background. More-
over, Yoshitake et al. (2013) discovered using the Suzaku observations, a long-term increase
of the Oyyy emission intensity correlated with the 11-year solar activity. Given the chemical
composition and their ionization states in the solar wind, the SWCX emission must contain
emission in the 1/4 keV band.

Since the early phase of the investigation, a pressure problem of the LB has been suggested
(e.g. Tanaka and Bleeker (1977)). Namely the pressure of the hot gas in the LB far exceeds
the thermal pressure of the ISM, thus the LB cannot be in dynamical equilibrium. Snowden
et al. (2014) recently proposed a solution; by including the SWCX in the SXDB, the pressure
of the LB hot gas decreases. Although the reduced hot gas pressure is still higher than the
thermal pressure of the ISM, it can balance with the sum of the thermal pressure of the [ISM
and magnetic fields. They thus suggested that if the supernova explosion that created the
cavity swept out the magnetic fields there, the pressure balance problem can be solved.

In the previous Suzaku observations, the energy band used for the analysis was limited to
above 0.4 or 0.5 keV, excluding below 0.3 KeV because of the uncertainty in the detection
efficiency of the detector system. Above 0.4 or 0.5 keV, both LB and SWCX emission
spectrum can be approximated with a single Oyy; emission line, and the emission spectrum
can be modeled with a single 1 MK thermal emission model. Both XMM-newton and
Chandra were also not suited for spectroscopy below 0.5 keV.

We consider that the spectroscopy including the 1/4 keV band is the key to deepen our
understanding of the SXDB, especially in terms of the LB and the SWCX. For that purpose
we re-visited the detection efficiency calibration of the X-ray camera onboard Suzaku. Soon
after the commissioning operation of the CCD camera, accumulation of contaminants on
the optical blocking filters was noticed. The absorption of X-ray by the contaminants was
calibrated onboard by using calibration targets. However, the degradation of the efficiency
below ~0.4 keV was not reproduced well.

In this thesis, we for the first time enables quantitative spectral analysis for the SXDB
in 0.17-2.0 keV and investigate the origin of the local diffuse emission. The core of our

research is the XIS1 CCD instrument on-board the Suzaku observatory. We first try to



calibrate the detection efficiency in all energy bands including the 1/4 keV band by using the
data biannually taken from 2005 to 2014 for the neutron star RXJ1856.5-3745. Then, we
study the SXDB using observations of the Lockman hole field from 2006 to 2012, covering
the period from the solar activity minimum to maximum. It is known in this field that the
Oy line intensity is enhanced during the solar maximum period. This characteristics is
useful to separate the H-SWCX emission from others because only the H-SWCX emission
is considered to be the time variable component in the SXDB. This thesis is organized in
the following manner. In Chapter 2, we present a brief history of the SXDB study together
with remarkable observational facts and what have been the subjects of controversy. We then
introduce the Suzaku CCD instrument (XIS1) that is a core of our research. We explain the
advantage of this instrument and provide some technical aspects in Chapter 3. Our main
research results are presented in Chapters 4 and 5. We start with an instrument calibration
focussing on the quantum efficiency in the 1/4 keV band, that varies with time due to the
contamination accumulation onto the instrument in orbit. We then show our spectral fit
results for the SXDB in 0.17-2 keV toward the Lockman Hole field. We examine the origin
of the local diffuse emission and characteristic of theLB and H-SWCX emission. we also
estimate the pressure of the LB and compared with the previous results. We lastly conclude
our research findings throughout this dissertation in Chapter 6.

All error ranges quoted in text are for 90 % confidence level unless otherwise noted,
while vertical bars in figures show 10 errors. Throughout this thesis, we use Asplund et al.
(2009) abundances as a nominal solar abundance table.






Chapter 2

A Review

2.1 Brief History of the Soft X-ray Diffuse Background be-
low 1 keV

X-rays from an extra-solar object were first discovered in 1962 by Giacconi et al. (1962)
using a sounding rocket experiment with Geiger counters sensitive to 2-6 keV. In the same
experiment they also found the X-ray background emission, namely X-rays coming from all
the directions of the sky the rocket payload had scanned. This emission is now known as the
cosmic X-ray background (CXB), which has been studied extensively in a wide energy band
from about 2 keV to a few hundred keV. Soon after this discovery, the observation below 1
keV started with sounding rocket (Bowyer et al. (1968)) and it was already noted that the
surface brightness below 1 keV far exceeds the extrapolation of the flux above 1 keV after
correcting for the absorption by the neutral interstellar medium in our Galaxy (Henry et al.
(1968)). As reviewed in the next section, the CXB above 2 keV is considered to be resolved
into faint individual sources. On the other hand, the excess emission below 1 keV over the
CXB is considered to be spatially diffuse in nature. Thus it is often called the soft X-ray
diffuse background (SXDB).

The SXDB was extensively studied with a series of sounding rocket experiments, e.g.
Nagoya and Nagoya-Leiden sounding rocket experiments. The most important finding of
those experiments is the concept of the local bubble (LB) !, in which the solar system is
surrounded by a ~1 MK hot plasma extending 100 pc scales (Tanaka and Bleeker (1977)).
The Wisconsin sounding rocket experiments conducted all sky observations (McCammon
and Sanders (1990)). Then the ROSAT observatory in orbit conducted all sky observations

! Although in those papers, the wording, local hot bubble (LHB) was used, here we use the wording presently
used.
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in 1994-1997. From those observations we recognized the emission beyond the bulk of the
absorption of our Galaxy. Then the discovery of X-ray emission from the comet Hyakutake
by ROSAT (Lisse et al. (1996)) brought a new insight into the origin of the SDXB, namely
the solar wind charge exchange induced X-ray emission (SWCX). Soon after the discovery,
it was suggested that a significant fraction of the SXDB can be explained with the SWCX
with the interplanetary neutrals in the Heliosphere (Cox (1998)). Although the existence
of the LB is still required from a number of observations in various wavelengths (section
2.3.1), and the so-called displacement model (section 2.3.1) strongly suggests the significant
contribution of the LB to the SWCX is now thought to be a dominant component of the
SXDB Yoshino et al. (2009).
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Fig. 2.1 The band response function of the ROSAT position sensitive proportional counter
with definitions of the energy bands. B-band, C-band, M-band and I-band for the Wisconsin
sound rocket experiment are marked over the plot. L-band and M-band for Tanaka and
Bleeker (1977) are also indicated.

Until the ROSAT era, the SXDB was studied with the band spectroscopy with E/AE ~ 1;
the surface brightness was studied in three or four energy bands given in Fig. 2.1. There is
an energy gap in 0.3-0.4 keV because of the X-ray absorption of the carbon K edge at the
window of the X-ray instruments. The ROSAT R1+R2 band is often called the 1/4 keV band
(the R4+RS band is called 3/4 keV band). We use this terminology in this thesis as well, when
refering to the energy range below the carbon edge. In 2002, emission lines from the SXDB
were clearly resolved for the first time with sounding rocket experiments using an X-ray

microcalorimeter (McCammon et al. (2002a)). However, the extensive spectral studies of the
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SXDB were conducted with the CCD instruments onboard three large observatories, Chandra
(1999-), XMM-Newton (1999-), and Suzaku (2005-2014). These instruments enabled an
energy spectroscopy with E/AE ~ 10. Oy (570 eV) and Oyyyy (653 eV) were clearly
resolved, deepening the understanding of the SWCX and the Galactic halo emission from
the observations of the absolute line intensities and ratios. On the other hand, 1/4 keV band
has been somewhat "forgotten" in the CCD instrument era. Chandra and XMM-Newton
cannot observe below ~0.35 keV due to their high/unstable instrumental background and
poor detector responses represented as a spectral tail on the low energy side (see Fig. 2.2).
Suzaku has a better energy resolution, a stable background, and ideal detector responses
but the quantum efficiency at the low energy band had been rapidly degraded due to the
contamination accumulated in orbit. The 1/4 keV band has been crucial for studying the LB
and the SWCX emission but not yet researched with the modern CCD instruments.
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Fig. 2.2 Comparison of the instrumental response functions to the monochromatic 0.37 keV
X-ray for Chandra (red), XMM-Newton (blue) and Suzaku (black and green).

The main focus of this thesis is the SXDB. However, for the study, we need to understand
the nature of the CXB above 2 keV, because the faint sources that contribute to this energy
band should also contribute to the flux below 1 keV. We thus briefly review the CXB above 2
keV in the next section. Then we will review the present understanding of the SXDB in the

following sections.
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2.2 Spectrum, Intensity, and Origins of the CXB above 2
keV

2.2.1 Spectrum of the CXB above 2 keV

In Fig.2.3 the CXB spectra measured by different instruments are shown Revnivtsev et al.
(2003). The intensity of the CXB depends on flux of point sources that can be removed from
the field of view. The threshold of those plots are different but all the measurements indicate
surface brightness of 1 x 10712 erg s~! cm~2 deg =2 in the 2-10 keV band.
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Fig. 2.3 X-ray background spectra (photon spectrum x EZ, presented in the right figure) and
the intensity in 2-10 keV band obtained with different instruments is shown in the left figure.
Taken from Revnivtsev et al. (2003).

The CXB spectra in the energy band shown in the figure can be represented with a single
power-law function
dN (E)
dE
after correcting for the Galactic absorption. All previous studies show similar photon index
(I') about 1.4 (eg. Kushino et al. (2002), Revnivtsev et al. (2003)).
In the higher energy range (Fig.2.4), the spectrum shows an exponential cut-off and the

—NET, (2.1)

spectrum can be represented with a function,

dN (E)
dE

= NE Texp(—E/E,), (2.2)

where the e-folding energy, E., is about 40 keV (Boldt (1992)).
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Fig. 2.4 X-ray background spectra from 3 keV to 1 MeV observed with the HEAO-1 obser-
vatory. Taken from Boldt (1992).

2.2.2 Resolving the CXB into Point Sources

Unresolved faint X-ray sources, if they exist, can contribute to a certain fraction of the
X-ray background therefore, by observing with instruments with higher sensitivity and
higher spatial resolution, we may be able to resolve these into individual sources. Many
point source surveys have been conducted so far with this purpose (e.g. McCammon et al.
(2002b)). The most recent, and the highest-sensitivity survey was conducted with the
Chandra observatory toward the Chandra Deep Field (CDF). The flux limit of the survey was
~1x10718 erg s~ em™2. In total, 1008 X-ray sources were detected in this field of view
of 484 arcmin?, for the CDF-South (Luo et al. (2016)). Most of them are considered to be
active galactic nucleus (AGNs) but the faint class contains galaxies. From the log N —log§
(the relation between the number X-ray sources (N) brighter than a given flux (S)) plot of
the point sources, they concluded that 93 + 11% of the CXB in the 2-10 keV band is already
resolved into the point sources.

The average spectrum of bright AGNs in local universe has a power-law index of ~ 1.8
in 2-10 keV band, steeper than that of the CXB. This difference is explained by the existence
of heavily absorbed AGNs, which have a significantly hard spectrum in 2-10 keV, and show a
broad peak structure called a Compton bump at about 20 keV. By combination of un-absorbed
and absorbed AGN spectra, the CXB spectrum can be explained successfully, e.g. see Gilli
et al. (2007).
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Fig. 2.5 logN —log S plot of the CXB in the 2-8 keV band obtained with Chandra. Con-
tribution of object types are shown with different colors and marks: AGN (blue triangles),
galaxies (red rectangles), and stars (green stars) (Lehmer et al. (2012)).

2.3 Spectrum, Intensity, and the Origins of the SXDB

As shown in the previous section, about 90 % of the CXB in 2-10 keV has been resolved into
individual point sources. On the other hand, McCammon et al. (2002b) suggested that the
CXB contributes to the flux in the ROSAT R4 band about 38 %, derived from the comparison
of the ROSAT flux and the X-ray spectrum obtained with the XQC X-ray microcalorimeter
experiment. They also placed 42 % for the thermal origin from the OVII and OVIII emission
lines. Although there lines are clearly resolved in the spectrum, those estimate contain large
uncertainties, because a certain fraction of OVII emission line must arise from non-thermal

process, SWCX, and we do not know the exact fraction yet.
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In this section, we review the studies of the origins of thermal and SWCX induced X-rays
in the SXDB. In the next section, we will review the studies of emission with unknown

origins.

2.3.1 The SXDB in the 1/4 keV Band and the Local Bubble (LB)

The photo-electric absorption coefficient is proportional to ~ E ~7/2 when the X-ray photon
energy E is much higher than the absorption edge energy of the absorbing atoms. Therefore
the absorption coefficient is larger for softer X-ray photons. X-ray photons below 0.3 keV
cannot travel through the Galactic neutral-hydrogen column density of 1 x 10?! cm~2 with
the solar elemental composition.

The C-band (0.2-0.3 keV) intensity of the SXDB is plotted as a function of the total
Galactic column density in the top panel of Fig.2.6. The C-band intensity decreases with
increasing column density. However, the intensity ratio of the B-band (0.1 - 0.2 keV) to
the C-band is constant (bottom panel of Fig.2.6). This is not consistent with the photo-
electric absorption scenario (the broken line), suggesting that a large fraction of the SXDB
is originated in something else. This is normally explained by the displacement model, in
which the solar system is considered to be surrounded by a hot plasma and the line of sight
length of the hot plasma is anti-correlated with the total column density of Galactic neutral
medium. The region filled by the hot plasma is called the local bubble (LB).

Existence of unabsorbed emission is supported by shadowing observations. Fig.2.7
shows an example and for the molecular cloud MBM-12 located at the distance of about
100 pc. The X-ray intensities of three energy bands are plotted as a function of 100 pum far
infrared intensity (Ij00). It is known that I;og is well correlated with Nyj; (N /102 cm=2) =
1.4100(MJy sr_l) 4+ 0.15. From the figure we find that a large fraction of the X-ray back-
ground in R45 and R67 bands comes from regions behind MBM-12, while that of R12 band
come from the near side of MBM-12. Thus the depth of the local bubble must be smaller
than 100 pc.

Existence of a cavity around the solar system is supported by observations in other
wavelengths. Lallement et al. (2003) (Fig.2.8) used Nal absorption lines in spectra of ~900
stars within ~ 300 pc whose distance is accurately determined with the Hipparcos satellite.
The differential absorption strength of a direction gives a density of neutral medium. They
show that the solar system is inside a cavity with a 50-150 pc scale. Lallement et al. (2014)
applied the same method to E(B-V) of those stars and obtained the similar results.

The potential problem of the LB is its high pressure which was already pointed out
by Tanaka and Bleeker (1977). The interstellar pressure at the solar neighborhood can be
estimated from the density profile of the interstellar medium (ISM) and the gravitational
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Fig. 2.6 Top: C band (~ 0.2-0.3 keV) counting rate obtained with the Wisconsin sounding
rocket all sky survey plotted as a function of total Galactic Hydrogen column density of
the direction (Ng). Bottom: B-band (~ 0.1-0.2 keV) to C-band count rate ratio plotted as a
function of Ny. The ratio of the transmissions of Ny in B to C bands is plotted with a dashed
line, which is very different from the observation. Thus, although the C band intensity shows
anti-correlation with Ny, it can not be due to the Galactic absorption. Figures are taken from
McCammon and Sanders (1990).
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Fig. 2.7 ROSAT counting rates in the directions of the MBM-12 molecular cloud (D ~ 100
pc) plotted as functions of 100 um far infrared intensity (/109) (Snowden et al. (1993)).
Three panels show different energy bands, ROSAT R12 (1/4 keV) band, R45 (3/4 keV band),
and R67 (1.5 keV) band. The 100 um intensity is known to show correlation with the
total (atomic + molecule + dust) H column density of the direction; (Ny/10%° cm=2) =
1.4100(MJy sr—1) +0.15.
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Fig. 2.8 Spatial extension of the LB estimated from the ROSAT 1/4 keV band observation
(left) and spatial extension of local cavity estimated from for Naj Fraunhofer D1 and D2
absorption lines of local ~ 900 stars whose distances were determined by the Hipparcos
satellite. Figures are taken from Snowden et al. (1998) and Lallement et al. (2003).

potential of the Galaxy assuming hydrostatic equilibrium. In Fig.2.9 we show the pressure
profile along the direction vertical to the Galactic plane, together with the pressure of the ISM.
The total pressure is an order of magnitude higher than the ISM pressure. The rest of the
pressure is considered to be supported by three pressure components; the magnetic filed, the
cosmic ray, and the bulk motion. The pressure of the LB does not fit in this picture because its
pressure is estimated to be p/kg = 1.7 x 10*cm™3 K. Because of the high pressure, Tanaka
and Bleeker (1977) argued that the LB was not in the pressure balance and expanding rapidly,
and that the LB will flow out from the galactic plane.

In the next subsection we will discuss that a significant fraction the SXDB in 1/4 keV
band must also arise from SWCX in the Heliosphere. Snowden et al. (2014) argued that after
removing the contribution of the SWCX, which is calculated based on a certain emission
model, from the SXDB spectrum, the pressure of the LB is estimated to be p/kg = 1.0 x
10*cm~3 K. They suggested that the LB can be in pressure balance if the supernova explosion
created the LB sweeping both the magnetic field and the cold ISM outside the LB.
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Fig. 2.9 ISM pressure as a function of vertical distance from the Galactic plane at the solar
neighborhood. Original figure was taken from Cox (2005), and annotations are added. The
two horizontal lines (orange and green) show the LB pressures from the literature. The total
pressure at the mid plane is explained by a sum of four pressure components shown in the
figure.

2.3.2 Heliospheric SWCX

The importance of charge exchange was recognized by the discovery of X-ray emission
from the comet Hyakutake. The X-ray intensity of the comet cannot be explained by the
reflection of the solar X-rays. The only explanation was the charge exchange processes
between highly-charged ions in solar wind and the neutrals in the vicinities of the comet (CO

and etc.). This charge exchange process is written as
X2t 4 N — x*@-D+ L Nt (2.3)

XD+ XD+ 4 py, (2.4)

where X927, N, and hv are an ion in the solar wind, neutral in the comet, and the X-ray
photon emitted respectively. The asterisk, “*”, represents an excitation state. The SWCX
emission arises not only from the vicinity of the comets, but also from the low-density neutral
matter surrounding the Earth, named geocorona, and the neutrals in the interplanetary space.
Emission from this process consists of only lines without continuum.

Usually the SWCX emission from geocorona (G-SWCX through out this thesis) shows

time variations on relatively short timescale (from a few tens of minutes to a few hours)
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correlating with the solar wind proton flux that is monitored near the earth. Thus, G-SWCX
can be removed from the SXDB observational data (Fujimoto et al. (2007)).

Cox (1998) suggested the most of the X-ray background below 0.5 keV could be explained
by the Heliospheric SWCX emission originated within ~100 AU from the Sun (called
hereafter H-SWCX). An intensity of the charge exchange induced emission along the line of

sight (LOS) from observers is expressed as

1 oo
I = E/O )’ifoQ+ (l>vre16(N,XQ+)nN(l>dl phOtonS Sil Cmiz Sril’ (2'5)

where Nyo+ and ny are ion and neutral number densities, vy and O(N,xQ+) are relative
velocity and cross section of collision between the ions and neutral atoms, and y; is the
photon yield of the interesting transition of the state i — f respectively.”> We use the unit

U'em~2 Sr~! as line unit (L.U.) in this thesis. The solar wind travels roughly

of photons s~
a quarter AU per day. Thus, the H-SWCX emission we observe is an integral of the solar
wind conditions over the previous year, indicating that the time scale of the variation of the
H-SWCX emission is an order of a year, much longer than that of the G-SWCX emission.
Therefore, contamination from the H-SWCX emission is difficult to be identified and removed
from observations of celestial sources.

Numerous efforts have been taken in the past decades for spectral modeling of the H-
SWCX emission. Figure 2.10 shows the H-SWCX emission calculated by Koutroumpa
et al. (2009). The bulk of the emission composed with various ion species below 0.4 keV.
However, spectroscopic analyses in this energy band has not yet been done because of the
lack of the sensitivity in CCDs onboard the currently operating missions: Chandra and
XMM-Newton cannot measure this energy range because of their high/unstable background
and a large spectral tail on the low energy side of the response. Suzaku showed an excellent
performance in this energy range but it was quickly lost since contamination was accumulated
onto the instrument. The Oyy; K emission line is known to consist of triplet fine structure
lines. If we can resolve those triplets, we can infer the origin of the line from the ratio
of the triplets, since the SWCX line should have a higher forbidden to resonant line ratio.
However, with the CCD energy resolution, there is no way to distinguish the origin except
for time variations. Yoshitake et al. (2013) analyzed the annual Suzaku observations of the
Lockman hole direction from 2006 to 2011, and found that the Oy intensity in 2010 and
2011 was significantly larger than that of 2006-2009 (Fig.2.11). They argued that the increase
is associated with the increase of solar activity indicated by the sunspot number. At least the

increased part of the Ovyyy intensity likely comes from the Heliospheric SWCX.

ZNote that the energy dependence of the charge exchange reaction is ignored for simplification.
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Fig. 2.10 The spectrum of SWCX emission calculated by Koutroumpa et al. (2009) (Figure is
taken from Kuntz (2019)). This spectrum was compiled from various theoretical calculations
of cross sections and using carefully selected solar wind abundances. However, note that
there are still significant uncertainties left in line intensities and ratios. The bulk of the
emission is in the 1/4 keV band and is composed of many lines from various species and
ionization states. The 3/4 keV band is, on the other hand, contributed by a few lines.
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Fig. 2.11 Long-term variation of the Oyy intensity toward the Lcokman hole direction
obtained with the Suzaku observation and the Sun spot numbers. Taken form Yoshitake et al.
(2013).
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2.3.3 Hot Gas in the Halo of our Galaxy

Shadowing observations, by using absorbing interstellar clouds which blocks X-rays from
distant sources, suggest that a significant fraction of ROSAT R45 band comes from 100 pc or
more distant places and subject to the absorption of the neutral ISM.

Yoshino et al. (2009) analyzed the Suzaku observations of 14 high-latitude blank-sky
directions performed near the solar minimum period and found correlations between the Oyyy

and Ovqp intensities:
Ovyrintensity = 0.5 x (Oyyintensity — 2 [LU]) (2.6)

They discussed that the offset intensity of Oyyy arises from the Heliospheric SWCX and the
LB, while the excess Oyy (2-7 LU) is emission from more distant parts of the galaxy. If we
assume collisional ionization equilibrium plasma, the temperature is estimated from the Oyyy
to Oy ratio to be kT = 0.2 keV (corresponding to log7 = 6.37).
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Fig. 2.12 Ovyyy and Ovyyyy surface brightnesses relation obtained for 14 high-latitude directions
observed with Suzaku near the solar minimum (Yoshino et al. (2009)).

From combined analyses of the absorption lines and emission lines of approximately
same directions, we can constrain the line of sight length of the plasma since absorption is
proportioned to ZnL while emission is proportioned to Zn’L, where Z is a vertical distance
from galactic plane, n is the plasma density and L is the path length. Yao et al. (2009) used
Chandra grating spectrum of the X-ray binary source in LMC, LMC X-3 for absorption and
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Suzaku CCD spectrum about from LMC X-3 for emission. They introduced a gradient in

density and temperature along the line of sight to explain their spectral fit and obtained
n= noefﬁ T = Toefﬁ, (2.7)

where ng and 7j are the density and temperature on the plane Z = 0, h, and hr are the
density and temperature scale heights, respectively. They obtained scale heights of 1-5 kpc,
suggesting that the hot gas is in the halo of our Galaxy. Hagihara et al. (2011) and Sakai et al.
(2014) applied the same method to the directions of two Blazers, PKS 2155-304 and Mkn

421 and obtained the similar results.






Chapter 3

Instrument

3.1 The Suzaku X-ray Observatory

Following the Hakucho, Tenma, Ginga and ASCA X-ray satellite missions, Suzaku was
launched as the fifth Japanese X-ray observatory by a Japanese M-V rocket from the JAXA
Uchinoura space center on July 10, 2005 (Mitsuda et al. (2007)). It was developed by
the Institute of Space and Astronautical Science (ISAS, belongs to the Japan Aerospace
Exploration Agency, JAXA) in close collaborations with the National Aeronautics and Space
Administration’s Goddard Space Flight Center (NASA/GSFC) and many other collaborators
across the world. Suzaku was put into a near-circular orbit with an apogee of 568 km,
inclination of 31.9 degrees and an orbital period of about 96 minutes (Fig. 3.1). The Suzaku
satellite was protected by the geomagnetic field in this low orbit, therefore its instrumental
background is lower and more stable than that of XMM-Newton and Chandra, that were
put in long elliptical orbits. Figure 3.2 shows the overview of the Suzaku sattelite. The total
mass of the spacecraft is about 1700 kg. The length, after deployment of the extensible
optical bench (EOB) that was performed in orbit, along to the telescope axis is 6.5 m. Suzaku
completed its scientific mission due to difficulty of maintaining sufficient power supply on
August 26, 2015, but exceeded its target observation life time of about two years. After about
50000 charge/discharge cycles, batteries were degraded as they were supposed to be and
JAXA concluded that it was difficult to continue its scientific observations.

In the following sections, we describe minimal information about the Suzaku instruments
relevant to this thesis. The full Suzaku technical description is available at

https://heasarc.gsfc.nasa.gov/docs/astroe/prop_tools/suzaku_td/suzaku_td.html.
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Fig. 3.1 The 96 minute Suzaku orbit.

XRT-S [\ /]

i\ Sun shade

\\

\l} ;’ \ ‘
\%\! | / \\ ~ EOB

XRT-I
(4 units)

Star i i
tracker || : Side panel
\ | (8 panels in total)

Gyro- ~
scopes

XRS \‘f

e
Ez HXD

Base —
panel Y, VW (4)§rl1ists)

Fig. 3.2 Side view of Suzaku with the internal structures after the EOB deployment. Taken
from Mitsuda et al. (2007).
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3.2 The X-ray Imaging Spectrometer

3.2.1 Basics

The X-ray Imaging Spectrometer (XIS, Koyama et al. (2007)) is one of the three science
instruments on-board Suzaku. The XIS was developed under the collaboration between MIT,
ISAS, Osaka University and Kyoto University. The XIS successfully observed the first light
on 11 August 2006, about a month after the launch. The XIS instrument consists of four
X-ray charge-coupled devices (CCD), XISO, XIS1, XIS2 and XIS3. The XIS1 CCD detector
is shown in Fig. 3.3. The sensors are kept at -90 °C all the time in order to supress noises
related to the dark current.

Detector Connector ccD
With Shorting Plug Detector
RTD and TEC Gold Plated
Connector Substrate D;t_?;tur

Flexprint With

Handling Low e Tape
Fixture

Fig. 3.3 The XIS1 CCD detector put onto a heat sink.

Each XIS sensor is placed on the focal plane of the co-aligned X-ray Telescope (XRT,
Serlemitsos et al. (2007)) whose angular resolution is about 2’ defined as a half power
diameter (HPD). The filed of view is 17’8 x 17’8 square field determined by the XIS CCD
exposure area (25 mm squared) consisting of 1024 x 1024 pixels. A cross sectional view
of the instrument is presented in Fig. 3.4. The optical blocking filter (OBF) made of a
thin polyimide (C22H9N2Oy4) film with Al coating on both sides is located at 20 mm above
the CCD detection surface for each sensor. The XIS1 is equipped with a thinned backside-
illuminated (BI) device which enables substantially improved sensitivity at energies below 2
keV, compared to the front-side illuminated (FI) chips for the XISO, 2 and 3.
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Fig. 3.4 Cross sectional view of the XIS instrument.

Fig. 3.5 shows schematics of the XIS sensors from the top. Each CCD chips is composed
of four segments. Segment A, B, C and D which are connected to readout nodes individually.
For inflight detector calibrations, two >>Fe X-ray sources, which emit strong Mn Ka (5.9
keV) and Mn KB (6.5 keV), illuminate corners located at the far side of the readout nodes of
the segments A and D. The XIS detectors had been damaged due to a micro-meteorite hit
on orbit. The entire XIS2 and a part of the XISO were lost on November 9 2006 and June
23 20009 respectively. Although no major impact in scientific capability has been confirmed
by the XIS calibration team, some light-leaking holes on the OBF were also detected in the
XIS1 and XIS3 on December 18, 2009. An overview of capabilities of the XIS instruments
and typical error budgets to be taken into account are given in Table 3.1 and 3.2 respectively.
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Fig. 3.5 Schematic of top view of the XIS instruments.

Table 3.1 Overview of Suzaku capabilities related to the XIS instruments.

S/C  Orbit apogee 568 km
Orbital period 96 minutes
Observing efficiency ~45 %
XRT Focal length 475 m
Field of view 17" at 1.5 keV
13’ at 8 keV
Plate scale 0.724 arcmin/mm
Effective area 440 cm? at 1.5 keV
250 cm? at 8 keV
Angular resolution 2’ (HPD)
XIS  Field of view 17.8° x 17.8°
Bandpass 0.2-12 keV
Pixel grid 1024 x 1024
Pixel size 24 umx24 um
Energy resolution ~130 eV at 6 keV
Effective area 340 cm? (FI), 390 cm? (BI) at 1.5 keV
(incl XRT-I) 150 cm? (FI), 100 cm? (BI) at 8 keV

Time resolution 8 s (Normal mode)
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Table 3.2 Error Budgets of Scientific Instrument Calibrations, given by the XIS team.

Calibration Item Oct 2008 Requirement Goal
XRT-I/XIS On-axis effective area ~2% 5% 5%
Vignetting ~10% 5% 2%
On-axis EEF ~3% 5% 1%
Off-axis EEF ~3% 20% 2%
Optical axis position in XIS ~0.5° <0.2° <0.2°
Energy scale max(0.2%,5eV) 0.1 % 0.1 %
Energy resolution at 5.9 keV 1 % 1%
Contamination column density ~ 10'8¢cm—2 N/A N/A
OBF integrity unbroken broken/unbroken broken/unbroken

3.2.2 Energy Gain and Resolution

Suzaku XIS CCD sensors have a Gaussian-like peak response function for monochromatic
energy, with a very small low energy tail compared to the X-ray CCD instruments carried
on Chandra and XMM-Newton. Fig. 3.6 shows comparison of simulated spectra for SNR
E0102-72.3 with Suzaku (top left), Chandra (top right) and XMM-Newton (bottom) response
functions. Suzaku can resolve many spectral peaks, whereas the other observatories cannot,
showing Suzaku is suitable to observe a spectrum with emission lines such as the H-SWCX
emissions. Fig. 3.7 shows the detector response to characteristic X-rays from a boric oxide
target for the BI and FI XIS sensors (tested on the ground) (Bautz et al. (2004)). FWHM
below 500 eV is 50-60 eV, which is the best energy resolution achieved among the X-
ray CCD sensors developed for the astronomical observations. The BI sensor also shows
significantly higher quantum efficiency than the FI sensor below 600 eV, suitable for the
SXDB observation including the 1/4 keV band.
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Fig. 3.7 Response of the back-illuminated (BI; red) and front-illuminated (FI; black) XIS
sensors to characteristic X-rays from a boric oxide target (Bautz et al. (2004)). Note that the

BI device also detects boron-K emission, indicating that it can measure the energy range as
low as 180 eV.
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3.2.3 Non X-ray Background

The XIS instruments have low background mainly due to Suzaku’s low orbit and the instru-
mental design. The non X-ray background (NXB) consists of several sources. The most
dominant one is events created by ionization losses of charged cosmic ray particles. Fluores-
cence X-rays from materials used in the spacecraft such as Al K (1.486 keV), Si K¢, (1.740
keV), AuMy, (2.123 keV) and so on are also considered to be the NXB. Flickering pixels
also generate the NXB but the influence is negligible for the early observations, however it

can be significant especially below 0.4 keV for observations performed after 2007.

3.3 Degradation of the Low Energy Quantum Efficiency

The quantum efficiency (QE) below 1 keV had been significantly degraded over the Suzaku
operation period due to accumulation of contaminant material(s) onto the OBF for each sensor.
The main contamination source is considered to be anti vibration rubber, that supposed to
protect the Inertial Reference Unit (IRU) from impacts and vibrations during launch. It is
believed that DEHP (diethylhexyl phthalate (C24H3304), which is a common form of phthali
cester and one of the most common outgas in the satellite) was leaked and evaporated from
the IRU to the interior of the spacecraft. The OBF was cooler than other parts of the satellite,
thus the contamination was accumulated onto it.

It is known that the contaminant consists of several different materials such as H, C, N and
O. The time dependence of the column density for each element had been monitored regularly
by observing several calibration objects and contamination growth curves are provided as
shown in Fig. 3.8. The chemical composition measured phenomenologically is not consistent
to the DEHP and varies in time. The spatial dependence of the thickness across the field of
view had been also monitored by looking at the bright-side earth. These monitoring results

are included in calibration files provided by the XIS calibration team.
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Fig. 3.8 Time dependence of the column density for each element for each detector. The dots
show the estimated column densities based on observations of a line-dominated supernova
remnant (E0102.2-7219, red), a blazer (PKS2155-304, blue) and a a super-soft isolated
neutron star (RXJ1856.5-3754, green). The solid black lines are the contamination growth
curves modeled with phenomenological functions of time. The stars shows column densities
predicted by using the current contamination file (released on August 25th, 2014).



Chapter 4

Revising the Quantum Efficiency
Calibration Model for the XIS1
Instrument

4.1 Purpose of Analysis

Quantum efficiencies (QE) below 1 keV of the XIS had been rapidly degraded especially in
the early phase of the Suzaku in-orbit operations to the contamination accumulated on the
optical blocking filters (OBF). Suzaku had observed celestial calibration objects regularly
to monitor the amount of contamination. As a result, time variability of the QE is well
reproduced in the energy band above 0.3 keV. Below the carbon edge at 0.284 keV, however,
not much attention has been paid because an observed count rate could not be explained by
the combination of absorptions of typical contaminant elements such as hydrogen, carbon,
nitrogen and oxygen, while maintaining consistency with other energy bands.

The purpose of this chapter is to reconstruct an empirical QE calibration model to be able

to analyze observational data quantitatively including the 1/4 keV band.

Throughout this thesis, we used only data taken by the Suzaku back-illuminated (BI)
XIS1 instrument, which is more sensitive to soft X-rays than the front-illuminated (FI) XIS
sensors. All the data used in this thesis were taken with the XIS1 default observation mode:
the normal clocking mode, the 3 x 3 and 5 x 5 editing modes, and no window option. All

observational data are publicly available from archives.
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4.2 RX J1856.5-3754 as a soft X-ray calibrator

RX1J 1856.5-3754 (hereafter RXJ1856) is an isolated neutron star located at 123 pc away from
us (Walter et al. (2010)), that was first confirmed through the observation in the soft X-ray
band with the Position Sensitive Proportional Counter (PSPC) onboard ROSAT (Neuhduser
et al. (1996)). An X-ray spectrum from RXJ1856 is characterized by a blackbody thermal
radiation from the surface of the star, of which temperature is approximately k7 ~ 63
eV, where kT is the apparent blackbody temperature in which gravitational redshift is not
corrected. RXJ1856 has been observed many times with various X-ray instruments. This is
because not only for scientific motivations to study atmosphere and the internal structure of
neutron stars, but also it has been an ideal target for calibration purposes especially at low

I'em—2 (see Fig. 4.1,

energy side 0.2-1 keV, owing to its brightness of ~ 1.5 x 107! erg s~
taken from Burwitz et al. (2003)). The flux in the optical band is seven times brighter than an
extrapolation of the best-fit single blackbody radiation model determined in the X-ray band.
In order to solve this discrepancy, a two-temperature blackbody radiation model (k7 ~ 63 eV
and kT ~ 32 eV) was introduced (Pons et al. (2002) and Beuermann et al. (2006)). Table 4.1
shows the best fit parameters they derived, which have been referred for cross calibrations

for instruments onboard XMM-Newton, Chandra and Suzaku in the 0.2-1.0 keV band.

Table 4.1 The best fit parameters to the RXJ1856 spectrum with the two-temperature black-
body radiation model determined by Beuermann et al. (2006).

Parameter Value + Error
kTy (eV) 62.83+£0.41
kT, (eV) 32.26+£0.72

R;/d (km/pc)  0.0378 40.0003
R,/d (km/pc)  0.1371+0.0010
N (102%cm?) 1.14+0.03
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Fig. 4.1 The top panel shows the countrate spectra of RX J1856 obtained with XMM-Newton
and Chandra with the best single blackbody model fit to each instrument. The bottom two
panels show the ratio between the data and the model for both the CCD detectors and the
high resolution grating instruments.

4.3 Observation and Data Reduction

4.3.1 Observational Data Set

Suzaku observed RXJ1856 twice a year from its launch year 2005 until 2014. Most of
the observations were performed with a standard observation mode with the same pointing
direction (@, ) = (284.150, -37.910) within ~30". However, there are two exceptional
observations in 2010 and 2013. The first one (observation ID 104022020) was performed
with an offset in pointing. The second one was carried out with a 1/4 window option. We did
not include these data in our sample because they did not fit as samples for homogeneous
analysis. An observation list with abbreviations for referring in this chapter is given in Table
4.2. Fig. 4.2 shows an example of images in different energy bands taken by the XIS1. It is
worth mentioning that the source is clearly detected in the 100-150 eV band, implying that
one could perform spectral analysis or at least obtain the counting rate even below 0.2 keV, if

the detector responses are properly calibrated.
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Table 4.2 Suzaku RXJ1856 observation log. The nominal exposure is the exposure time left
after the standard data processing. The usable exposure means the exposure time after further
data screening applied.

Abbreviation  Obs. ID Start Nominal  Usable RA Dec  Roll angle
Date Exposure Exposure
yyyy-mm-dd ksec ksec deg. deg. deg.

RX05b 100041010  2005-10-24 76.3 23.8 284.150 -37.910  269.426
RX06a 100041020  2006-03-23 79.2 72.0 284.143 -37910 84.013
RX06b 101009010  2006-10-20 40.8 13.8 284.149 -37.908  254.295
RX07b 102014010  2007-10-15 41.3 36.0 284.148 -37.908 271.935
RX08a 102015010  2008-03-22 50.7 36.5 284.144 -37910  89.704
RX08b 103006010  2008-10-20 43.0 24.1 284.150 -37.908  280.509
RX09b 104022010  2009-10-23 43.5 30.5 284.148 -37.909  277.829
RX10a2 104022030 2010-03-26 42.4 30.3 284.142 -37.907  77.586
RX10b 105008010  2010-10-27 40.1 26.5 284.149 -37917 271.239
RX11b 106009010  2011-10-22 39.3 9.7 284.149 -37915 269.059
RX12a 107007010  2012-04-02 42.1 27.7 284.144 -37.900  88.502
RX12b 107007020  2012-10-20 44.0 17.2 284.149 -37.909  269.000
RX13a 108007010  2013-04-15 40.7 14.1 284.144 -37.909  89.816
RX14a 109008010  2014-04-08 40.0 25.0 284.144 -37.911 88.700

RX14b 109008020 2014-10-23 40.0 8.5 284.149 -37.909 269.169
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Fig. 4.2 An example of RXJ1856 images of RXO05b in different energy bands taken by the
XIS1 . The energy ranges are (a) 0-100 eV, (b) 100-150 eV, (c) 150-200 eV and (d) 200-284
eV. The source is clearly detected that above 100 eV.
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4.3.2 Data Screening

We processed Suzaku XIS1 data using the HEASoft! software package version 6.22.1 pro-
vided by NASA High Energy Astrophysics Science Archive Research Center (HEASARC).
For the XIS1 sensor and XRT calibrations, we applied the latest calibration files available to
date, released on 7 June, 2016 and 30 June, 2011 respectively.

We first ran the aepipeline script’ with the recommended screening criteria’® as the
standard data processing to produce calibrated and screened XIS1 events files. We combined
the event files that were recorded in the 3 x 3 and 5 X 5 modes, and extracted the data
taken when the geomagnetic cut-off rigidity (COR2) exceeded 8 GV in order to reduce the
non-X-ray background (NXB) (Tawa et al. (2008)).

Secondly, we investigated influence of contamination from solar X-rays scattered off the
Earth’s atmosphere. An indication of the contamination can be probed with the prominent
oxygen fluorescent line (O K, 0.525 keV) (Sekiya et al. (2014)). We checked a counting
rate in the 0.45-0.6 keV band as a function of the day earth elevation angle, which is defined
as the angle between Suzaku’s line of sight and the limb of the sunlit Earth, and compared
with an averaged counting rate observed when Suzaku revolved around the night earth side.
Fig. 4.3 shows the comparison result for LHO7 as an example. We defined an acceptance
threshold as A/o less than 2, where A and o are a ratio of the counting rates and a calculated
statistical error respectively. This corresponds to the DY EELV > 60 degrees in this case.

Thirdly, we removed contamination from the geocoronal SWCX emission by following a
manner presented by Fujimoto et al. (2007), Yoshino et al. (2009) and Yoshitake et al. (2013).
We used data from ACE or Wind satellite for monitoring the solar wind proton flux during
each observation. We checked correlation between the solar wind proton flux and the X-ray
counting rate in the 0.45-0.6 keV band. We filtered out a time zone where the correlation
was detected.

Finally, We excluded events detected on pixels identified as flickering pixels at any
duration during the satellite life by applying a noisy pixel map provided by the XIS calibration
team*. In the standard processing of the XIS data, hot pixels and flickering pixels are removed
by the sisclean’ tool. Hot pixels are defined as pixels that always output pulse heights
larger than the hot-pixel threshold even without input signals. The XIS instruments can

detect hot pixels on-board easily by comparing the initial and updated dark levels of the

Uhttps://heasarc.gsfc.nasa.gov/docs/software/heasoft/

Zhttps://heasarc.gsfc.nasa.gov/ftools/caldb/help/aepipeline.html

3Detailed parameters are described in Chapter 6 of the Suzaku Data Reduction Guide
(https://heasarc.gsfc.nasa.gov/docs/suzaku/analysis/abc/)

“https://heasarc.gsfc.nasa.gov/docs/suzaku/analysis/xisnxbnew.html

>https://heasarc.gsfc.nasa.gov/docs/software/ftools/headas/sisclean.html
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Fig. 4.3 The count rate for LHO7 in the 0.45-0.6 keV as a function of the day earth elevation
angle. the observed counting rate (black dots) was compared with an averaged counting rate
observed during Suzaku moved around the night earth side, where there is no contamination
from the solar scattered X-rays. In this case, We used data acquired when the elevation angle
was more than 60 degrees.
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sensors. However, outputs from some pixels are larger than the threshold intermittently
and such pixels are called flickering pixels. These pixels are difficult to identify only with
the observational data. The signals from those pixels are the potential sources of the noise
especially on low energy side. We applied the noisy pixel map not only for the data, but also
for the NXB, ARF and XRB that are presented in the following sections. Subsequent to the

data filtering, we extracted X-ray events from the circular region within a 5’ radius.

4.4 Non X-ray Background

We estimated a NXB spectrum for each observation by using the xisnxbgen tool (Tawa et al.
(2008)), that produces the NXB spectrum from night-Earth observations corresponding to
4150 days from the target observation date with the same COR distributions as the SXRB
observations.

4.5 Detector Response Function

For each observation, we produced a Redistribution Matrix File (RMF) for conversion from an
energy spectrum to pulse invariant (PI), and Auxiliary Response File (ARF; this file describes
energy dependence of X-ray detection efficiency taking into account the telescope effective
area and the detector quantum efficiency (QE) degradation) for the spectral fitting, by using
the Suzaku FTOOLS software xisrmfgen and xissimarfgen respectively (Ishisaki et al.
(2007)). We created these files in the energy range of 0.1-14 keV but note that xissimarfgen
creates an ARF file only above 0.2 keV with the default settings. This is because in the
QE file, a transmission factor for each contaminant material such as H, C, N and O is only
available above 0.2 keV, while information such as an effective area of the XRT is available
from 0.07 keV. We modified the transmission factors in the QE file in order to extend a lower
limit to 0.1 keV. We assumed a point source for the emission source that is required to crate
the AREF file.

4.6 X-ray background

The X-ray background spectrum is obtained from the entire CCD area, excluding a 6’
circular region around the source. In order to compensate a vignetting effect due to the
XRT, we calculated conversion factors as a function of energy, by taking a ratio of the
effective areas for the source and background regions. Fig. 4.4 shows the data, NXB and
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non-corrected/corrected XRB for RX05b. The NXB is almost negligible in the entire energy
band below 2 keV and the XRB becomes dominant above 0.8 keV. The count rate for each
energy band is summarized in Table 4.3. We analyzed data in 0.17-0.8 keV band.

RXO05b
L #,;‘?*W“‘*H '+ D'atal
il A O vied XRE
+ orrected /
— N ’qw**“* MM‘&"&,’?&M‘M # + Non—corrected XRB .
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T, -|-‘|'+‘|' ++, + -I"-|-‘|"|"|'+ ﬂﬂ
£ 01 L Jr-I- f H Hw* ﬂﬁ E
3 E +++ Jf 'I' + ]
I +++++ iy [
T
5 001 iﬁﬁ* ot E
g ++++++HH+ MFE
+ tH
02 05 1 2

Energy (keV)

Fig. 4.4 Comparison of the data (black, X-ray and non X-ray background is not subtracted),
NXB (red), non-corrected XRB (blue) and corrected XRB (green, see text) spectra.
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Table 4.3 X-ray counting rate for each energy band for the observation RX05b.

E-band Data XRB NXB Source

keV cts/s cts/s cts/s cts/s

0.1-02 63703x1072  6570x1073 290700 x 1073 53703 x 1072
0.2-03 379700, x 1071 65103 x1073  1.037003x 1073 3.72%001 x 107!
03-04 LB <1071 401703 x1073 8312 x107*  1.071305 x 107!
04-0.5 1387005 x107! 82109 x 1073 64109 x107*  1.28%305 x 107!
0.5-0.6 8.6703x1072 147700¢x1072 7.702x107*  7.0753 x 1072
0.6—0.7 41701 x1072 138700¢x1072 6.1704x107* 27701 x 1072
0.7-0.8 25701 x1072 1187000 x 1072 62104 x107*  1.375] x 1072
0.8—0.9 1.567008 x 1072 1.07700¢ x 1072 55104 x107* 43"} x 1073

09-1.0 83708x1073  7.0703x1073  4.6%)5x 1074 815 x 107

4.7 Spectral model

We basically followed Beuermann et al. (2006) for spectral modeling of RXJ0658. We
here briefly summarize their model. Detailed parameter values and a spectral shape as a
function of energy are given in Table 4.4 and Fig. 4.5 respectively. This model consists of
two blackbody components absorbed by interstellar matters. We applied the best fit values
they derived for the temperature and source radius for the two blackbody components. In
treating interstellar photoelectric absorption, we used the Tuebingen-Boulder ISM absorption
model. This model calculates the cross section for X-ray absorption by the ISM as the
sum of the cross sections for X-ray absorption due to the gas-phase ISM, the grain-phase
ISM, and the molecules in the ISM. We employed the protostar abundances of Lodders
(2003) as representative of cosmic abundances for the absorption model, except for carbon
as they described in their paper. This is because a carbon abundance in the ISM is considered
to be larger than in protostar (Clayton (2003); Zubko et al. (2004)). We also adopted the
assumption for the grain size distribution which follows a MRN grain model (Mathis et al.
(1977); Clayton (2003)) with a cutoff at a maximum grain radius of 0.5 um.

We used this model in the energy range of 0.17-0.8 keV as it is validated by Beuermann
et al. (2006). Therefore our spectral fit is also limited by this energy range. We also used a
gain offset function in XSPEC. Since we used below carbon K edge, a typical gain uncertainty
of -5 eV was clearly detected.
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Table 4.4 Parameter details of the spectral model as a reference. The spectral model is
expressed as tbvarabs(bbodyrad + bbodyrad) in XSPEC.

Component Parameter Unit Value
tbvarabs equivalent hydrogen column 10?2 atoms cm?  0.011
abundance of carbon! 1.111
molecular hydrogen column 10?2 atoms cm? 0
grain density g cm’ 1.0
power-law index of grain sizes” 3.5
grain minimum size um 0.025
grain maximum size um 0.5
grain depletion fractions of carbon 0.6
bbodyrad  temperature keV 0.06283
norm R /D3, 142884
bbodyrad  temperature keV 0.03226
norm R2 /D3, 1879640

! The protosolar abundances of Lodders (2003) is assumed as representative of
cosmic abundances in this model, except for carbon.

2 An index for the grain size distribution assumed a simplified grain model
proposed in Mathis et al. (1977) (see text).

3 Ry is the source radius in km and Dy is the distance of the source in units of
10 kpc.
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RXJ1856 spectral model (Beuermann et al. 2006)

0.1

001 |

Photons cm2 s~! keV-!

—_
)
&

kT ~32eV

kT ~63 eV

0.1 0.2 0.5 1
Energy (keV)

Fig. 4.5 Spectral model best estimated in Beuermann et al. (2006).

4.8 Spectral Analysis

We first compared an observed spectrum with the spectral model for each observation in
order to evaluate the current status of the QE calibration especially in the 1/4 keV band. Fig.
4.6 shows the comparison results. In general, the data and model are in good agreement
above 0.3 keV in most of the observations (except RX08b). However, the data systematically
exceed the model by a factor of 2-4 below 0.3 keV for all observations. We note that this
discrepancy cannot be explained by the characteristics of the detector itself. As we described
the details in Chapter 3, one of the advantages of the XIS sensor is a good energy resolution
with almost no energy tail on the low energy side. Uncertainties of the X-ray and non X-ray
background are typically 10 % level, that are also negligible because a signal to background
ratio is about 90 in the 1/4 keV band (see Table 4.3).

The current contamination model utilized to calculate the QE consists of 4 elements,
namely hydrogen, carbon, nitrogen and oxygen. On the top left of Fig. 4.7, a transmission
factor for each element is displayed (the column density for each element is assumed an
approximate value in the current contamination model). In the 1/4 keV band, the absorption by
hydrogen dominates the other elements because the hydrogen column density is abnormally
high by a factor of 1000 than the others. Moreover, this hydrogen column density is fixed in
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Fig. 4.6 Comparison of the observed spectra and folded model in the energy range of 0.17 -
0.8 keV. Note that spectral fitting was not performed for any observation.
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most of the Suzaku observation period, while the other elements are treated as free parameters
in spectral fitting for the QE calibration. We also found that any combination of H, C, N
and O column densities could not explain the excessing data in the 1/4 keV band, while the
data are well reproduced above 0.3 keV. This strongly indicates that the existence of other

contaminant element(s).

100 F 100 F
5 5
131 3]
S0t p S0t F
2 2
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8 — H (1x10%* em™?) s o Ne (1 x 10'8 cm—2)
10-2} RE £ 102 R
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Fig. 4.7 Transmission factors assuming the column densities of 1 x 10'® cm~?2 for various
elements. The top left plot shows a transmission factor for H, C, N and O assuming an
approximate column density obtained from the current contamination model (note that the
Hydrogen column density is a factor of 1000 higher than the other elements).
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We then tried to fit the 1/4 keV response to data by replacing hydrogen to various elements
without assumptions of possible contaminant materials. We notice that hydrogen must be
replaced by a new element because we could not solve the degeneracy of the parameters in
spectral fitting. We prepared a detector response for each observation without taking into
account the contamination and performed spectral fitting with the spectral model described
in Table 4.4, multiplying a photoelectric absorption model varabs®. The column densities
for the elements selected as a combination was treated as free parameters. It is known that
there is an uncertainty of up to ~10 eV in the XIS absolute energy gain calibration at the low
energy side. Figure 4.8 shows spectral fit results for RX09b, replacing H to He, Na, Al, Si, S,
Cl and Ar. we found that the sulfur L edge absorption (indicated with the black solid line
on the bottom left plot in Fig. 4.8 greatly eliminates residual at the 1/4 keV band and the
contamination model consisting of carbon, nitrogen, oxygen and sulfur best reproduces the
data in the 0.17-0.8 keV band. We performed further spectral fitting to the all data with the
CNOS absorption model. Spectral fit results are presented in Table 4.5 and Fig. 4.9. The 1/4
keV discrepancy disappeared in all the data while maintaining a good reproducibility in the
0.3-0.8 keV range.

®https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/node261.html



46

Revising the Quantum Efficiency Calibration Model for the XIS1 Instrument

3 3
= =1
?N) }3 0.1
=] =]
g J( | =, {ﬂ | E
2 15 ,Hﬂ | ] g 15 —J( ﬂ H b
= 1 Hﬂ uH n \HL ut MMN \t H \lH ‘ \m \H\‘Jﬁ = 1 Hﬂuﬂ | H‘H \‘ W} H { H lHL \H \H\‘J‘ﬁ
ﬂwwﬁﬁ\ g +T+“‘H ki H” T‘Jr HTJ J{ UL HW‘ ! JJH H ‘ H Ur ”TJ T J{
0.2 0.5 0.2 0.5
Energy (keV) Energy (keV)
RX09b, free parameter C, N, O and Na RXO09b, free parameter C, N, O and Al
= <
—‘—3 0.1 'E 0.1
s 1.5
8 8
R R
Energy (keV) Energy (keV)
RX09b, free parameter C, N, O and Si RX09b, free parameter C, N, O and S
3 3
= 1 <
3 ol 3
L5 L5 } { ” mﬂ ]
g IR il ﬁw{m“m I ‘H ‘
T W*WW HH ‘JJ‘ AHAVEIE R TH W[H
bt
0.2 0.5
Energy (keV) Energy (keV)
RX09b, free parameter C, N, O and Cl RX09b, free parameter C, N, O and Ar
= =
g w : g ,F 1 H mn k|
g 15 H’H £ E Wl H JHH[
= 1 AT uwlﬁ 4t ﬁum»t H%W\ J&H Jf J,\ | =o2r HM J{ 1[ J(H
bR M MR L

RX09b, free parameter H, C, N and O

0.2 0.5
Energy (keV)

RX09b, free parameter He, C, N and O

0.2 0.5
Energy (keV)

Fig. 4.8 RX09b spectral fit results, by replacing H to He, Na, Al, Si, S, Cl and Ar while
maintaining carbon, nitrogen and oxygen. The column densities of 4 elements were treated
as free parameters when fitting the spectrum.
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Table 4.5 Spectral fit results with the CNOS contamination model.

AETIME’ Column density Offset  x2/d.o.f
Carbon Nitrogen Oxygen Sulfur
sec 108 em=2 108 cm™2 108 ecm™2 108 cm™? eV

RXO05b 183555192  1.44%003  0O(fixed)  O(fixed) 0.1347000% 3 165.6/139
RX06a 196468411 2.787007 0217002 0351000 02627000 -1 236.3/157
RXO06b 214714693  3.0M01 0.570 03703 033700 -1 95.7/65
RX07b 245786913 3.36%000  0.36%000  0.5701 033670000 -4 106.8/104
RX08a 259482517 2.96'00% 0431308 05701 03257000 -7 125.2/112
RX08b 277849347 2.6500° 0541300 0301 036700 -7 92.9/86
RX09b 309653808 2.6170%% 078130 05701 0337500 -5 119.4/100
RX10a2 322893574 2747008  0.767000 08701 030700 -7 106.2/93
RX10b 341481347 2.73%000  0.611000 08701 0307003 -9 94.4/86
RX11b 372600901  2.4701 0.7103 04702 030799 -3 38.5/49
RX12a 386651344 2427008 0561000 08701 027700 -2 107.4/98
RX12b 404059092 2.0530°  0.670] 08702 0247000 -1 70.5/80
RX13a 419313415 2167000 0.670] 08702 022709 0 55.9/72
RX14a 450277384 2.107007 0347308 09701 018700 4 133.9/117
RX14b 467399952  2.1701 0.40 07703 022700 4 56.6/54
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Fig. 4.9 Spectral fit results with the CNOS contamination model. The best fit parameters are

shown in Table 4.5.
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4.9 Revising Contamination Growth Model

We fitted the column densities listed in Table 4.5 for each element with an empirical model as
a function of time. Time was defined as AETIME? for technical conveniences in model fitting.
The fitting curves and best fit parameters are presented in Table 4.6. Fig. 4.10 shows the
column densities derived from the observations along with the best fit curves and their errors
corresponding to the 1 ¢ interval. In general, the best fit curve for each element is in good
agreement with the observed column densities over time, despite simplicity of the models
compared to the current growth models (Fig. 4.11). For sulfur and carbon, variations of the
column densities over time are similar to each other. It is known that the low energy effective
area was rapidly decreased in the beginning of the observation period and then saturated or
even slightly recovered over time. Therefore, the trend of variations in sulfur and carbon
is somewhat understandable qualitatively. On the other hand, nitrogen and oxygen column
densities behaves differently from the other two. It might indicate a limit of our analysis
method and/or Suzaku had multiple contamination sources, which might be evaporated in
a different time scale even. In any case, our primally goal of this analysis is to improve
reproducibility of the 1/4 keV flux over time phenomenologically. The origin and materials of
the contamination is beyond the scope of this thesis. Nevertheless, we emphasize that sulfur
is not an unreasonable element as a contamination source. As we mentioned in Chapter 3, it is
thought that the main contamination source is IRU rubber. This rubber was made of neoprene
type rubber (private communication), that is normally produced with the polymerization
reaction with sulfur. There might be a possibility that sulfur which has not been used in the
polymerization reaction was detached from the rubber surface and accumulated onto the
OBF together with DEHP.

We finally present the accuracy of the new QE calibration curve. Fig. 4.13 and 4.13
show the difference between the observed and predicted count rate in unit of percentage as a
function of time from 2005 till 2014. The systematic uncertainty at 1/4 keV band is about 10
%, while keeping the same accuracy in the other energy band.

8 Absolute time on the Astro-E2 satellite in unit of second originated at 00:00:00 January 1st, 2000 (UTC)
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Table 4.6 Fitting curve models and best fit parameters for each element.

Element Fitting curve Best fit parameters
a b c
Sulfur  a(l—exp(—b(; —1))exp(—c(z—1)) 049 817 053
Carbon  a(l—exp(—b(;; —1))exp(—c(z—1)) 351 1462 036
Nitrogen a(—1)>+b(5—1) —0.89 1.6l
t
Oxygen a(l —exp(=b(;; — 1)) 0.78 1.80
Sulfur Carbon
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Fig. 4.10 Contamination growth curves for C, N, O and S. The details for the fitting functions
are presented in Table 4.6.
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Fig. 4.11 Comparison of the current HCNO and new CNOS contamination models.
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Fig. 4.12 Calibration results with the new contamination growth curves.
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Fig. 4.14 Calibration uncertainties that has to be taken into account in the 400-500 eV (top)
and 520-590 eV (bottom) energy ranges, from 2005 to 2014.
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4.10 Discussion

To check our CNOS contamination model is applicable not only to RXJ1856 but also to other
observations, we analyzed 1E0102-72.3 (hereafter E0102), known as one of the standard
calibration sources in the 0.5-1.5 keV band. E0102 is a supernova remnant (SNR) having
a relatively simple spectrum compared to a typical SNR spectrum. Strong, well-separated
lines in the energy band form 0.5 to 1.5 keV make this source a useful calibration target for
CCD instruments with moderate spectral resolution (e.g. Plucinsky, Paul P. et al. (2017)).

Suzaku observed E0102 74 times during the life of the mission. We selected 4 observa-
tions performed on December 17, 2005, April 10, 2007, April 23, 2009 and June 29, 2011.
The exposure left after the data screening (with the same manner presented in Chapter 4) is
~25 ks for each observation. For spectral modeling, we refer the IACHEC (International As-
tronomical Consortium for High Energy Calibration) standard model presented in Plucinsky,
Paul P. et al. (2017). We created response files with both HCNO and CNOS contamination
models and compared folded spectra and the data. In both cases, the model for each year was
simply folded through the response and no additional fitting was performed, in order to reveal
differences between the contamination models rather than shortcomings of the IACHEC
models.

The result is given in Fig. 4.15. In general, Residuals with CNOS model are more
consistent with time compared to HCNO. The largest difference was around the oxygen K
edge in 2007-2011. The CNOS model predicts ~30% higher count rate than the HCNO
model. This actually improves the fit in E0102 around the Ovyyy emission line (e.g. in 2009),
which has been a problem for a while (see Plucinsky, Paul P. et al. (2017)). We also checked
an influence by the sulfur K edge around 2.5 keV and confirmed that differences between the
HCNO and CNOS model re within statistical error and calibration uncertainty (+2%) over
duration of mission.
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Fig. 4.15 Residual differences between the HCNO (black) and CNOS (red) contamination
models with the E0102 spectra observed in 2005, 2007, 2009 and 2011. A systematic residue
above ~1.5 keV for each data is because spectral fit is not performed, in order to reveal
differences between the contamination models.



Chapter 5

Spectral Analysis of the Soft X-ray
Diffuse Background in 0.2-2.0 keV

5.1 Purpose of Analysis

In order to deepen our understandings of the SXDB, we perform spectral analyses with
Suzaku for the SXDB spectrum including the 1/4 keV band for the first time by using the
calibration results shown in the preceding chapter. Since the SXDB is not a bright source and
its surface brightness changes whithin a time scale of a year due to the H-SWCX emission,
the keys for this analysis are long observational time and stationary observations over years.
Suzaku observed the Lockman Hole field, known as a blank field without bright sources,
regularly once a year from 2006 to 2014. This is the only ideal data set available to date for

our purpose.
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5.2 Observations and Data Reduction

Suzaku annually observed the Lockman Hole located at (@, 6)/(1, b) = (162.94, 57.25)/(149.71,
53.21) from 2006 to 2014 for a calibration purpose of the Hard X-ray Detector (HXD). The
Lockman Hole is known as a clear window that enables to observe distant objects, thanks
to its very low absorbing hydrogen column density of Ny = (5.6 —5.8) x 10! cm? (Dickey
and Lockman (1990), Hasinger et al. (1993) and Kalberla et al. (2005)). By using the Suzaku
Lockman Hole data from 2006 to 2011, Yoshitake et al. (2013) analyzed time variability of
the Ovyqr emission line at 570 eV and found that the intensities observed in 2010 and 2011
are enhanced compared to those of observed in 2006-2009. They suggested that this is due to
the difference of characteristics of the H-SWCX emission related to the solar minimum and
the maximum phases in Solar Cycle 24 (Fig. 5.1).

150 | T Al \ 6
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Fig. 5.1 A trend of the Ovyy line intensities toward the Lockman Hole observed from 2006
till 2011. Dots with error bars (1) show Oy intensities and lines indicate the relative sun
spot number (Yoshitake et al. (2013)).

We used the whole CCD area, except two circular regions of diameters 3’ and 4’ in order
to exclude point sources located at (o, 6) = (162.811, 57.271) and (¢, 8) = (163.006, 57.176).
We followed the data screening procedure described in Chapter 4. Only the difference was
how we create ARF files. We applied our contamination growth curves (shown in Fig. 4.10)
to calculate the QE for each observation. An uniform source of radius 20° was assumed for
the ARF calculation because the SXDB emission is considered to be uniform in the Suzaku
XIS field of view of 18’ x 18’. We notice that an unusual bright region was found in the
0.1-0.2 keV band image in LHO9 (shown in Fig. 5.2). This is not due to light leaking through
the holes on the OBF because none of their locations correspond to this bright spot. This

could be due to a failure of updating the dark level correction, although the exact cause is
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unknown. The effect on the 1/4 keV flux due to this bright spot is considerably high about 20
%. This bright spot is located at the middle of the segment A on the CCD chip and the other
area of this segment was also contaminated. We excluded the data from the segment A for
LHO9 in order to be on the safe side.

Unfortunately, the observational data for the last two years were highly contaminated by
the solar scattered X-rays. We did not include them to our samples because we could obtain
almost no exposure time after data screening. Our data set consists of the ones analyzed by
Yoshitake et al. (2013) and one additional observation carried out in 2012. A summary of the

observations is given in Table 5.1.

01a 0.33 0.53 07 0.a3 1.1 1.2 1.4 1.6

Fig. 5.2 An X-ray image in the 0.1-0.2 keV band for LH0O9. The vignetting effect is not
corrected and the NXB is not subtracted. The areas enclosed by the solid green rectangle and
circles was excluded from the data analysis. Point sources (indicated with the two circular
regions) are removed form the image. An unusual bright region was detected in the middle
of the most left column, or the segment A (indicated as the green rectangular box).
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Table 5.1 Suzaku Observation log of the Lockman hole from 2006 until 2012. The nominal
exposure is the exposure time left after the standard data processing. The usable exposure
means the exposure time left after further data screening applied.

Abbreviation ~ Obs. ID Start Nominal  Usable RA DEC Roll angle
Date Exposure Exposure
yyyy-mm-dd ksec ksec deg. deg. deg.
LHO06 101002010  2006-05-17 80.4 254 162.937 57.256  281.872
LHO7 102018010  2007-05-03 96.1 70.1 162.937 57.258  319.511
LHO08 103009010  2008-05-18 83.4 58.3 162.937 57.255  281.530
LHO09 104002010  2009-06-12 92.8 74.4 162.938 57.255  281.530
LH10 105003010  2010-06-11 80.0 48.6 162.937 57.251  279.887
LH11 106001010  2011-05-04 423 16.6 162.920 57.251 305.984
LH12 107001010  2012-05-05 36.0 16.1 162.920 57.255 318.695

We merged the data taken from 2006 to 2009 as LH06-09, and from 2010 to 2012 as
LH10-12 by using the mathpha tool in order to increase photon statistics. We also merged
the NXB for each group. The RMF and ARF for each data were multiplied to create so-called
a response file by using the marfrmf tool. Then, the response files for each group were
summed up, taking into account a weight which was determined as a ratio of the counting rate
for each data in the 0.2-1 keV band. Figure 5.3 shows the data and NXB plot for each period.
The NXB becomes dominant below ~0.12 keV and above ~ 5 keV. The signal-to-noise ratio
in the energy range of 0.17-0.284 keV was 87 and 39 for LH06-09 and LH10-12 respectively.
Fig. 5.4 shows the effective areas calculated for LH06-09 and LH10-12. The ratio of the area
is also indicated with a solid blue line, showing that the difference is about ~10 % in our
target energy range of 0.17-2.0 keV.



5.2 Observations and Data Reduction 61

1 LH06-09: Comparison of Data and NXB
C T T T T T T T I T T T T T T T I ]
+ Data
i + NXB
K
L%
Lo01 F
> g
v/
E
=
=}
o
0.01
Energy (keV)
1 LH10-12: Comparison of Data and NXB
}' T T T T T T T I T T T T T T T I :
Eﬂf + Data
-t + NXB
Lo01 F
> g
v/
E
=]
=}
o
0.01
1 1 1 1 1 1 11 I
0.1 1

Energy (keV)

Fig. 5.3 Comparison of the processed data and NXB for LH06-09 (top) and LH10-12 (bottom).
The NXB becomes dominant above ~5 keV. The signal-to-noise ratio at the 1/4 keV band

(defined as the energy range of 0.17-0.284 keV) is 87 and 39 for LH06-09 and LH10-12,
respectively.
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Comparison of the effective areas
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Fig. 5.4 Comparison of the effective areas from 0.1 to 2 keV for LH06-09 (black) and LH10-
12 (red). The effective area for each spectrum was calculated based on the new contamination
transmission developed in Chapter 4.

Figure 5.5 shows the NXB subtracted spectrum for each observational period (top panel)
and the ratio of the spectra (shown on the panel in the middle). It is clear from the plot that
the LH10-12 spectrum is enhanced by 20-60 % below ~1 keV compared to the LH06-09
spectrum. This cannot be explained by uncertainty in estimation of the effective area, because
reproducibility of the effective area from 2005 to 2014 is within 10 % as presented in Chapter
4. Moreover, it seems that the enhancement especially at ~0.25, 0.34-0.5, ~0.56, ~0.65
and ~0.9 keV are corresponding to some peaks predicted from a folded model by the XIS1
response based on the H-SWCX model (given by Koutroumpa et al. (2009), the model is
plotted on the bottom panel in Fig. 5.5). This already indicates that at least the LH10-12

spectrum is "contaminated" with the H-SWCX emission over a wide range from 0.2 keV to 1
keV.
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Fig. 5.5 Top panel: NXB subtracted spectra of LH06-09 (black) and LH10-12 (red). The
energy bin size was determined to meet the minimum photon count of 150 cts for the LH10-
12 data (before subtracting the NXB spectrum), Middle: Ratio of the spectra. The observed
photon count rate in LH10-12 was simply divided by the one observed in LH06-09 for each
bin. The plotted errors were calculated taking into account the error propagation. The ratio of
the effective areas is also indicated with a blue solid line. Bottom: H-SWCX model predicted
by Koutroumpa et al. (2009) (indicated with 103 black vertical lines) and the folded model
by the XIS1 response (indicated with a blue solid line). The intensity is shown in units of LU
(photons cm™2 s~ sr™1).
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5.3 Spectral Modeling

In order to study the SXDB spectrum toward the Lockman Hole field, we considered 4
emission components, the CXB, Galactic halo, LB and H-SWCX. A description for each

emission model is given as follows.

5.3.1 Extragalactic Component: CXB

The emission of the CXB is represented by double broken power-laws. Their photon indices
are fixed at I'y = 1.96 and I'; = 1.54 below the folding energy at 1.2 keV, and I'1, = 1.4
above it. Following Smith et al. (2007), the normalization of the broken power-law component
with the photon index of I'; = 1.54 is fixed at 5.7 photons s~! cm 2 keV~! Sr'@1 keV.
The other one is a free parameter to adjust the field-to-field fluctuations of the brightness of
the CXB. The CXB should be absorbed by the Galactic neutrals. We used phabs absorption
model (Balucinskal992) with Ny = 5.8 x 10! cm? (Kalberla et al. (2005)).

5.3.2 Galactic Component: Hot Galactic Halo

We modeled the halo emission with a single-temperature APEC thermal plasma model!
assuming collisional ionization equilibrium (CIE) with AtomDB? ver. 3.0.8. The temperature
and normalization were free parameters. The halo component is considered to be absorbed
by the Galactic neutrals. We used the same absorption model described in the subsection of
the CXB modeling.

5.3.3 Local Component 1: Hot Gas in the LB

The LB emission was modeled with an APEC thermal plasma model same as the Galactic
halo model. The temperature and normalization were free parameters. Historically, a thermal
plasma model with a temperature of 0.1 keV has often been used to model the LB + H-SWCX
emission. In this thesis, we explicitly separate these two components to study the origin of
the SXDB especially in the 1/4 keV band.

5.3.4 Local Component 2: H-SWCX Line Emissions

Calculating an accurate and complete emission model for the H-SWCX spectrum has been

long considered. However for examples, due to the difficulty of cross section calculations and

Ihttps://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/node 134.html
Zhttp://atomdb.org
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the vast number of ions and energy levels, it is still difficult to build such a completed model.
Nevertheless, there is one approximate model based on the AtomDB Charge Exchange code
(ACX; see Smith et al. (2014)) is available in XSPEC. The ACX model tracks the emission
resulting from radiative decays of the ions using detailed calculations of the ionic structure
(e.g. Fig. 5.6, showing for the He-like case). When an electron is exchanged onto a highly
excited level of an ion, the electron decays towards the ground state radiating photons at
each step. The relative strengths of emission lines from different ions are controlled via
an ionization temperature parameter assuming CIE. This temperature was treated as a free
parameter in the fitting. We used the nominal and favored setting for the H-SWCX emission,
1.e., swcx=1 and model=8 (meaning that captured electrons are distributed between the two
nearest n shells to the most-probable shell, and that the separable distribution is used for the
[ levels; see Smith et al. (2014) and a model description3 for more details).

stwt: g=1 g=3 g=5 g¢g=7/ g¢g=3 g¢g=1,35 g=3,57 g=579

term: 'Sy Py D, 'Fs S, 3P0,1,2 3D1,2,3 3F2,3‘4 p!.us
Unbound Continuum (AE=0) higher
— lvalues...

Triplets

n=1 —iiii” Ground State of lon ( AE= -Binding Energy)

Fig. 5.6 Schematic Grotrian diagram for a helium-like ion with selected radiative (downward)
transitions. Taken form Smith et al. (2014).

Figure 5.7 shows the ACX model in the 0.17-1 keV band with the temperature of 0.05
(red), 0.1 (green), 0.15 (blue) and 0.2 keV (cyan), folded with the Suzaku XIS1 response. For

3http: www.atomdb.org/CX/acx_manual.pdf
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comparison, the APEC thermal plasma model with the temperature of 0.1 keV (magenta) is
also plotted as a typical LB model. The flux for each model is adjusted to be roughly matched
each other around the Oyyy emission line. The ACX models with the temperature from 0.15
to 0.2 keV is considered to be a typical H-SWCX spectrum and in this case, the ACX model
predicts about 20 times smaller flux at the 1/4 keV band, compared to the LB model. On the
other hand, the ACX models with the temperature of 0.05 and 0.1 keV predict more flux in
the 1/4 keV band. However in these spectra, the flux in 0.3-0.5 keV (contributed by Cyy Ly,
Cvi LyB, 7,6 and Ny; Ka f,1i,r lines) becomes significant than Ovyyy line, which looks very
different from the H-SWCX spectrum that has been studied so far.

ACX mode 1, model 8, Suzaku response
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Fig. 5.7 Temperature dependence of the ACX model in the 0.17-1 keV band. The APEC
model with the temperature of 0.1 keV is also plotted (magenta) for comparison. The flux is
for each model is adjusted to be roughly matched each other around the Ovyy; emission line.
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5.4 Spectral Analysis Results

5.4.1 Investigation of the Origin of the Local Emission

As we mentioned in the earlier subsection, it is obvious that the H-SWCX emission con-
tributes at least to the LH10-12 spectrum, in comparison with the LH06-09 spectrum (see Fig.
5.5). Therefore, our interest here is the origin of the local emission in the LH06-09 spectrum.
The LHO06-09 spectrum presented in Fig. 5.5 shows a significant flux at the 1/4 keV band,
already suggesting that the emission from the LB seems to be dominant as the local emission
component rather than the H-SWCX emission (see the model comparison in Fig. 5.7).

we analyzed the LH06-09 spectrum with the SXDB spectral model consisting of the CXB,
hot ISM and LB. The spectral fit result and the spectrum along with the best fit parameter
are presented in Table 5.2 and Fig. 5.9, respectively. In general, fit is acceptable enough
with x?/d.o.f = 97.1/87, showing no more spectral component is required to explain the
observed spectrum. The confidence contour of the LB vs. ISM temperature is given in Fig.
5.8. The temperature of the LB and ISM are determined as 0.093 (0.06 - 0.13) keV and
0.18 (0.14 - 0.24) keV, respectively. These values naturally fit into the picture of the SXDB
emerged from studies that have been done in the past, presumptively indicating the H-SWCX
emission does not contribute so much to the SXDB spectrum when the Solar activity is

minimum, at least towards the Lockman Hole field.

Table 5.2 Spectral fit result of the LH06-09 spectrum with the LB model.

LB Galactic Halo CXB Gain  x?/d.o.f
kT norm. Ny kT norm. Ny Iy norm; I,  norm; offset
keV 6)) (100 cm?)  (keV) (O (10 cm?) ) 2 (V)
0.0937092 1047340 058" 0187003 49739 058" 196" 38702 1.54f s57f 0 772 97.1/87

Note Errors quoted in this table are the 90 % confidence intervals.

f Fixed parameter.

( The emission measure integrated over the line of sight, (1/47) [ nenyds in the unit of 10 cm=> Sr~1,
@ photons s™! ecm ™2 keV~! Srr!@1 keV.
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Fig. 5.8 68 % (red) and 90 % (green) confidence contours of the LB temperature vs. the ISM
temperature for the LB SXDB model given in Table 5.2.
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Fig. 5.9 Spectral fit result of the LH06-09 spectrum. Top panel: The NXB subtracted data
is shown as the black crossed points and best fit curve folded by the detector response is
indicated with a black solid line.in Table. 5.2. The LB, galactic halo and CXB components
with the best fit parameters (Table 5.2) are indicated with blue, green and red solid lines
respectively. Bottom panel: Residual plot defined as the data minus best fit model.

Next, we evaluated the likely contribution of the H-SWCX emission to the LH06-09
spectrum, by replacing the LB model to the ACX model. The spectral fit result and the
spectrum along with the best fit parameter are presented in Table 5.3 and Fig. 5.10, respec-
tively. Fit is marginally acceptable with y2/d.o.f = 107.9/87. However, the temperature of
the ACX model is very low ~ 0.02 (< 0.05) keV and its flux only contributes very little to
the spectrum at the 1/4 keV band. The ISM temperature of 0.125 (0.118-0.131) keV seems
also very low as the Galactic halo component. Therefore, it is difficult to consider that this
spectral model represents nature of the SXDB. We also performed spectral fit while fixing
the ISM temperature at 0.177 keV (which was obtained from the fit with the LB model),

forcing the ACX model to produce as much emission as possible especially at the 1/4 keV
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band. However, the result presented in Fig. 5.11 clearly shows that the ACX model cannot
explain the 1/4 keV emission.

Table 5.3 Spectral fit result of the LH06-09 spectrum with the ACX model.

ACX Galactic Halo CXB Gain  x?/d.o.f
kT norm. Nu kT norm. Nu I norm; I norm; offset
keV 1) (102 cm?) (keV) ) (1020 cm?) 3) 3) (V)

0.02(<005) 0.15%}; 058" 01257000 11.9%]1 058" 1.96" 38%()7 154" 57

2
~0.007 -7t 107.9/87

Note Errors quoted in this table are the 90 % confidence intervals.
f Fixed parameter.
() This parameter is just a scaling factor and no physical meaning.

© The emission measure integrated over the line of sight, (1/47) [ nengds in the unit of 10™ cm=3 Sr~1.
® photons s~ cm 2 keV~! Sr @1 keV.

ACX SWCX model; mode 1 and model 8

0.1 !
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Fig. 5.10 Spectral fit result of the LH06-09 spectrum. Top panel: The NXB subtracted data
is shown as the black crossed points and the best fit curve folded by the detector response
is indicated with a black solid line. The H-SWCX (ACX model), Galactic halo and CXB
components with the best fit parameters (Table 5.3) are indicated with magenta, green and

red solid lines, respectively. Bottom panel: Residual plot defined as the data minus best fit
model.
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Fig. 5.11 Same as Fig. 5.10 but the ISM temperature is fixed at the best fit values of 0.177 keV
obtained from the spectral fit with the LB model (presented in Table 5.2). The temperature
of the ACX model is a free parameter.

In short summary, the SXDB spectrum including the 1/4 keV band, observed in the solar
minimum period toward the Lockman Hole field, is well reproduced by the emission model
consisting of the LB, hot ISM and CXB. We also employed the ACX model instead of the
LB and found that the LB model cannot be replaced by the ACX model, indicating the local
emission of the observed spectrum is dominated by the LB. Otherwise, the ACX model

should be totally wrong.
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5.4.2 Characterization of the excess emission in the LH10-12 spectrum

The systematic brightening below 1 keV in the LH10-12 spectrum relative to the LH 06-09
spectrum is considered to be influence by the H-SWCX emission. In this subsection, we

perform spectral fit to the enhanced spectrum and characterize properties of the H-SWCX

T
A

Fig. 5.12 The LH10-12 spectrum along with the base model (Table 5.2) folded by the XIS1
response for LH10-12. A clear enhancement can be seen below 1 keV.
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Figure 5.12 shows the LH10-12 spectrum along with the LB SXDB model. In order to
perform spectral fit to the residual spectrum subtracted the model, we used the LB SXDB
model as a "baseline" model (all parameters are fixed at the best fit values) and added the
ACX model. Figure 5.13 shows a fit result with the ACX model (the temperature and
normalization are free parameters). The red solid line indicates the best fit model with the
temperature of 0.17 (0.16-0.18) keV (xz/d.o.f = 86.4/60). The model well reproduces the
enhanced spectrum in 0.3-0.7 keV. However, systematic residues remain especially at sthe 1/4
keV band and around 0.9 keV. Furthermore, we added another ACX model to explain these
residues but fit did not improve and one of the two ACX components was poorly constrained.
These results probably imply a limitation of the ACX model. The ACX model may have to

be used with caution when characterizing the SWCX induced emission.
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Fig. 5.13 The SWCX-contributed spectrum along with the ACX model (solid red line). The
black solid line indicates the LB model derived from the LH06-09 spectrum.
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Since there is no alternative H-SWCX model is available in public, we decided to investi-
gate an emission spectrum using the theoretical calculation result presented in Koutroumpa
et al. (2009) (see 2.10 given in the review chapter.). This spectrum is derived from various
theoretical calculations on cross sections with carefully selected abundances for the slow
solar wind. This is convenient for us because it is considered that the slow wind dominated
the fast solar wind in the whole sky in the solar maximum period®.

We read 103 emission lines in 0.17-2 keV from Fig. 2.10. As it is shown in Fig. 5.5, the
spectrum consisting of superposition of the 103 zero-width Gaussian lines can be reproduced
with representative peaks under the Suzamu limited spectral resolutions.. To determine the
energy and intensity for these lines, we performed observation simulations with this model.
A simulation result assuming a typical exposure time of 200 ksec is given in Fig. 5.14. The
mock spectrum is well reproduced with 9 zero-width Gaussian lines. We determined the
central energies as 219.3, 267.3, 362.3 449.9 566.8, 658.7, 805.6, 911.6 and 1340.1 eV, based
on the simulations of 1000 times. The simulation results are summarized in Appendix B.1.

We performed spectral fit with this this Gaussian model to examine the enhanced spectrum
in more details. The central energies were fixed while their intensities were free parameters.
The spectral fit result is presented in Table 5.4 and the spectrum along with the best fit model
is given in Fig. 5.16. The spectral fit is acceptable with x> /d.o.f =57.3/53 and the excess
emission is reproduced better than the ACX model. Especially Nerx Ko at 911.6 eV well
explains the enhancement around 900 eV, which cannot be reproduced with the ACX model.
Moreover, there is a good agreement in the intensity between the model and observation.
Figure 5.16 shows comparison of the line intensities between the model and observation. The
intensities are normalized by the ones for Oy Ko. The Gaussian model predicts significantly
higher intensities below 0.4 keV and Mgx1 Ko at 1.34 keV, in contrast to the fit result with
the ACX model. It seems that the both models have uncertainties in the line intensities from
heavier ions such as Si, S, Mg and Fe. However, it is worth mentioning that in general there is
a good agreement between the observation and Koutroumpa et al. (2009) for the lines from C,
N, O and Ne located in 0.4-1 keV. This agreement between the model and observation might
indicate that the observed spectrum is the H-SWCX emission itself, not a certain fraction of
the H-SWCX, indirectly implying that the H-SWCX contribution to the LH06-09 spectrum

is minimal. We will discuss on contribution from the heavier ions in 5.6.2.

“Note that in Koutroumpa et al. (2009), they do not calculate the H-SWCX spectrum for the fast solar wind,
which seems to dominate the slow solar wind toward the Lockman Hole direction in the solar minimum period.
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Fig. 5.14 A typical spectral fit result to the mock spectrum produced from the 103 H-
SWCX induced emission lines taken from Koutroumpa et al. (2009). The solid red lines
indicate the Gaussian models whose width were fixed at zero but the line center energies and
normalizations were free. 9 Gaussian lines well reproduced the mock spectrum created by
assuming the typical exposure time of 200 ksec.
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Table 5.4 Spectral fit result with the simulated Gaussian model based on the H-SWCX
emission lines calculated by Koutroumpa et al. (2009). The predicted emission lines for the
219, 267 and 362 eV give an idea of what sort of ions contribute to those lines.

H-SWCX Gaussian Model Observation

Predicted emission lines Central Energy Intensity  Intensity
(eV) (L.U) (L.U)
Siviix x,, Mgviix x,, Ferxx xi 2193 9.6 4.5(<94)
Sivimix,x,, Mgvimix x,, Ferx x xi 267.3 52 2.3%13
Sirx, Six, Cvi Lya 362.3 5.2 1.8 (< 3.8)
Cvi LyB,7,8, Ny Kot f,i,r 449.0 1.9 2.1709
Ovn Ka f,i,r 566.8 2.5 29107
Ovm Lyct, Ovi Kg 4 658.7 0.9 0.66"033
Ovm Lyy 805.6 0.41 0.16 <0.3
Nerx Ka 911.6 0.51 0.470:1
Mgxi Ka 1340.1 063  0.1(<0.2)
Gain offset (eV) —7f§-‘

x%/d.of 57.3/53
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Fig. 5.15 Spectral fit to the SWCX-contributed emission with the Gaussian line model
described in Table 5.4. The black solid line indicates the LB model derived from the

LHO06-09 spectrum.
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Fig. 5.16 Comparison of the intensity for each emission line between the observation and the
Gaussian H-SWCX model. The intensities are normalized by the ones for Oy Ka located
at 567 eV. The error bars indicate 90 % statistical error range (The error for the Oyy Ka is
propagated to calculate the errors for line ratios).
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5.5 Systematic Errors

We investigated systematic uncertainties possibly affecting the physical parameters derived
from the spectral analyses. Table 5.5 shows a list of the uncertainties we checked. For each
uncertainty, changes in the LB temperature and normalization are given as the most sensitive
parameters to the systematics. Basically, all the systematic errors we considered fell within
90 % statistical errors presented in Table 5.2. The reproducibilities for the response below 1
keV and NXB are fairly considered to be =10 % and £5 %, respectively. For the neutral
column density toward the Lockman Hole field, we estimated the uncertainty to be £10 %,
derived from fluctuation in the Galactic HI (available from Leiden/Argentine/Bonn LAB
Survey, Kalberla et al. (2005)) across a 1 square degree sky area centered on the Lockman
Hole field. The CXB spectral shape below 1.2 keV is a subject to be considered, because
more fainter point-like sources have been detected since Smith et al. (2007) in the Chandra
deep observation campaign and these new sources can affect the slope of the CXB spectrum
especially on the low energy side. We used the latest faint point source catalogue presented
in Luo et al. (2016) and accumulated spectra which are defined as the soft-hard band ratios
as a function of the full-band flux. We estimated the soft band slope of 2.3 instead of 1.96
with the break energy of 1.2 keV as an upper limit. In order to check uncertainty related to
the abundance table, we tested two different solar abundance tables given by Anders and
Grevesse (1989) and Lodders (2003).
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Table 5.5 Summary of the systematic uncertainties investigated for the temperature and
normalization obtained with spectral fit to the LH06-09 spectrum.

Systematic uncertainty LB best fit parameters

Temperature Normalization

(keV) (D

Response below 1 keV +10 % 0.099 9.2
—10 % 0.086 11.6

NXB +5 % 0.100 9.1
—5% 0.095 11.2

Hj absorption column density +10 % 0.098 10.5
—10 % 0.097 10.4

CXB index below 1.2 keV 23 0.101 8.7
Abundance table Anders and Grevesse (1989) 0.101 9.2
Lodders (2003) 0.096 9.6

() The emission measure integrated over the line of sight, (1/47) [ nenpds in the unit of
10 cm=> Sr!.
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5.6 Discussion

5.6.1 Possible H-SWCX detection at ~(0.7 keV

It might be just an artificial structure, the residual plot presented in Fig. 5.9 seems to suggest
possible existence of a line-like emission component. We performed spectral fit by adding a
Gaussian line with a natural width of zero to the LB SXDB model. The result is summarized
in Table 5.6 and the orange thick line presented in Fig. 5.17 shows the Gaussian model. Fit
is improved with x2/d.o.f = 89.2/85 compared to the LB SXDB model. The central energy
and intensity of the line are determined as 0.716 (0.686-0.746) keV and 0.27 (0.1-0.44) LU,
respectively.

This emission line could be explained by the SWCX induced emission corresponding to
Ovi Ky (0.698 ke V), Oyyr K (0.713 keV) and Oy K¢ (0.721 keV) lines. However, these
lines are predicted to be very weak compared to the Oyyy K line (triplet). Koutroumpa et al.
(2009) suggested there is no contribution from these lines to the H-SWCX emission (see
the bottom panel in Fig. 5.5). The ACX model does predict lines around 0.7 keV and the
total intensity from those lines is about one fourth of the Oyy; K triplet line (see Fig. 5.7).
However, this seems to be quite overestimated regarding Henley and Shelton (2015). They
performed X-ray shadowing measurements toward 6 different line-of-sights to test several
foreground emission models and found that only the ACX model is inconsistent from the
others, mainly due to issues on spectral fit caused by the strong lines around 0.7 keV. We
quote Cumbee et al. (2014) for more quantitative discussion. They attempted to account
for an anomalously enhanced X-ray flux around 0.7 keV observed in the rim of the Cygnus
Loop, by introducing the charge exchange induced lines. They estimated that the sum of the
intensities of Oyyr Ky, Ovyp K and Oyyp K¢ lines are more than 30 times lower compered
to the one from the Ovyyy K triplet line. We measured about 0.3 LU for the 0.7 keV line,
resulting 9 LU is required for the Ovyy K triplet line which is not realistic considering the
LHO06-09 spectrum fit results. We note that the relative intensity observed by Cumbee et al.
(2014) can be different from the one for the H-SWCX emission. However, taken together
with the discussions above, most probably the 0.7 keV line-like emission is not originated in
the SWCX mechanism.
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Table 5.6 Spectral fit result of the LH06-09 spectrum with the LB model.

LB Galactic Halo CXB Line Gain  x?/d.o.f
kT norm. Ny kT norm. Ny I normj I normsy E. 1 offset
(keV) ) 10 cm?)  (keV) 1 (102 cm?) 2) 2) (keV) (L.U)  (eV)

0.0857903 1041140 058" 016709 6.6732 058" 196" 35102 154 57T 07167003 0271017 —713 89.2/85

Note Errors quoted in this table are the 90 % confidence intervals.

f Fixed parameter.

() The emission measure integrated over the line of sight, (1/47) [ nenpds in the unit of 10'* cm= Sr™!.
@ photons s™! cm ™2 keV~! Sr'@1 keV.
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Fig. 5.17 Spectral fit to the LH06-09 spectrum, adding a Gaussian model (thick orange line)
to the LB SXDB model presented in Fig. 5.9.
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5.6.2 Discrepancy between the SWCX-contributed spectrum and Gaus-
sian H-SWCX Emission Model

In Subsection 5.4.2, the Gaussian line located at 1.34 keV, originated in Mgxy Ko is not
significantly detected observationally. However in the Gaussian model, many lines from
highly ionized Mg such as Mgy, Mgrx and Mgx contribute to the 1/4 keV band. Here we
investigate uncertainty in the model in the 1/4 keV band, assuming the solar wind contains
much less Mg ions as a reasonable examination. We excluded Mg lines from the Gaussian
model. The number of the emission lines were decreased from 103 to 90 in 0.17-1.5 keV. We
re-performed the observation simulations based on this emission model. The Gaussian lines
at 219 eV (9.6 LU) and 267 eV (6.7 LU) were changed to 225 eV (6.3 LU) and 273 eV (4.6
LU), respectively. We performed spectral fit to the SWCX-contributed spectrum and observed
4.1 (0.2-7.7) and 1.9 (0.1-3.0) LU for the lines at 225 and 273 eV, respectively. In Fig. 5.18,
we compare the model and observed emission intensity for each line. Although there is still
a difference between the model and observation, the discrepancy becomes smaller compared
with the Gaussian model with Mg (see Fig. 5.16).

This inspection result supports the hypothesis that the contribution from heavier ions to
the H-SWCX spectrum tends to be overestimated in Koutroumpa et al. (2009). Presumptively,
if the same verification is possible for other ions like Si, S and Fe, the difference between
the model and observation will be further reduced. The ACX model predict almost no
contribution to the 1/4 keV band. Therefore, the SWCX-contributed spectrum observed
in the solar maximum period is in-between the spectra predicted by the ACX model and
Koutroumpa et al. (2009). The SWCX-contributed spectrum presented in this thesis would
be useful for testing SWCX models which will be proposed in the future.
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Fig. 5.18 Comparison of the intensity for each emission line between the observation and the
Gaussian H-SWCX model without Mg contributions. The intensities are normalized by the
ones for Oy Ko located at 567 eV. The error bars indicate 90 % statistical error range (The
error for the Oyyp Ko is propagated to calculate the errors for line ratios).



5.6 Discussion 85

5.6.3 Pressure of the LB

We estimate the pressure of the LB using the spectral fit parameters obtained with the LB
model for the LH06-09 spectrum. Figure 5.19 shows a 3D neutral density map cut out
along with the cross section of 150°-330°. The contours show Hy walls with Naj absorption
equivalent width for 20 mA and 50 mA. The line-of-site toward the Lockman Hole field is
indicated with the blue line. From the plot, we can read the length of the LB to be about 230

pc.

-300 300

: :_30"0 b d
Lockman hole (Iy, bi) = (149.7,53.2)

Fig. 5.19 Pictures taken from Lallement et al. (2003), showing iso equivalent width contours
for 20 mA and 50 mA, and cut in the 3D volumic density obtained from the global inversion
of the column densities. The density map is cut out along with the cross section of 150°-330°.
The line-of-sight (LOS) toward the Lockman hole is indicated with a blue line. A red solid
line indicates the distance from the Sun to the LB boundary (W = 50 mA). From the figure,
the distance can be read about 230 pc.
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The definition of the normalization is the emission measure along the line of sight written

as

1
norm = E/nenH dl, (5.1

where n, and ny are the electron and proton densities, respectively. if we assume n, and ny
distribute uniformly along the path length L, the electron density is written as

471 -norm
NNy = —7 (5.2)

471 - norm
= \— 5.3
ne 12 (5.3)

where nony = n2/1.2 is assumed as the fully ionized plasma with 10% of He. The thermal
pressure of the plasma p/k is then

p/ k = ntotalTKelVin (54)
= 1.92n,Tkelvin (5.5)

471 - norm
= 1.924/———.1.16x10'T; )
924/ oL 6 x 10" Txev, (5.6)

where ny, 15 the total particle density defined as ny = 1.92n, in this case. If we assume the

path length L is 230 pc read from Fig. 5.19, we obtain

p/k=8.1(59-9.1)x10° cm > K, (5.7)

where the error is given as the 90 % confidence level calculated by using a k7' — norm
contour plot presented in Fig. 5.20. This value is still higher than the ISM pressure of
~ p/k =2 x 10° cm™3 K but about half of the LB pressure estimated by Tanaka and Bleeker
(1977). The pressure of the magnetic field is estimated to be ~ p/k =8 x 10° cm™3 K.
Therefore, if the LB is relatively free of the global magnetic field, it can be in pressure
equilibrium with the environment around the LB. It would be possible to consider that the
magnetic field was swept out when the LB was created as a result of several supernova
explosions. A similar LB pressure of p/k = 10.6 (9.5 — 11.7) x 10°> cm ™3 K is recently
reported by Snowden et al. (2014). However, one of the difference from us is that they had to
subtract the H-SWCX emission from the ROSAT observation data by assuming a H-SWCX
contribution to the 1/4 keV band. Our analysis is more robust because we derived the LB

properties from the spectral fit with the self-consistent SXDB model and no assumption on
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the H-SWCX emission is required. Our result contains a possible contamination from the
H-SWCX emission. Therefore, the LB pressure could be lower than what we estimated but

not higher than this value.

— T T T T T T T L
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Fig. 5.20 68 % (red), 90 % (green) and 99 % (blue) confidence contours of the LB temperature
vs. normalization. The broken lines indicate the relation kT X norm = const. that were used
to estimate the upper and lower values of the 90 % statistical errors for the LB pressure. Note
that the norm here is an Xspec normalization, not the emission measure integrated over the

line of sight.






Chapter 6
Conclusions

In this thesis, we have deepen our understanding about the SXDB through the spectral
analyses of the SXDB spectrum including the 1/4 keV band, by bringing out the maximum
abilities of the XIS1 CCD instrument on-board the Suzaku observatory. Here we summarize
our new findings.

We carefully analyzed the data biannually taken from 2005 to 2014 for the neutron star
RXJ1856.5-3745 and discovered that sulfur, as a new contaminant element, well explains
degradation of the quantum efficiency below 0.3 keV. We developed the new contamination
growth curves of C, N, O and S. With these calibration curves, we validated the calibration
accuracy is significantly improved within 410 % below 0.4 keV from 2005 to 2014.

We studied the SXDB in 0.1-2.0 keV toward the Lockman Hole field, employing the
emission model consisting fo the LB, H-SWCX, hot ISM and CXB. We first compared the
spectra observed in the solar minimum (2006-2009) and solar maximum (2010-2012) periods
and found that a systematic brightening in the spectrum in 0.17-1.0 keV in the later one. This
result directly proves that the H-SWCX emission does contribute to the SXDB spectrum
including the 1/4 keV band, at least in the solar maximum period.

On the other hand, the spectrum in the 1/4 keV band taken during the solar minimum
period is well explained by the LB thermal model characterized with the temperature of
0.093 (0.06-0.11) keV. The temperature of the hot ISM is simultaneously determined as
0.18 (0.15-0.21) keV. These values naturally fit into the picture of the SXDB, emerged from
studies that have been done in the past.

The SWCX-contributed spectrum was evaluated with existing H-SWCX models; the ACX
model and the H-SWCX spectrum calculated by Koutroumpa et al. (2009), and revealed that
both models cannot fully explain the observation. There seems an uncertainty in modeling

of the emissions from heavier ions for example Si, S, Mg and Fe, whereas the emissions
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from C, N and O are in good agreement with the observed spectrum. The SWCX-contributed
spectrum would be useful for testing SWCX models which will be proposed in the future.
We estimated the pressure of the LB to be p/k = 8.1 (5.9—9.1) x 10° cm™3 K. This
value is still higher than the ISM pressure of ~ p/k =2 x 10° cm~3 K but about half of the
LB pressure estimated by Tanaka and Bleeker (1977). The pressure of the magnetic field is
estimated to be ~ p/k = 8 x 10° cm™3 K. If the LB is relatively free of the global magnetic
field, then it can be in pressure equilibrium with the environment around the LB. It would
be possible to consider that the magnetic field was swept out when the LB was created as a

result of several supernova explosions.
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Appendix A

Data Screening with the Day Earth
elevation angle

We investigated influence of contamination from solar X-rays scattered off the Earth’s
atmosphere by checking the counting rate in the 0.45-0.6 keV band, as a function of day
earth elevation angle (see Fig. A.1, Fig. A.2 and Fig. A.3). A summary of the screening
threshold for each observation is given in A.1.



98 Data Screening with the Day Earth elevation angle

Table A.1 Summary of the data screening threshold for the day Earth elevation angle
(DYE_ELV).

Target Abbreviation Obs. ID Date DYE ELV
yyyy-mm-dd  (deg.)

RXJ1856 RXO05b 100041010  2005-10-24 20
RX06a 100041020  2006-03-23 20
RX06b 101009010  2006-10-20 10
RX07b 102014010  2007-10-15 10
RX08a 102015010  2008-03-22 20
RX08b 103006010  2008-10-20 50
RX09 104022010  2009-10-23 30
RX10a2 104022030  2010-03-26 20
RX10b 105008010 2010-10-27 20
RX11b 106009010  2011-10-22 90
RX12a 107007010  2012-04-02 30
RX12b 107007020  2012-10-20 60
RX13a 108007010  2013-04-15 30
RX14a 109008010  2014-04-08 30
RX14b 109008020 2014-10-23 90

Lockman Hole LHO06 101002010  2006-05-17 40

LHO7 102018010  2007-05-03 40
LHO8 103009010  2008-05-18 20
LHO09 104002010  2009-06-12 10
LH10 105003010  2010-06-11 30
LH11 106001010  2011-05-04 100

LH12 107001010  2012-05-05 50




929

Net count rate (Counts/s)

Afo

Net count rate (Counts/s)

Afo

Net count rate (Counts/s)

Afo

10°

107!

H
9

H
9
b

RX06a, 0.45-0.6 keV/

RX05b, 0.45-0.6 keV

Day earth elevation angle (degrees)

RXO07b, 0.45-0.6 keV'

Le 4 -
z
z
E
2
S
% 1071 1 !
£
H

F 3 é L 3 » ; I

3 = ' 13
3]
] 2 5 - Z {
T ¥
+ + + + + + + +
L ° 4 2} . 4
. ® o o ® . 3 °
o o *—s 3 0 . 0
L 4 ot A o
L s L L L L L L
0 20 40 60 80 100 0 20 40 60 80 100

Day earth elevation angle (degrees)

RX08a, 0.45-0.6 keV/

L] . 3
B
0
L 4 = 107 1
3
o
=2
<
t i :
i 3 3 1 ]
b 4 Bs =
T1l : ptiag ] f
5
. f
E + + + + . 1072 + + + +
i . .A 2r . 1
o
L) 'y
. TR - 5 0 F— - .
C 1 1 1 1 1 -2 l. 1 .l. 1 ]
0 20 40 60 80 100 0 20 40 60 80 100

Day earth elevation angle (degrees)

Day earth elevation angle (degrees)

RX10a2, 0.45-0.6 keV

RXO09b, 0.45-0.6 keV'

- T T T R . T T
Z
3 E z
El
S g
=107 E
P, b
[ Bz
L . g 3
3 t ¢ ¢ ;8 11
Z b3 t 1
_ t t t t ] o t t t t ]
° . ° b o ° ° °
=5 0 - 12
o ® o © <
C 1 .I I. 1 ] -2r 1 1 1 1 ]
0 20 40 60 80 100 0 20 40 60 80

Day earth elevation angle (degrees)

Day earth elevation angle (degrees)

100

Net count rate (Counts/s)

Afo

Net count rate (Counts/s)

Afo

Net count rate (Counts/s)

Afo

RX06b, 0.45-0.6 keV/

3
1071 E
ti i { 53
f

of t t + + ]

0 ‘. .
ot ) ) o, .l. i

0 20 40 60 80

Day earth elevation angle (degrees)

RX08b, 0.45-0.6 keV/

T . . .

1071 F

2, . . p
0 . . ) .
-2 L L L L ]
0 20 40 60 80 100

Day earth elevation angle (degrees)

RX10b, 0.45-0.6 keV

= T T T T
107 E
i P I3 -1
[ S e B
of .: t t t ]
0 e ®° o ° P .
—2r L . . . ]
0 20 40 60 80 100

Day earth elevation angle (degrees)

Fig. A.1 Net count rate in 0.45-0.6 keV as a function of the DYE_FELV angle. The results for
RXO05b to RX10b are presented.
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Fig. A.2 Net count rate in 0.45-0.6 keV as a function of the DYE_ELV angle. The results for
RX11b to RX14b are presented.

Net count rate (Counts/s)

Ao

Net count rate (Counts/s)

Ao

10°

1071

—
o
|

®

RX11b, 0.45-0.6 keV

T T T T
.

0 20 40
Day earth elevation angle (degrees)

RX13a, 0.45-0.6 keV

100

T T T T

L]
E L B
E , . % _ 3 i
3 1
t + + +
N o . R
. L
-
L 1 1 1 18 1
0 20 40 60 80 100

Day earth elevation angle (degrees)

Net count rate (Counts/s)

Alo

Net count rate (Counts/s)

Alo

RX12a, 0.45-0.6 keV

RX12b, 0.45-0.6 keV

T T T T

. .
100 E
100 E
.
-ty " 1
1071 E
]
L 5.2 3 1 * s ¥
= [ T ¢ 3—3—5—3
o = t : t t ] . o + s t + ]
0 - — ] 5 0 e
-2 1 1 1 1 ] -2r 1 1 1 1 ]
0 20 40 60 80 100 0 20 40 60 80 100
Day earth elevation angle (degrees) Day earth elevation angle (degrees)
RX14a, 0.45-0.6 keV RX14b, 0.45-0.6 keV
" T T T T " T T T T
100 ¢ E
10° £ E
. .
1071 1
. 1071 ] E
PIM 3 .
¢ * s ¥ s
of t t t t ] o + + L ]
° S .
0 s - N - 3 0
-2 1 1 L L ® ] -2 1 1 1 1 ]
0 20 40 60 80 100 0 20 40 60 80 100

Day earth elevation angle (degrees)

Day earth elevation angle (degrees)



101

Net count rate (Counts/s)

Afo

Net count rate (Counts/s)

Afo

Net count rate (Counts/s)

Afo

,_.
1<)
>

H
9

=
1S)
i

©

LHO06, 0.45-0.6 keV/ LHO07, 0.45-0.6 keV
" T T T T - T T T T
z
2
E
8 1071 E | E
H
] 5
' g ! :
—1 4 = -2 L ] Bl
3 S A S E A
t t t t + + + +
X ] 9L . ]
° o 5 0 o o o —
L N ) q
C 1 1 1 1 1 -2 L L L L ]
0 20 40 60 80 100 0 20 40 60 80 100
Day earth elevation angle (degrees) Day earth elevation angle (degrees)
LHO09, 0.45-0.6 keV/ LH10, 0.45-0.6 keV
T T T T _ : T T T T
Z
2
ER 1
S
F 1 2
P S _ £
= E i
5
: 10~2 i $ 3 5 5 i o
15} 2 2
Z 1 1
t t t t + + + +
N ] 9L ]
. L o Q Y . “ o o .
Te e o < ° .
C 1 1 1 1 1 -2 L L L 1 ]
0 20 40 60 80 100 0 20 40 60 80 100
Day earth elevation angle (degrees) Day earth elevation angle (degrees)
LH12, 0.45-0.6 keV/
" T T T T
-
]
§ L] % 3 3
T I
E t . R t t 1
. .
0 20 40 60 80 100

Day earth elevation angle (degrees)

Net count rate (Counts/s)

Afo

Net count rate (Counts/s)

Afo

1072

LHO08, 0.45-0.6 keV

] I } T
t 1 1
L L L L
5 <t . t t ]
. . M
Ll . L
.

L L L L L ]
0 20 40 60 80 100
Day earth elevation angle (degrees)

LH11, 0.45-0.6 keV
. T T T
.

t + I t t 1

L . . N ]
.

L L L L L ]
0 20 40 60 80 100

Day earth elevation angle (degrees)

Fig. A.3 Net count rate in 0.45-0.6 keV as a function of the DYE_ELV angle. The results for
LHO6 to LH12 are presented.






Appendix B

Modeling of the H-SWCX Emission

We investigated an approximate model to the H-SWCX emission model calculated by
Koutroumpa et al. (2009). We produced a mock spectrum assuming 103 zero-width Gaussian
lines whose line center energies and intensities were read fixed at the values presented in
Koutroumpa et al. (2009). We found that the H-SWCX model was well reproduced with 9
zero-width Gaussian lines. The simulation results are shown in Fig. B.1.
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Fig. B.1 Histograms of the best fit parameters of the energy center and intensity for each line,
obtained by fitting 1000 mock H-SWCX spectra with the zero-width Gaussian model.
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Fig. B.2 Continue from Fig. B.1
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